
Soft Matter

 PAPER 
 Ambre Bouillant  et al . 

 Thermophobic Leidenfrost 

ISSN 1744-6848

rsc.li/soft-matter-journal

Volume 17

Number 39

21 October 2021

Pages 8761–8984



This journal is © The Royal Society of Chemistry 2021 Soft Matter, 2021, 17, 8805–8809 |  8805

Cite this: Soft Matter, 2021,

17, 8805

Thermophobic Leidenfrost†

Ambre Bouillant, ab Baptiste Lafoux, ab Christophe Clanetab and
David Quéré ab

We report that a volatile liquid deposited on a hot substrate with a gradient of temperature does not

only levitate (Leidenfrost effect), but also spontaneously accelerates to the cold. This thermophobic

effect is also observed with sublimating solids, and we attribute it to the ability of temperature

differences to tilt (slightly) the base of the ‘‘object’’, which induces a horizontal component to the

levitating force. This scenario is tested by varying the drop size (with which the acceleration increases)

and the substrate temperature (with which the acceleration decreases), showing that the effect can be

used to control, guide and possibly trap the elusive Leidenfrost drops.

The Leidenfrost phenomenon occurs when placing a volatile
liquid on a hot plate. If the plate is brought above the so-called
Leidenfrost temperature TL (typically 170 1C for water), drops
then levitate on a cushion of their own vapor,1 which impedes
boiling and insulates the liquid. The absence of contact
between the liquid and its substrate shapes drops in non-
wetting states,2,3 either quasi-spherical at small radius R or
flattened by gravity when R is large. The cross-over between
these two regimes takes place around the capillary length
k�1 = (g/rg)1/2 (2.5 mm for water at 100 1C), where we denote
g and r as the liquid surface tension and density, and g as the
acceleration of gravity. In a levitating situation, friction is
especially low and these spheroids are extremely mobile, paving
the way to rich and unusual dynamics. For instance, large
puddles of liquid (R 4 4k�1) are pierced by chimneys that
periodically collapse and reform;2 smaller puddles suddenly
start to pulsate, with various star-modes;4 millimetric spherical
drops spontaneously self-propel in random directions,5 until
they take off when they reach submillimetric scales.6,7

The control of these elusive liquids concerns many applica-
tions, such as heat pipes and spray cooling. To that end, various
strategies have been developed in the past decades. Linke et al.
found that Leidenfrost drops placed on ratchets self-propel in a
preferential direction.8 Leidenfrost solids – dry ice platelets that
sublimate at �79 1C – exhibit a similar behavior,9 suggesting
that propulsion arises from the rectification of the vapor flow
below the levitating object, which draws it in a preferential
direction – or even immobilizes it when the patterns are

purposely designed.10,11 In addition, sculpting dry ice in an
asymmetric fashion can tilt its base, which yields a horizonal
component of the lifting force, and thus propulsion.12

We herein discuss the possibility of conveying directional
motion to Leidenfrost objects on a flat substrate by setting a
gradient of temperature along the substrate (thermophoresis).
It is well-known that a thermal Marangoni effect can drive
drops along heterogeneously heated solids.13–15 However, our
situation is more challenging, owing to the absence of solid/
liquid contact and to the implicit isothermal condition at the
evaporating interface. Sobac et al. recently discussed the effect
of temperature differences below a Leidenfrost drop and
distinguished various possible effects.16 On the one hand, the
evaporation rate of the liquid depends on the substrate tem-
perature, so that inhomogeneous heat may incline the drop
base and induce propulsion toward cold – as observed in
connected situations with lubricated layers.5,12 On the other
hand, the vapor properties (thermal conductivity, density,
viscosity) may vary along the vapor film, which can also favor
motion, yet possibly toward hot.16 On the whole, neither the
existence nor the direction (and intensity) of propulsion can be
easily deduced from the calculations, which stimulates an
experiment on this topic.

