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When a water drop is placed on a hot solid surface, it either undergoes explosive contact 
boiling or exhibits a stable state. In the latter case, the drop floats over an insulating 
layer of vapor generated by rapid vaporization of water at the surface/drop interface; 
this is known as the Leidenfrost state. Here, we discuss a previously unrecognized steady 
state in which a water drop “stands” on a hot smooth surface. In this state, the drop 
stabilizes itself with partial adhesion on the hot surface, leading to unique deforma-
tion and rotation behavior reminiscent of Sufi whirling—a form of spinning dance. 
Our analysis of this standing Leidenfrost state reveals the underlying mechanisms that 
drive the drop’s stable partial adhesion and subsequent deformation with rotation. The 
heat-transfer efficiency of this standing state is up to 390% greater than that of the 
traditional floating Leidenfrost state.

Leidenfrost state | drop | wettability

The classic boiling process, which is characterized by the onset of nucleate boiling, transition 
boiling, and film boiling in sequence with increasing surface temperature, is widely used 
in various industrial processes (1–5). Both nucleate boiling and transition boiling exist in 
an unstable state, which is characterized by violent disturbances at the substrate/water 
interface. During film boiling, when a sufficiently high temperature is reached, the substrate/
water interface is replaced by a thin vapor layer, which makes the boiling mild and stable. 
For a drop on a hot surface, this stable state is known as the Leidenfrost state (6), in which 
the drop entirely floats above a thin vapor layer (7, 8). This thin vapor layer makes the drop 
highly mobile, leading to various dynamic behaviors, such as oscillation (9–11), transpor-
tation (12–16), and bouncing (17–21). It is widely believed that a highly unstable transition 
state with a narrow temperature gap exists on hydrophilic surfaces before the Leidenfrost 
state forms. This state is characterized by repeated nucleation and bursting of bubbles (7) 
(see the description of the boiling process in SI Appendix, Fig. S1 and Note S1).

In contrast to the classic boiling regimes described above, we observed an additional 
stable state in which the drop “stands” on a heated hydrophobic surface with partial 
adhesion to the surface, which we refer to as a standing Leidenfrost state. In this state, the 
drop further evolves into a horizontally deformed shape and rotates like a Sufi whirling 
dervish (Movie S1). In this study, we explore the physical mechanisms underlying the 
stable partial adhesion and self-rotation.

Results and Discussion

Standing Leidenfrost State with Sufi Whirling. The standing Leidenfrost state was studied 
by placing a water drop on a hot sapphire slide that was chemically and topologically 
homogeneous, as illustrated in Fig. 1A. The experimental setup is shown in SI Appendix, 
Fig.  S2A, and atomic force microscopy (AFM) images of the surface are shown in 
SI Appendix, Fig. S2B. The surface was grafted with poly(dimethylsiloxane) (PDMS-Cl) 
molecules (22) to render it hydrophobic. The apparent water contact angle was 110° ± 2° 
with a contact-angle hysteresis of 23° ± 1° at room temperature (Fig. 1B). We observed 
the transformation of a water drop on this substrate using a high-speed camera and 
analyzed the sequential drop profiles. As the temperature was increased, the water drop 
began to boil, which is known as nucleate and transition boiling (Fig. 1B). Upon a further 
increase in temperature, the drop underwent short-term violent boiling before settling 
into a Leidenfrost state. However, unlike the typical Leidenfrost state (7, 23), in which 
the drop entirely hovers over an insulating vapor layer (Fig. 1D), this type of standing 
drop was observed when the substrate was heated to approximately 170 °C (Fig. 1C). In 
this state, the vapor layer coexisted with partial adhesion of the liquid to the substrate, 
causing the drop to appear as if it were “standing” on the surface supported by “feet”.

