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Asreported in 1756 by Johann Gottlob Leidenfrost, volatile lig-
uids on hot solids form “gleaming drops resembling quicksil-
ver", a consequence of their levitation on a vapour cushion™?.
This makes the drops spectacularly mobile, moving away as
soon as they are deposited—an observation commonly attrib-
uted to gravity or surrounding airflows. This mobility has been
exploited to manipulate drops, because tiny forces such as
those generated on asymmetric substrates can move them in
well-defined directions®=, a situation that also provides heat
evacuation®. Here we report that Leidenfrost droplets initially
at rest on horizontal substrates self-rotate and self-propel in
the direction they are rolling, in the absence of any source of
asymmetry or external force. Their rapid internal flow is found
to be accompanied by a tilting of their base, which creates a
permanent ratchet-like mechanism, entraining the rolling lig-
uid despite the fact that it is not in contact with its substrate.

Levitation occurs when solids sustaining volatile liquids are
brought above the so-called Leidenfrost temperature T;, at which
vapour separates the liquid from its substrate’. The T, is about
200°C for water on a flat solid and it can vary markedly for rough
surfaces®''. Above the T;, drops levitate above a vapour cushion
with a typical thickness of 50 um (refs '*'*), which makes them
highly mobile: studying the Leidenfrost phenomenon requires
the immobilization of liquids, using gravitational wells* and other
traps'®, or simply by contacting them with a needle'>. Without con-
tact with their hot substrate, drops are observed to slowly evapo-
rate (no boiling) in a fully non-wetting state. Denoting p and y as
the liquid density and surface tension, and g as the acceleration
due to gravity, drops smaller than the capillary length k™' = (y/pg)""?
are quasi-spherical'®’, while large puddles are flattened with a
height h=2«", that is, 5.0mm for water at 100°C (ref. ?). In the
latter case, gravity also induces beneath the liquid a vapour blister
with thickness increasing with the puddle size'*" and eventually
forming a chimney'>'7"",

Despite its generality, the elementary situation of free drops
placed at rest on flat, horizontal, hot solids has not been consid-
ered so far. To that end, we simply dispense water (containing
tracers) from a needle (Fig. 1a), as done in classical wetting stud-
ies. The needle is located at a distance H <2k™' above the substrate
whose horizontality is adjusted with a highly sensitive spirit level
(precision a,~0.1 mrad). Water gently evaporates and detaches
from the needle when its equatorial diameter 2R is comparable to
H. Remarkably, all millimetre-size droplets are observed to rotate
as wheels and to spontaneously propel in the wheel direction after
detachment (Supplementary Video 1). Figure 1b shows a liberated
water drop gradually fleeing away and becoming blurry as it escapes
the half-millimetric field depth of the camera. Top views can be also
performed and we show in Fig. 1c the trajectories of 100 drops with
radius R~ 1 mm and mass m ~ 4 mg initially at the centre of a silicon
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wafer at T=350°C. Distinctive colours are used for successive paths,
which highlights that all drops escape from their initial location fol-
lowingstraightlinesand randomdirections (Supplementary Video2).
The time 7~ 1-3s at which they leave the wafer is much shorter

30 mm

R=2.0mm

Fig. 1| Behaviour of Leidenfrost drops starting from rest on flat silicon
wafers. a, Schematic of the experiment: a quasi-spherical water drop with
radius R sits at the centre of a hot wafer with diameter L. Water containing
tracers is dispensed from a needle located at a millimetre-size distance H
above the substrate. Owing to evaporation, it detaches at a radius R~ H/2.
b, Chronophotography (timestep of 94 ms) of a water drop with radius
R=110mm. Once liberated, the Leidenfrost drop self-propels on the
reflective wafer heated at T=300 °C (see also Supplementary Video 1).