The principle of our experiment is sketched in Fig. 1a. The
substrate consists in a bar of brass (length L E 22 cm, width of
4 cm) micromachined to display an axial shallow parabolic
gutter (central depth 0.5 mm), which restricts drops motion to
the gutter x-axis (see details in the ESI†). The bar extremities
contact two heaters, which imposes T+ E 350 1C at x = 0 and
T� = T+ � DT E 150 1C at x = L. Heat exchanges within the solid
being dominated by diffusion, the temperature T(x) varies
linearly along the substrate, with a uniform gradient
|G| = DT/L E 7–10 1C cm�1. The transient and permanent
heating regimes are characterized by an infra-red camera, as
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detailed in the ESI.† Airflows above the heated bar are directed
upward with a typical velocity of 20 cm s�1, as revealed by
tracers (see Movie 1, ESI†); yet, we do not observe any measur-
able horizontal airdrift likely to entrain the levitating drop.

A water drop with equatorial radius R E 2.6 � 0.2 mm is
dispensed from a needle located at x0 E 8 cm and ending at a
height H E 3.6 � 0.4 mm above the substrate having a
temperature gradient G E �9 1C cm�1. The drop base of
diameter c E 3.5 � 0.4 mm initially faces a mean temperature
T0 = T(x0) E 285 1C and a temperature difference Gc E 3 1C.
The evaporating liquid shrinks until it its height compares with
H, so that it detaches from the needle: this technique enables
us to control the initial radius R(H) of the drop and to
minimize the initial velocity of water. We record the experi-
ment with a top-view video-camera and the chronophotogra-
phy in Fig. 1b (see also Movie 2, ESI†) shows the successive
positions of the drop separated by 0.4 s and distinguished by
colors.

Water is observed to leave its initial position and to accel-
erate to the cold. It reaches velocities as high as a few cen-
timeters per second, up to the point where it crosses the
position xL defined by T(xL) = TL, at which it suddenly boils –
as revealed by small fragments emitted by the drop, its non-
circular shape and its perturbed trajectory. As it moves, water
slightly gets off centered, but the curvature of the substrate
brings it back to the main axis, keeping trajectories roughly
unidirectional. The gutter is important to that end: drops
deposited on flat bars generally flee to the lateral sides of the
bar (from which they escape), a consequence of a smaller
temperature of these sides exposed to ambient air. Hence, all
experiments were performed with a gutter, allowing us to follow
long range motions.

Fig. 1 Behavior of a Leidenfrost drop on a thermal gradient. (a) Schematic
of the experiment: a brass bar (length L = 22 cm) slightly curved in the
direction perpendicular to its main axis x is heated differentially. The
temperature is T+ on the left and T� on the right, resulting in a thermal
gradient G of typically �10 1C cm�1. We follow water drops with radius
R dispensed from a needle at a position x0 and height H after they detach
from the needle, owing to evaporation. Their bases with diameter
c experience a mean temperature T(x0) and a temperature difference
Gc. (b) Top-view chronophotography showing a water drop with
R = 2.6 mm starting at x0 = 8 cm on a plate with gradient G E �9 1C cm�1.
Interval between successive photos is 0.4 s and colors are used to better
distinguish them. The drop spontaneously accelerates toward the cold side.
When it reaches the position xL such that T(xL) E TL, it suddenly boils, as shown
by non-circular shapes and fragments. The dispensing system is framed in
black, the bar indicates 2 cm and the corresponding movie is Movie 2 (ESI†).