Held by the vapor cushion around the “feet,” the drop was found to deform into an 
ellipsoid-like shape (Fig. 1E and Movie S1). Specifically, the 20-μL ellipsoidal drop rotated 
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with a period of approximately 23 ms. We designated the equatorial 
and polar radii of the drop as L and D, respectively. The turning 
angle, which was defined by the rotation of the long axis from the 
horizontal line, was designated as φ. Fig. 1F shows a plot of φ and 
the aspect ratio L/D during rotation (the full lifespan of the stand-
ing Leidenfrost drop can be seen in Movie S2 and SI Appendix, 
Fig. S3). The linear variation of φ indicates that the drop rotated 
at a constant angular speed, and the L/D ratio was nearly constant, 
revealing that the drop maintained a steady shape. Under the con-
ditions used for this demonstration, the drop rotated at a constant 
frequency of approximately 43 Hz. By analyzing the aspect ratio 
throughout the drop’s lifespan (SI Appendix, Fig. S3 and Movie 
S2), we found that the aspect ratio evolved from a value close to 
one (i.e., a spherical shape) to a value close to 1.6 (i.e., an ellipsoidal 
shape) before decaying with a decrease in drop volume. Fig. 1 G 
and H depict the probability of standing Leidenfrost state on 
smooth hydrophobic sapphire slides, illustrating the effects of var-
ying drop volume and substrate temperature on the standing state. 
It was observed that the standing Leidenfrost state exhibited a 
specific range of drop volume and temperature. When the drop 
volume was small, it tended to adopt a spherical shape with min-
imal contact with the surface. The formation of feet was infrequent 
due to the limited contact area and surface tension constraints. In 
the case of a large-volume drop, the presence of a substantial central 
vapor blister rendered the drop unstable and caused the feet to 
easily vanish. The boiling state of the drop was directly influenced 
by the surface temperature. At low surface temperatures, the evap-
oration of the drop did not generate enough vapor to sustain stable 
feet, resulting in unstable boiling. Conversely, at high temperatures, 

the drop rapidly evaporated and entered a floating Leidenfrost 
state. The hydrophobicity of the surface impacted the boiling state 
on a smooth surface as well. A stable standing Leidenfrost state 
was exclusively observed on smooth hydrophobic surfaces, while 
no stable state was observed until reaching the floating Leidenfrost 
state for hydrophilic surfaces.

Origin of the Rotation in the Standing Leidenfrost State. We 
reexamined the evolution of L/D and the angular velocity, ωο, 
during rotation (SI Appendix, Fig. S3). Despite changes in L/D, 
which indicate variations in the drop shape, ωο remained constant 
from the start of the rotation. The constant angular velocity led us 
to hypothesize that the deformation and rotation are not propelled 
by outer forces but are triggered by inner circulation. We used 
particle image velocimetry (PIV) to visualize the flow field of the 
drop at the central horizontal plane (1 mm from the bottom)—
an approach similar to those taken in the literature (12, 24, 25). 
As shown in Fig. 2A and Movie S3, inner circulation occurred 
before the deformation of the drop into an ellipsoidal shape. The 
inner angular velocity, ωi, was determined from the flow field. The 
results, which are plotted in Fig. 2B, reveal a gradual increase in 
the circulation prior to the asymmetric deformation of the drop. 
ωi reached 130 rad/s for a drop with added fluorescent particles, 
which is consistent with ωο. Subsequently, the symmetric flow led 
to asymmetric deformation of the drop (Movie S3).

We used the Weber number (We = ��2
oR

3∕� ) to examine the 
influence of the centrifugal force and the surface tension on the 
standing Leidenfrost drop, where � is the density of the water, R 
is the radius of the drop before deformation, and � is the surface 