¢, Superimposition of 100 trajectories (top views, R=1.00+0.05mm) on

a wafer at T=350°C. All drops self-propel after detachment with straight,
isotropic trajectories (Supplementary Video 2). The grey zone on the bottom
right is hidden by the needle and thus inaccessible experimentally. d, Same
experiment for 40 drops with radius R=2 mm. The roughly straight-line
trajectories now follow a common direction (Supplementary Video 2).
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Fig. 2 | Dynamics of self-propelled Leidenfrost drops. a, Position x of the drop as a function of time t, for four drops (with different radius) placed on

the same wafer heated at T=350°C. Each curve is fitted by a quadratic function (drawn with a solid line), from which we deduce the acceleration a. b,
Acceleration a as a function of the equatorial radius R for 270 experiments. Drops with R>1.5mm are in the biased regime (Fig. 1d) where a is comparable
to a,g (dotted line), the gravitational acceleration defined with our precision a, on horizontality. For R <1.5mm, a critically increases and becomes non-
monotonic in R. This regime corresponds to the isotropic trajectories of Fig. 1c, and error bars show the standard dispersion of the data.
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Fig. 3 | Influence of the drop shape on its inner dynamics. PIV measurements are performed in the central plane of a water drop immobilized on a slightly
curved solid (indicated in red) heated at T=300 °C. Bars show a velocity scale of 5cm s~ and a spatial scale of Tmm and blue lines stress the drop
contours. a, For a gravity-flattened drop (R=2.45+0.05mm), tracers reveal the existence of two internal convective cells in the illuminated slice flowing
along the interface from the base B to the apex A (see also Supplementary Video 3). Image is slightly distorted by curvature but the distortion does not
change the morphology of inner motions®'. b, For a quasi-spherical drop (R=1.15%+ 0.05mm), the flow symmetry is broken and we observe a simple rolling
motion (Supplementary Video 4). Air entrained by the flow enters the vapour film at point D and exits at point C.

than the evaporation time (a few minutes), so that we can neglect
the variation of their radius R.

Hence Leidenfrost droplets propel without external forces or
roughness, and their directional motions demonstrate that these
drops are not only ultra-mobile* but also able to generate and sus-
tain their own dynamics. Observations differ for larger drops, as
seen in the 40 trajectories of Fig. 1d for R=2mm. They now fol-
low a unique direction, as expected for non-adhesive liquids in the
gravity field. The precision on horizontality being a,~0.1 mrad,
frictionless drops will cross the wafer (of diameter L=10cm) in
7= (L/ga,)"*~ 10s, as observed here. In contrast, the fast, isotropic
motions reported in Fig. 1b,c reveal a self-propelling force much
larger than mga,, which we now investigate.

As seen in Fig. 2a, the position x(f) of the drop centre in both
self-propelling (R~ 1 mm) and biased regimes (R~2mm) is con-
vincingly fitted by parabolas (solid lines), which provides the drop
acceleration a. As shown in Fig. 2b, a critically depends on R. For
R>1.5mm (biased trajectories), it is a few mm s~ that is, compa-
rable to the residual gravitational acceleration a,g~1mms™2 indi-
cated with a dotted line in the figure. For R < 1.5 mm, acceleration is
much larger, more scattered and non-monotonic with R. Each data
point corresponds to ten independent experiments, as commented
in the Supplementary Information (Supplementary Fig. 2). The
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acceleration is typically 40 mms= and it can even reach 87 mms™
for R~¥1.2mm (Supplementary Fig. 2a), values about 50 times
larger than a.g.

As shown in the Supplementary Fig. 3, all observations are
found to resist a variation of substrate temperature from 250°C
to 450°C. Self-propulsion can even be observed down to 150°C
(Supplementary Fig. 5) when using super-hydrophobic materials
with alower Leidenfrost point''. The robustness of the effect can also
be tested by considering substrates that are rough at scales between
micrometres and tens of micrometres. As seen in Supplementary
Figs. 4-6, isotropic self-propulsion remains unchanged, provided
the substrate is hot enough to enable levitation.