Fig. 2 Thermophobic Leidenfrost effect. (a) Superimposition of twenty top-viewed trajectories of water drops with radius R = 2.6 � 0.1 mm. The
substrate temperature T(x) varies as Gx, with G = �8 1C cm�1. Drops released at x = x0, where the substrate temperature T0 is 285 1C (blue dot), all self-
propel toward the cold with almost straight-lined trajectories. (b) If the same experiment is performed with G = +8 1C cm�1, trajectories are inverted.
(c) Drop position x as a function of time t for different radii R. Data are obtained with |G| = 8 1C cm�1 and trajectories are fitted by quadratic functions
x(t) = a(t � t0)2/2 (thin solid lines), t0 being the detachment time. We deduce from each fit the drop acceleration a. (d and e) Acceleration a as a function of
the drop radius R (at fixed T0 = 285 � 3 1C) and as a function of DT = T0 � Tb (at fixed R = 4.6 � 0.2 mm), denoting Tb as the water boiling point.
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To go further in the analysis, we repeat the experiment and
record the liquid paths. Fig. 2a collects the trajectories of
twenty drops (R = 2.6 � 0.2 mm) placed on a gradient
G = �8 1C cm�1. As evidenced by the use of distinctive colors
for each experiment, all drops starting from rest systematically
moves toward the cold. However, even tiny slopes could guide
the levitating Leidenfrost drops and horizontality of the sub-
strate along x was first adjusted with a highly-sensitive spirit
level with a precision ao o 0.1 mrad. The corresponding gravity
acceleration aog is at most 1 mm s�2, smaller than 4 mm s�2,
the typical acceleration deduced from the trajectories. We
confirmed that gravity was not the cause of the observed
movement by inverting the temperature gradient on a given
bar. As seen in Fig. 2b, the motion is inverted the same way
(see the ESI† for complements related to the thermal expansion
of the substrate), confirming the existence of a thermophoretic
force, which we now try to characterize and understand.

The duration of an experiment is less than 10 s, much
shorter than the few minutes for evaporating the liquid, so
that we can neglect the radius variation in our experiment. We
report it in Fig. 2c the position x(t) of drops with radii R ranging
from 2 mm to 10 mm, the largest explorable interval. As
discussed in the ESI,† smaller drops are subjected to an
isotropic self-propulsion even in the absence of thermal
gradient,5 while bigger ones are pierced by a central chimney
of vapor that significantly affects their geometry.2 Looking at
the four trajectories reported in Fig. 2c, we first notice that the
larger the drops, the faster they are: the time needed to travel by
7 cm is increased by about 50% when R roughly triples. All data
can be fitted by quadratic functions drawn with thin solid lines,
x(t) = a(t � t0)2/2, denoting a as the drop acceleration and t0 as
the detachment time. The fitting parameter t0 in Fig. 2c is
between 0.2 and 1.1 s, a value that reveals the uncertainty on
the detachment time and the delay required to dissipate
vertical bouncing caused by detachment before drops start
to move.

Hence, in first approximation, the drop acceleration a is
constant during a run. In Fig. 2d, we show how it varies with the
radius R at fixed initial temperature T0 = T(x0) = 285 � 3 1C:
a indeed increases with R, which attests that gravity
(either arising from unavoidable deviations from horizontality

or from the thermal expansion of the substrate) is not the main
cause of the motion (in which case a would not depend on R),
and suggests propulsion is more efficient for larger drops. The
levitation height e increases with the substrate temperature
T and it is natural to test how the thermophobic effect is
sensitive to this parameter, which we vary by placing drops at
various initial locations x0. Fig. 2e shows that the acceleration
a (plotted as a function of DT = T0 � Tb) decreases with the
temperature experienced at detachment: despite its thermal
origin, the effect is enhanced on colder environments, that is,
at smaller levitation heights.

We can also question the influence of the nature of the
Leidenfrost object: liquid can host deformations, waves and
Marangoni flows – the latter phenomenon being indeed
responsible for the cold-directed motion of non-levitating
drops on thermal gradients.13–15 To turn these effects off, we
consider sublimating carbon dioxide, a solid known to float in
the Leidenfrost state above hot plates.12 Following the protocol
defined in Fig. 1a, we deposit disks or cubes of dry ice (with a
diameter or size c E 10 � 2 mm, height h E 10 � 2 mm and
mass m of a few grams) upon the inhomogeneously heated
substrate. What happens for twenty platelets is shown in Fig. 3a
for G = �7 1C cm�1. Despite some disparity in their geometry,
all pieces of ice leave their initial position and get propelled to
the cold, like liquids and with a similar dynamics: 10 cm are
travelled in typically five seconds, which implies an accelera-
tion of a few mm s�2 (see the Section S5 of the ESI† for
complements). The same thermophobic behavior is observed
when the sign of the gradient is reversed (G = +7 1C cm�1,
Fig. 3b).