Fig. 1. Standing Leidenfrost state followed by rotation similar to Sufi whirling. (A) Schematic illustration of the standing Leidenfrost state and the experimental 
conditions. A water drop is gently deposited on a heated hydrophobic slide that is chemically and topologically homogeneous. The drop then self-adjusts its 
adhesion on the surface and further deforms and rotates. (B) Water drops (20 μL) on the hydrophobic sapphire slide with increasing temperature. In addition 
to the conventional floating Leidenfrost state with a full vapor layer, a stable standing Leidenfrost state with partial adhesion is observed. In this state, the drop 
may undergo horizontal deformation and rotate in a similar manner to Sufi whirling. (C) Partial adhesion in the standing state. (D) Full vapor layer in the floating 
state. (E) A single rotation period of a standing Leidenfrost drop. The 20-μL drop deforms into an ellipsoidal shape and rotates with a typical period of 23 ms. (F) 
Variation in the turning angle, φ, and the aspect ratio, L/D, over five periods for a rotating drop with a volume of 20 μL. φ, L, and D are defined in (E). (G and H) The 
probability of standing Leidenfrost state on smooth hydrophobic sapphire slides as a function of drop volume (G) and surface temperature (H). The probability 
is measured by at least 10 drops in different places.D
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tension of the water. We was approximately unity, indicating that 
both the momentum and the surface tension play significant roles 
prior to deformation. With increasing We, the centrifugal force 
surpassed the cohesive force, rendering the drop susceptible to 
small vibrations that induced a break in symmetry at a critical We 
(We*). From our experimental conditions with varying drop radii 
(R), We* was calculated to be ~2.5 (Fig. 2C). Notably, this value 
corresponds to the critical dimensionless angular velocity 
( �∗ = (We∗∕8)1∕2 ∼ 0.56 ) reported in the literature (26–28), 
despite the different drop sizes used in the experiments. At values 
above We*, the drop became unstable, with vibrations causing 
deformation and the conversion of kinetic energy into surface 
energy, resulting in elongation of the drop. Under our experimental  
conditions, this break in symmetry led to the formation of ellip-
soid shapes belonging to the two-lobed shape family. This behavior 
was anticipated given the small We*. During rotation, the dissi-
pation of kinetic energy and the reduction in the volume due to 
evaporation eventually rendered the momentum insufficient to 
sustain the drop’s shape. As a result, surface tension caused the 
drop to revert to a sphere (Movie S2 and SI Appendix, Fig. S3). 
The rotation of a freestanding drop driven by inner circular flow 
has been the subject of long-standing interest because it is related 
to various phenomena, ranging from atomic nuclear fission to 
planetary rotation. Experimental and theoretical investigations 
have been undertaken to elucidate the underlying mechanisms 
and progression of drop rotation and asymmetric deformation 
(26–31). Methods have been developed to trigger the rotation of 
the drop since the pioneering experiments conducted by Plateau 
(26, 28–30). Our findings demonstrated that self-rotation inside 
the drop can be initiated in a standing Leidenfrost drop.

Origin of the Inner Circulation in the Standing Leidenfrost State. 
Drop rotation was triggered by inner circulation. Therefore, we 
now examine how the horizontal circulation begins inside the drop. 
Previous studies on the inner circulation of floating Leidenfrost 
drops focused on the vertical direction (12, 32), with circulation 
stimulated by the symmetry shear force from vapor ejection at the 
bottom of the drop. Drops hovering entirely over a vapor layer 

may have either vertical counterrotative convective cells or a single 
rotating cell, depending on the drop size (12). For drops with 
partial adhesion, by imaging the vertical central plane (Fig. 2D) 
and the horizontal plane at h = 0.5 mm using PIV (SI Appendix, 
Fig. S4A), we observed a transition from vertical to horizontal 
circulation. According to the Poincaré–Brouwer theorem, in the 
case of shear-induced surface flow, there is guaranteed to be at 
least one stationary point with zero value on the sphere (33). 
Accordingly, a horizontal gradient or shear force is exerted on the 
drop, leading to circulation within the drop, and the stationary 
point is typically located at the top of the drop. We attributed 
the inner horizontal circulation to partial adhesion, which affects 
both the thermal and mechanical properties of the drop. Partial 
adhesion enhances heat transfer from the “feet”. This accelerates the 
evaporation, which induces high shear flow underneath the drop. 
The asymmetric heat flow from the bottom also breaks the vertical 
heat-gradient-driven flow. For a drop with an aspect ratio (2R/H) 
greater than unity, the constraint for single-cell circulation in the 
horizontal direction is weaker than that in the vertical direction. 
Here, H is the height of the drop. The circulation shifts from 
the vertical to the horizontal plane. Partial adhesion also changes 
the direction of airflow underneath the drop, thus breaking the 
symmetry of the outflow of air from the center. This results in 
the development of a tangential flow that drives the horizontal 
circulation inside the drop. A numerical simulation confirmed 
that the circulation at the bottom of the drop rapidly initiates 
the inner circulation of the entire drop (SI Appendix, Fig. S4B).

We further explored how the partial adhesion influences the 
airflow that drives the inner circulation of the drop in the standing 
Leidenfrost state. Because the drop is held by the elevated vapor 
pressure, a concave shape develops at its bottom. Adhesion areas 
frequently occurred at the periphery of the air cushion, resulting 
in shear flow along the outer edge. This shifted the vertical circu-
lation to the horizontal direction, ultimately leading to horizontal 
circulation inside the drop. Upon surpassing a critical angular 
velocity, this horizontal circulation stimulated the rotation of the 
drop. We verified this process of airflow-induced horizontal cir-
culation using an air-blowing device (Movie S4).