Self-propulsion emerges when drops are quasi-spherical, in
a regime where gravity only flattens the liquid base by a distance
£~ R*< R (Fig. 3b and Supplementary Fig. 7)*". As shown in Fig. 3
and in Supplementary Videos 3 and 4, the drop shape impacts the
internal flow, as demonstrated by particle image velocimetry (PIV).
For drops larger than 1.5 mm (Fig. 3a), this flow consists of counter-
rotative convective cells (in the plane of illumination) with a surface
velocity of ~5cms™. With such symmetric flows, we do not expect
(nor report) self-propulsion. In contrast, quasi-spherical drops
exhibit a unique rotating cell (Fig. 3b), before self-propelling in the
direction of rotation after detachment from the needle. Remarkably,
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Fig. 4 | Focus on the base of self-propelling drops. a, Simultaneous PIV and interferometric visualization of the bottom of a Leidenfrost droplet
(R=0.73mm, indicated with a dashed line) immobilized by a needle on a hot transparent sapphire (T=300 °C). Tracers near the surface move along
the symmetry axis of the interference pattern at a velocity V of a few cms=". b, Interference pattern in the contact zone (size I~ 800 um) for a drop with
radius R=1.15mm. Focus and illumination are the same as in a. The vapour profile beneath the drop is observed to be asymmetric as evidenced by the

off-centering of the vapour blister. €, Liquid/vapour interface relative thickness Ae along the x axis defined in b in the interference pattern. The drop base
is tilted on average by an angle a=~ 3 mrad. Error bars on the thickness correspond to the fringe width and are typically 0.1um. d, Drop (mass m) levitating
above a cushion of vapour tilted by a small angle a and thus subjected to a horizontal force ITa = mga and to an acceleration a=ag. e, Simultaneous
measurements of drop acceleration a and tilt a, using two synchronized cameras: one offering a side view (leading to a), the other capturing interferences

(leading to ). The solid line shows the slope g and errors bars correspond to the standard deviation of the data. f, Tilt angle « for drops immobilized
by a needle just before detachment as a function of their radius R. A peak in tilt is observed between 0.7 and 1.3 mm, that is, in the exact range of self-
propulsion. The solid line is a guide for the eyes. Two supplementary data extracted from photos by Burton et al.'® and by Pomeau et al.” are shown in

yellow and red, respectively.

Leidenfrost himself reported “a very swift motion of turning, which
is seen when a small coloured speck, for example, some black car-
bon, adheres to the drop™.

Despite this early observation, these motions and their origin
have been hardly discussed in the literature. They can stem from
the vapour flow in the subjacent film. This viscous flow of typical
velocity U~ 10cms™ (ref. '?) entrains water from the base centre
(point B in Fig. 3a) to the periphery, which generates circulation to
the apex (point A) and downward along the symmetry axis (AB).
The typical velocity V of this flow is deduced from the continuity of
viscous stress, 7 V/R ~n,U/e, where 1, and € are the vapour viscosity
and thickness, respectively, and 7 is the water viscosity. For ,~ 16 n

190

Pas (at 200°C), n~ 0.3 mPas (taken at the boiling point), R=1mm
and e~ 100um, V is expected to be a fraction of U, that is, a few
cms™, in agreement with Fig. 3 (Va5cms™).