These additional experiments suggest that the movement is
mainly caused by an asymmetry at the platelet base. As
sketched in Fig. 3c, we assume that the side exposed at a
temperature T+ gets eroded more than the one at T�, which
results in a difference De = e(T+) � e(T�) of the vapor thickness
below the platelet. The tilt at the object base gives birth to a
horizontal component of the levitating force, which propels the
platelet to the cold.12

More quantitatively, the vapor thickness e results from a
balance between incoming and outcoming gas flows. On the
one hand, the heat flux per unit area can be written lDT/e,

Fig. 3 Dry-ice thermophobia. (a) Superimposition of twenty trajectories of platelets of dry ice with mass m ranging from 1 to 10 g on a substrate with a
gradient of temperature G = �7 1C cm�1 and T0 = 250 1C. Each solid, initially at rest, self-propels toward the cooler end of the substrate with straight
trajectories. (b) Same experiment after reverting the temperature gradient (G = +7 1C cm�1). Leidenfrost solids consistently head toward the cold side of
the bar. (c) Schematic of a platelet above a substrate with G o 0. Sublimation intensifies with temperature, which can induce an asymmetric erosion of
the solid and tilt the ice base gets by an angle a. Such a tilt accelerates the ice by a = ag to the cold.
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where l is the thermal conductivity of the vapor, which leads to
a production rate lDTc2/Le, with L the latent heat of sublima-
tion. On the other hand, the gas (of density rv and viscosity Zv)
pressed by the platelet escapes at a Poiseuille rate (rve

3/Zv)rgh.
Balancing these two quantities provides a stationary thickness
e B [lZvDTc2/rvrghL]1/4, in the range of 10 to 100 mm.
e increases with the substrate temperature, so that a tempera-
ture difference between both sides of the platelet can tilt its
base: the relative variation of thickness scales as Gc/DT, which
carves a tilt angle aB De/cB Ge/DT. The horizontal component
of the levitating force mg is mga, from which we deduce a
platelet acceleration a E ag scaling as Gge(c,DT)/DT. For
G E 10 1C cm�1, e E 50 mm and DT E 200 1C, the latter
quantity is a few mm s�2, consistently with our observations.

Other quantities in the expression of e depend on tempera-
ture, namely the vapor conductivity, viscosity and density: l, Zv

and 1/rv all increase with T. Assuming that vapor adopts the
local temperature of the substrate, the thermal gradient tends
to tilt the platelet as previously, which just reinforces the
effect.16 As shown in the ESI,† the tilt angle deduced from
deriving the function e(l, Zv, rv) with respect to T is, cumula-
tively, significantly weaker than the one generated by erosion,
which we consider further as the main source of propulsion.

Drops with equatorial radius R comparable to the capillary
length k�1 are flattened by gravity as sketched in Fig. 4a. Owing
to Archimedes thrust, they host a dimple at their base,17 whose
height is typically 0.02k�1 for R B k�1,2,3 which allows us to
treat the base as flat and to directly exploit the model derived
for a solid. The base extent c scales as R and the liquid height
h as k�1, which yields a film thickness e B [lZvDTR2/rvrgk�1L]1/4.
Hence the tilt of the base a B De/R B Ge(R,DT)/DT is found to
scale as G[lZv/rvrgk�1L]1/4 R1/2/DT3/4, which increases with the
drop radius and decreases with the temperature substrate, as
observed experimentally (Fig. 2c, d and e, respectively). Fig. 4b
shows that the calculated angle a is indeed proportional to the
measured acceleration a/g (the constant of proportionality being
of order unity), with a collapse of the data in this representation,
whatever their origin – either after varying the drop radius (red
data) or the substrate temperature (blue data).