Fig. 2. Origin of the deformation and rotation of drops in the standing Leidenfrost state. (A) Evolution of the inner flow at the horizontal central plane (1 mm 
from the bottom) captured by PIV measurements. Tracer particles reveal that circulation first occurs inside the drop before deformation of the drop into an 
ellipsoidal shape. (B) Inner rotating velocity, ωi, as a function of time. ωi increases from an initial value of zero to a critical value when the drop deforms into an 
ellipsoidal shape. The drop remains spherical despite the inner circulation during the increasing period. (C) Linear relation between ωo and the size of the drop. (D) 
Evolution of the inner flow at the vertical central plane. Vertical circulation finally evolves to horizontal circulation inside the drop in the standing Leidenfrost state.
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Partial Adhesion in the Standing Leidenfrost State. To understand 
the mechanism responsible for the formation of this stable state, 
we monitored the changes in the contact area at the interface 
beneath the drop using a high-speed camera (as illustrated in the 
Fig. 3 A, Inset). Fig. 3A and Movie S5 depict the liquid–solid 
contact area of the adhesion region of a 20-μL water drop that 
was gently deposited on a transparent hydrophobic sapphire slide 
as a function of time. The dashed line in Fig. 3A represents the 
change in surface temperature at the bottom and center of the 
deposited drop (Movie S6). The inset images show the adhesion 
during the evolution of the contact area, with the black region 
indicating the site of adhesion. The contact region rapidly vibrated 
after the initial deposition of a water drop on the surface but 
quickly stabilized within 1 s. The process of adhesion was observed 
to include five distinct stages. Upon contact of the water drop 
with the hot hydrophobic surface, immediate bubble generation 
was observed, indicating that nucleate boiling occurred until full 
contact with the surface was achieved (stage I). The bubbles then 
grew and merged, resulting in a slight reduction in the contact 
area (stage II). The increase in the liquid–solid contact area and 
the subsequent nucleate boiling resulted in a significant dissipation 
of heat from the substrate. The surface temperature consequently 
decreased rapidly. Mild boiling was observed during these two 
stages (Movie S5). When the temperature recovered, the bubbles 
merged to form a partial vapor film, which occupied most of the 
area underneath the drop (stage III). The increased vapor pressure, 
which was constrained by the surface tension, then resulted in the 
formation of a dimple of vapor at the bottom of the drop (stage IV).  
When the vapor occupied the majority of the drop bottom, 
stable feet formed. The feet were generated at the periphery of 
this dimple, which was expected because the periphery is closest 

to the surface and the formation of feet helps stabilize the drop on 
the vapor cushion. The drop was observed to “stand” on the surface 
with several feet around the underlying vapor layer. However, this 
was not the final state because the vapor accumulated with limited 
leakage among the feet. The feet self-adjusted their number and 
size to balance the vapor pressure and gravity, resulting in a stable 
standing Leidenfrost drop with partial adhesion (stage V). Once 
standing, the drop continued to deform and rotate (Movie S5).

We then analyzed the underlying factors that drive the evolution 
of drop–surface interactions. Fig. 3A illustrates the evolution of 
the contact area, indicating successive interactions between the 
drop and the hot surface, from nucleate boiling to transition boil-
ing and finally stable partial film boiling.This progression 
prompted us to examine the role of the surface temperature. When 
the drop touched the hot surface, the heat-transfer process between 
the drop and the hot surface was transient and mainly governed 
by the ratio of convective heat transfer in the drop to conductive 
heat transfer within the substrate (34) (as shown in the Inset of 
SI Appendix, Fig. S5 and Note S2). We utilized Biot number [Bi= 
Lc/λ/(1/h)] to quantify this ratio in transient heat transfer. Here, 
1/h is the thermal resistance of convective heat transfer, with h 
being the coefficient of surface heat transfer at boiling. Lc /λ is the 
thermal resistance of conductive heat transfer, where Lc denotes 
the characteristic length, and λ refers to the coefficient of conduc-
tivity. In the specific scenario where a drop is placed on slides, Lc 
corresponds to the thickness of the slides. For a water drop boiling 
on a sapphire slide with a thickness of 2 mm, Bi is on the order 
of unity, indicating that the surface temperature falls between the 
temperature of the drop and the substrate. We used the thermal 
effusivity ( e = (��cp)