Motion may also be temperature driven. Liquid tempera-
ture is maximum at the bottom (point B, close to the plate) and
at the core (far from interfaces). The temperature difference A
T within the drop is a few degrees, as shown in Supplementary
Figs. 8 and S9) and in ref. 2. Such inhomogeneity has two con-
sequences. (1) The decrease of surface tension with temperature
(|dy/dT|~0.1 mNm™ K-') generates interfacial Marangoni flows
from hot to cold***, that is, from B to A following interfaces, in
accord with Fig. 3a. At Reynolds numbers pRV/y of typically 500,
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the Marangoni force (dy/dT)ATR is resisted by inertia, of order
pV2R% Hence we get: V~(|dy/dT|AT/pR)"?~3 cms™, a velocity
comparable to that induced by vapour. However, infrared obser-
vations show that temperature homogenizes with rolling motion
(Supplementary Fig. 9), suggesting that vapour effects are domi-
nant in this regime. (2) Temperature differences also generate
a buoyancy-driven rise with a downward interfacial recircula-
tion, in contradiction to Fig. 3a. For an expansion coefficient of
water a;=0.7mK"!, the force balance pgaATR*~pV?R?* yields
V~(ga;ATR)"?~5mms~!, a speed much smaller than observed,
which confirms the marginal role of this effect.

The flow geometry finally depends on the drop aspect ratio.
When 2R/h is significantly larger than unity (puddles), the inner flow
forms several symmetric cells in the plane of observation (Fig. 3a).
However, this is not anymore permitted as 2R/h becomes of order
unity (kR<0.6, Fig. 3b): as known for Rayleigh-Bénard instabili-
ties*, confinement induces symmetry breaking when the liquid cell
can only host a unique roll (Fig. 3b and Supplementary Video 5).
For drops slowly evaporating on hydrophobic substrates, flow pat-
terns similarly switch from symmetric to asymmetric as the aspect
ratio changes from a value of order 2 to a value of order 1—even if
motions are then roughly 100 times slower than here*.

Symmetry breaking alone does not explain propulsion: water
levitates, which impedes a direct conversion of rotation into transla-
tion. For instance, drops levitating on hydraulic jumps rotate but get
entrained along the hydraulic flow, that is, opposite to the rotation
direction”. On immobile substrates, the vapour entrained by the
rotating liquid produces a viscous drag in the direction opposed to
propulsion. This force scales as (,V/€)¢, a quantity below 0.01 uN,
at least one order of magnitude smaller than measured. To under-
stand how the internal flow impacts the vapour film, we performed
interferometric measurements, using a high-speed camera mounted
on an inverted microscope'®'’. We immobilize a water drop on a hot
transparent sapphire (T'=300°C) and overlap successive images of
thelowerhemisphere. Asseenin Fig.4a (and Supplementary Video6),
tracers follow a path aligned with the symmetry axis of the interfer-
ence pattern and travel at a speed V of a few cms™, in agreement
with the data in Fig. 3 (see also Supplementary Fig. 10). Keeping
the same illumination and focus, we look closer at the interferences
at the drop base, which provides key observations. As seen in Fig.
4b, the vapour blister evidenced by fringes is off-centred, a first hint
of an asymmetry in the vapour profile. The variation Ae of vapour
thickness in Fig. 4c first confirms the modest height (~5um) of
blisters beneath millimetre-size drops, compared with their width
£~ 1.6R*=~800um; but more importantly, the bottom interface
appears to be tilted by an angle a (¢~2.9+0.5mrad here), which
we interpret as a consequence of rotation. The drop entrains an air
layer of typical speed V, the velocity inside the liquid. This airflow
perturbs the evacuation of vapour to make its speed smaller at the
‘entrance’ of the gap (point D in Fig. 3b) than at the ‘exit’ (point C).
The vapour flow being viscous, we expect a pressure difference A
P =pc—Pp scaling as 1, V€/e*, which lifts the exit region. The ampli-
tude Ae of the lift is obtained by balancing Ap with the Laplace pres-
sure (dominant at this scale) yAe/€. We get a=x Ae/€~n, VE/ye?,
that is, 1-10mrad for the parameters of our experiment, in agree-
ment with the data in Fig. 4. This value is expected to be stationary,
as confirmed in Supplementary Fig. 10).