Despite this satisfactory agreement, we can discuss further
the comparison between data and model. We first report in
Fig. 4c the instantaneous velocity of a water drop (R = 6.5 mm,
T0 = 285 1C and G = �8 1C cm�1) derived from its trajectory x(t)
(data from Fig. 2c). Apart from an initial regime where the drop
detaches from the needle and transiently, albeit weakly,
bounces, which delays the motion, the velocity is roughly linear
in time – from which we can extract a mean acceleration hai, as
shown earlier. We deduce from this curve the instantaneous
acceleration a(t), which we plot in Fig. 4d. After the already-
mentioned transient regime (the first 0.75 second, before the
vertical dotted line), a reaches B4 mm s�2, a value that
compares with that deduced from the fit in Fig. 2c and recalled
by a red horizontal line in the figure. However, the acceleration
still varies once this value is reached. (i) The main visible effect
consists in oscillations (between B3 and B5 mm s�2), which
can be accounted for the existence of a y-component of the

motion visible in the Fig. 2a, b and 3a, b. Trajectories are
mainly along x but the acceleration along y is not strictly zero,
so that drops oscillate in the direction perpendicular to the
gutter with a period t E 2p/(Cg)1/2, where C is the substrate
curvature in the y-direction. As shown in the ESI,† the gutter
profile is parabolic with a curvature B3 m�1, which provides a
period t on the order of 1 second, in agreement with the
observations. Owing to the frictionless nature of the motion,
kinetic energies along x and y exchange and conserve, so that
motion along y does not inhibit the effect reported in this note,
namely a constant drift to the cold. (ii) The mean value of the
acceleration hai increases with time by about 20%, as shown by
the linear fit of ha(t)i drawn with dots. We expect such an
increase from the model: as drops move to the cold, the
substrate temperature decreases by dDT, which should induce
a relative variation da/a = �3

4 dDT/DT of the tilt. The quantity DT
varies by typically 30% in an experiment, with an expected
variation da/a = da/a on the order of +20%. This qualitatively
agrees with the observations: the thermophobic behavior is
slightly reinforced as going to the cold (a counter-intuitive
effect). This effect is modest, which legitimates the choice of
a constant (average) acceleration along the drops trajectory.

In summary, we reported that Leidenfrost drops placed on
thermal gradients self-propel toward the cold, travelling by
15 cm in typically 5 to 10 s. This thermophobic behavior is
also observed with Leidenfrost solids, suggesting that the
liquid nature of drops is not essential in the propelling

Fig. 4 Thermophobic dynamics of a Leidenfrost drop. (a) Sketch of a drop
with radius R (comparable to the capillary length) having a base tilted by
the temperature gradient. The horizontal component of the levitating
force accelerates the drop to the cold. (b) Measured acceleration a,
normalized by g, as a function of the base tilt a estimated from the model.
We plot the two families of data shown in Fig. 2d and e, obtained by varying
either the drop radius (red data) or the temperature T0 (blue data). (c) Drop
velocity U derived from the position x(t) for R = 6.5 mm, T0 = 285 1C and
G = �8 1C cm�1 (trajectory reported in Fig. 2c). (d) Drop acceleration
a(t) derived from U(t). After a short transient regime, the acceleration
reaches a pseudo-plateau at t E 0.75 s, with a E 4 mm s�2 (red line).
During the rest of the trajectory (more than 10 cm), a fluctuates and its
mean value slowly increases, by about 20% (blue dotted line).
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mechanism; we rather assumed that motion relies on a tilt a of
the base of the levitating object, whatever its nature. It would be
interesting to extend these findings to radial geometries, con-
sidering a conductive disk and making it hot either at the
center or at the periphery, which should generate either the
radial expulsion of drops or their capture at the center, as
observed with concentric ratchets.10

Even if the force driving the motion is a fraction of a
microNewton, the ultra-low friction makes dynamics quick, with
velocities on the order of 1 cm s�1. In addition, the effect being
sensitive to the substrate temperature itself (and not only to its
gradient), it can be slightly amplified as the drop moves to the
cold – and even, possibly, to its own end: if the substrate
temperature crosses the Leidenfrost point as it does in Fig. 1b,
drops reaching this frontier suddenly boil and split, being how-
ever inertially entrained beyond this ‘‘lethal’’ point. In order to
extend the regime of smooth transportation of the drop, we might
cover the substrate with a superhydrophobic coating – a recipe
known to lower significantly the Leidenfrost point,18 and thus
expected to shift the place where drops explode.
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