1∕2 ) to describe the ability of the materials 
to exchange thermal energy with their surroundings, where ρ is 

Fig. 3. Origin of the stable standing Leidenfrost state with partial adhesion. (A) Evolution of the contact area (black circles) and surface temperature (red dotted 
line) for a standing Leidenfrost drop on a hydrophobic sapphire plate with the temperature set at 170 °C. The Inset shows the experimental setup used to observe 
the evolution of the drop/surface interface, and sequential images of the adhesion are shown above the data in the graph (corresponding to the blue dots). 
(B) Schematic depiction of the influence of wettability on boiling. (C) Lifetime of a drop with a volume of 20 μL placed on hydrophobic and hydrophilic sapphire 
slides. The shaded area represents the range of substrate temperatures at which the standing Leidenfrost state was observed.D
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the density, and cp is the specific heat capacity (35, 36). For a water 
drop and substrate with initial temperatures of Tw and Ts, respec-
tively, the temperature at the contact surface, Ti, can be deter-
mined from their relative effusivities as follows:

	
[1]

where es and ew are the effusivities of the substrate and water, 
respectively. For a low es/ew ratio, Ti is close to the water temper-
ature, whereas for a high ratio, it is close to the substrate temper-
ature. As shown in SI Appendix, Fig. S5, the change in surface 
temperature is governed by the es/ew ratio, displaying a decrease 
followed by a slow recovery only when the ratio was within a 
certain range. This evolution of surface temperature enabled the 
drop to regulate its adhesion to the surface and reach thermal 
equilibrium (the boiling of a water drop on different hot substrates 
is demonstrated in Movie S7). Conventionally, for the Leidenfrost 
state on substrates with high es/ew ratios, the initial contact is 
assumed to be instantaneous and is thus neglected (7). In this 
scenario, the rapid recovery of Ti leads to the fast evaporation of 
the drop at the bottom such that the drop enters the Leidenfrost 
state with a fully formed vapor layer. Conversely, when the surface 
temperature was insufficient for rapid evaporation, the drop either 
made full contact or underwent violent boiling in an unstable 
manner (as shown in Movie S7). By tracking the state of the drop 
on substrates with different es/ew ratios, a Leidenfrost state with 
stable partial adhesion was generally observed for moderate ratios 
of thermal effusivity (as shown in SI Appendix, Fig. S6 and 
Table S1).

The hydrophobicity (or aerophilicity) of the surface further 
enhanced the ability of the drop to “stand up”. The hydrophobicity 
has a dual impact on the boiling process. First, the surface energy 
determines the morphology of the deposited drop (37), as shown 
in Fig. 3B. On hydrophobic surfaces, a reduction in the contact 
area leads to a lower heat transfer from the surface to the drop. 
Second, nucleating bubbles on a hydrophobic (aerophilic) surface 
merge and escape at the apparent contact line without compro-
mising the integrity of the drop. The reduced contact area and 
heat transfer enable the drop to reach a stable state. By contrast, 
on hydrophilic (aerophobic) surfaces, nucleating bubbles burst at 
the air/liquid interface, making the drop highly unstable. To con-
firm the role of hydrophobicity on the partial adhesion in the 
standing Leidenfrost state, we examined the behavior of drops on 

heated fluorinated surfaces (rather than PDMS) with the same 
degree of hydrophobicity (apparent water contact angle of 112° ±  
2° and contact-angle hysteresis of 23° ± 1° at room temperature). 
The drops exhibited a comparable change of contact area on both 
surfaces (SI Appendix, Fig. S7). Fig. 3C shows the drop lifetime 
as a function of the substrate temperature. In comparison to the 
sharp increase in drop lifetime observed during the transition from 
contact boiling to film boiling on a hydrophilic smooth substrate, 
the lifetime of a drop on a hydrophobic smooth surface exhibited 
a distinct step-like behavior with an increase in surface tempera-
ture. The drop’s lifetime was primarily determined by the heat flux 
it received. The notable disparity in conductivity between the 
liquid phase (680 mW/m·°C) and the vapor phase (24.8 mW/m·°C) 
underscored the crucial role played by the connection between the 
drop and the surface in determining its lifetime. In the case of a 
floating Leidenfrost drop, where the drop was fully surrounded by 
vapor, there was a significant reduction in heat flux, leading to a 
considerable increase in lifetime. On the other hand, for a standing 
Leidenfrost drop, where vapor predominantly occupied the bot-
tom portion of the drop, the heat flux to the drop was limited, 
resulting in a noticeable extension of its lifetime. However, the 
small adhesion presenting in the standing state may still provide 
a pathway for rapid heat flux, thereby resulting in a reduction of 
lifetime compared to the floating Leidenfrost state.