A tilt of the drop base will induce propulsion (Fig. 4d). The levi-
tating pressure force IT balancing the drop weight mg then has a
horizontal component ITa ~ mga, which accelerates water along the
x axis defined in Fig. 4b by a~ag (ref. °). A direct check of this
formula is not easy: drops being isotropically propelled (Fig. 1c),
simultaneous side and bottom observations are difficult to perform.
However, we succeeded in making three synchronized views from
below (which yields a) and from the side (which yields a), and Fig. 4e
shows a quantitative agreement with the prediction, without any
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adjustable parameter. The small value of @ might explain the dis-
persion of the data in Fig. 2b: drops slightly oscillate as they move
(Supplementary Video 7), which can perturb the vapour thickness
and thus the measured acceleration.

Our scenario implies that the tilt @ depends on R. At large R,
internal flows become symmetric (Fig. 3a), which should make a
vanish. At small R, we also expect a decrease of propulsion since
inner flows then get weaker: drops whose base width € varies as R?
become quasi-spherical, which geometrically quenches vapour and
liquid flows (see also Supplementary Fig. S9). Measurements in Fig.
4f indeed exhibit a non-monotonic behaviour for a(R). Data form
a well-defined peak between 0.7 and 1.3 mm, in the exact range of
self-propulsion: ag matches the peak in acceleration reported in
Fig. 2b, both in amplitude and width.

The elusive character of drops on hot plates is routinely attrib-
uted to levitation, making them sensitive to any force (weak tilt,
airflows). We reported here that millimetre-size droplets propel
without external field, which contributes to, and even explains, their
legendary mobility. Self-propulsion arises from an asymmetry in
the vapour profile, as though droplets were transporting their own,
stationary ratchet. It would be interesting to look at the behaviour
of these drops as they hit (hot) walls or other drops. Conversely,
our findings might allow us to design new kinds of self-propelling
devices: a Leidenfrost liquid on a solid with a temperature gradient
might spontaneously move to the cold®, owing to the dependency
of the vapour thickness on temperature—showing again that the
conjunction of phase change with frictionless motion generates a
rich landscape of novel situations. Our scenario might finally help
to understand propulsion in other levitating states, such as observed
for drops sitting on vibrating baths”. For special amplitude and
frequency, these levitating drops were found to both rotate and
oscillate non-axisymmetrically, which is accompanied by a (slow,
compared with our case) translation’*—an observation that remains
to be understood.
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Methods

The different techniques for visualizing drops, inner flows and vapour gaps are as
follows. (1) For global measurements (Figs. 1 and 2), drops can be simultaneously
tracked from the side and from the top, using high-speed cameras (Phantom V9)
filming at 50 to 4,000 frames per second. Trajectories deduced from top views are
found to be fitted by quadratic functions x =a(t — t,)*/2 (coloured lines in Fig. 2a),
where the adjusted departure time #,~ 10 ms is always much smaller than the travel
duration 7~ 1-10s, and comparable to the oscillation time at detachment. (2)
Internal flows are obtained from PIV. Tracers (hollow glass spheres Sphericel 110P8
with a diameter of 11.7 pm and a density of 1,100 kgm™~) are dispersed in water
and drops are immobilized either by the dispensing needle or by a slight curvature
at the solid surface (results are independent of the technique of immobilization).
Tllumination is provided by a 400-um-thick sheet originating from a He-Ne laser

NATURE PHYSICS | www.nature.com/naturephysics

(wavelength 1 =633 nm), and a high-speed camera focusing on the illuminated
slice takes pictures at 1,000 to 4,000 frames per second. We deduce the local
velocity from successive images (time step: 1 ms), as reported in Fig. 3.

(3) Interferometric measurements in Fig. 4 are performed with a high-speed
camera mounted on an inverted microscope. Water is immobilized with a needle
on a hot transparent sapphire brought to T=300°C and ten successive images of
the lower hemisphere shot at 500 frames per second are overlapped (Fig. 4a) while
the interference pattern at the drop base is recorded (Fig. 4b).

Data availability
The data that support the plots within this paper and other findings of this study
are available from the corresponding author upon request.
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