Finally, we demonstrated the control of drop motion due to the 
enhanced heat transfer in the standing Leidenfrost state. The anal-
ysis of the equilibrium state for standing Leidenfrost drops 
prompted us to explore the use of asymmetric substrates with dis-
tinct thermal effusivity to control drop rotation (SI Appendix, 
Figs. S8 and S9 and Note S3). By patterning materials with low es 
on a substrate with high es, we demonstrated controllable drop 
rotation (Fig. 4A and Movie S8) and sustained rotation with con-
stant drop size and frequency (Fig. 4B and Movie S9). Owing to 
the partial adhesion on the surface in the standing Leidenfrost state 
(with 15% adhesion), there was noticeably higher (by 390%) heat 
flow from the substrate to the drop than in the conventional float-
ing Leidenfrost state (Fig. 4 C and D and SI Appendix, Note S4).

In summary, our findings reveal a stable standing Leidenfrost 
state in which a water drop is partially adhered to a hot smooth 
surface, rather than completely hovering over a vapor layer. We 
analyzed the origin of this standing state, taking into consideration 
the surface temperature, hydrophobicity, and the equilibrium of 
this state. Furthermore, we demonstrated how this partial adhesion 

Ti = Tw +
es

es + ew

(

Ts − Tw

)

,

Fig. 4. Control of drop motion and enhanced heat-transfer efficiency in the standing Leidenfrost state. (A) Standing Leidenfrost drops and rotations observed on 
a silicon wafer with PDMS patterns. (B) Schematic illustration of the continuous water-feeding system for sustained rotation and the drop size and frequency as a 
function of time during rotation. (C) Images extracted from the standing and floating Leidenfrost states showing a distinct interaction between the drop and the 
surface. The schematic illustration shows the enhanced heat transfer through adhesion in the standing Leidenfrost state. (D) Enhancement of heat flow of 390% 
between the substrate and the drop in the standing state with partial adhesion (15%) compared with that in the floating state with a full insulating vapor layer.D
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drives the deformation and rotation of the drop and the control 
of the partial adhesion and rotation.

Materials and Methods

Materials. Sapphire slides with a diameter of 30 mm and a thickness of 2 mm 
were purchased from ALFAQUARTZ Products Co., Ltd. An oxidized silicon wafer 
(500-μm-thick Si layer with a 1-μm-thick SiO2 top layer) was purchased from 
Suzhou Research Materials Microtech Co., Ltd. Ultrapure water was used in all 
experiments and was supplied by a Milli-Q Advantage A10 device (Millipore). 
Poly(dimethylsiloxane) terminated with chlorine (PDMS-Cl; average Mn of 
~3,000 and 1H,1H,2H,2H-perfluorooctyl-trichlorosilane (97% pure) was acquired 
from Sigma-Aldrich. The photoresist (AZnLOF 2035) was from MicroChemicals 
GmbH. A fluorescent tracer (polystyrene, 5 μm in diameter) was purchased from 
PHOSPHOREX, LLC. Poly(dimethylsiloxane) with Sylgard 184 elastomer (PDMS) 
was purchased from Dow Corning.

Preparation of Chemically and Topologically Homogeneous Slides. Before 
use, the bare sapphire slides were cleaned with piranha solution to remove any 
organic contaminants. The sapphire glass was then activated by O2 plasma 
for 15 min to graft the PDMS-Cl molecules and 1H,1H,2H,2H-perfluorooctyl-
trichlorosilane onto the surface. The plasma-cleaned slides were placed in a 
desiccator along with 200 μL of the solutions and placed under vacuum at a 
pressure of ~100 mbar. The desiccator was then placed in an oven for 2 h at 60 °C  
and room temperature for grafting PDMS-Cl molecules and 1H,1H,2H,2H-
perfluorooctyl-trichlorosilane, respectively.

Surface Characterization. Surface wetting was characterized using the sessile-
drop method with an OCA 50 AF (DataPhysics) instrument. The apparent water 
contact angle and contact-angle hysteresis (sliding angle) were determined 
using drop volumes of 5 and 10 μL, respectively. During the measurement of 
contact-angle hysteresis, the rate of the tilting angle was set at 1°/s. The surface 
morphology was scanned using AFM (Bioscope Resolve, Bruker, USA) in peak-
force mode (PeakForce Quantitative NanoMechanics) with an SNL-A probe. All 
data were obtained from the measurements of three different samples, with at 
least three different locations for each sample.

Visualization of the Standing Leidenfrost Drop. The temperature of the 
sample substrate was controlled using a heating stage. Specifically, the sample 
substrate was placed on a heater with a central hole (20-mm diameter) for vis-
ualization from the bottom. For each experiment, the temperature of the heat-
ing stage was kept constant, with an accuracy of 0.1 °C. The sample substrate 
required less than 1 min to achieve a uniformly distributed temperature across 
its surface. The drop was captured using a high-speed camera (Photron, Fastcam 
SA5) from the top, bottom, and side. The frame rate ranged from 500 to 2,000 
fps, depending on the motion of the drop. An infrared camera (Fortic, 226s) was 
used to visualize the surface-temperature distribution from the bottom at 25 fps. 
The probability of standing Leidenfrost state on smooth hydrophobic sapphire 

slides was determined by imaging the contact area. The volume of the drops 
ranged from 3 to 40 μL, and the temperature ranged from 160 to 190 °C. The 
probability of ellipsoidal rotation was determined by analyzing several drops 
positioned on micropatterned surfaces with asymmetric effusivity. The volume 
of the drops ranged from 5 to 65 μL, and the temperature ranged from 170 
to 280 °C. To ensure statistical significance, the probability was measured for a 
minimum of 10 drops.

Visualization of the Inner Flow Field. The internal flows were visualized using 
a custom-built PIV system. A fluorescent tracer was dispersed in water and diluted 
by a factor of 50. The surface tension of the drop was reduced to approximately  
30 mN/s by adding the tracer. The solution was sonicated for 10 min to achieve 
thorough mixing before use. To illuminate the particles, a light sheet with a 
thickness of 50 μm at a wavelength of 532 nm was generated using a laser 
(Changchun New Industries Optoelectronics Tech. Co., Ltd., MGL-F-532-3W). 
Images captured at a speed of 2,000 fps were analyzed using PIVlab software to 
determine the velocity field inside the drop.

Fabrication of Micropatterned Surfaces with Asymmetric Effusivity. 
Micropatterned surfaces were fabricated using photolithography, followed 
by deep reactive ion etching (DRIE). First, a 1.9-μm-thick layer of photoresist 
AZnLOF 2035 (MicroChemicals, GmbH) was spin-coated on an oxidized silicon 
wafer (500-μm-thick Si layer with a 1-μm-thick SiO2 top layer). The micropattern 
was designed with AutoCAD software and lithographed to the photoresist film 
using a uPG501 UV-light mask writer (Heidelberg Instruments) to obtain a 
soft mask after development and baking. To transfer the micropattern to the 
SiO2 film, anisotropic SiO2 DRIE (Oxford Instruments, PlasmaPro 100 Estrelas) 
was used, followed by ultrasonic cleaning in acetone to remove the remaining 
photoresist. This SiO2 pattern was used as a hard mask to achieve 50-μm-deep 
etching using a 255-loop DRIE Bosch process. The surface was filled with PDMS 
after final oxygen plasma cleaning to remove the passivation layer and was 
placed in a buffered-oxide-etch bath to remove the remaining SiO2. The PDMS 
was prepared by mixing the base component and a cross-linker at a ratio of 10:1 
by weight. After manual stirring for 2 min, the solution was degassed under 
vacuum for 15 min. The degassed solution was poured on the micropatterned 
wafer until all the patterns were filled. The sample was then cured in an oven at 
60 °C for 2 h. The excess PDMS on the surface was removed with a sharp knife.

Data, Materials, and Software Availability. All study data are included in the 
article and/or supporting information.
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