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Abstract

Liquid propulsion on overheated surfaces plays an important role in numerous
engineering applications. However, most reported methods are limited to
homogeneous asymmetric structures such as ratchet-shaped substrates. In this study, a
dual heterogeneous structure is designed on an aluminium surface via femtosecond
laser direct writing. The substrate surface is alternately covered with non-ablated
smooth strips and laser-structured regions composed of periodic ripple
inicrostructures. The droplets on the heated sheet exhibit a hybrid boiling state: film
boiling in the smooth regions and intermittent transition boiling in the ripple
microstructures. This hybrid state enables the droplets to remain in the Leidenfrost
regime and combines the advantages of both the film- and transition-boiling states.
That is, droplets on hot surfaces combine the long lifetime characteristic of the
film-boiling state with the efficient substrate—liquid heat exchange of the
contact-boiling state, achieving a balance between extended lifespan and effective
heat transfer. The film-boiling regions facilitate the formation of a stable vapour

cushion beneath the droplet, whereas the intermittent asymmetric contact boiling on



the ripple microstructures produces a directional driving force and unidirectionally
propels the Leidenfrost droplets. In particular, the droplets consistently move along
the laser-scanning lines and opposite the laser processing direction. By ingeniously
designing laser processing paths, diverse functions and applications of Leidenfrost
droplet propulsion, including curved-path droplet transport, droplet expulsion, droplet

trapping, targeted cooling, and droplet rotors, can be realised.

Keywords: Leidenfrost droplet, femtosecond laser writing, directional propulsion,

ripple microstructure, Leidenfrost effect

1. Introduction

When droplets are poured onto an overheated solid surface whose tcmperature is far
above the boiling point of the liquid, the droplets do not e¢vaporate quickly or splash
violently but are instead suspended over the hot substrate. This interesting physical
phenomenon is known as the ‘Leidenfrost effect’.l'"! A downward jet of vapour,
caused by the thermally induced phase transition at the bottom of the droplets, lifts the
droplets and allows them to levitate above the solid surface. The vapour layer has
poor thermal conductivity, which can eftectively inhibit heat transfer between the hot
surface and the droplet.[®®] The vapour layer separates the droplet from the solid
substrate, thus reducing droplet adhesion and eliminating the associated interfacial
friction.l>'!l These two characteristics inake the Leidenfrost effect widely applicable
in metal processing and welding, low-friction sliding systems, cooling systems,
chemical engineering, microfluidic technology, and energy conversion.!!!1%181 The
application of the Ieidenfrost effect not only improves the efficiency and quality of
industrial production but also reduces safety risks.

Because many applications depend on the high-speed propulsion of Leidenfrost
droplets, the controllable transport of Leidenfrost droplets on overheated surfaces has
attracted increasing interest over the past two decades.!!»1%2% Linke ef al. found that
Leidenfrost droplets can directionally self-propel on a hot sawtooth-shaped substrate

(21.22] The high temperature causes the

composed of periodic millimetre-scale ratchets.
liquid at the bottom of the droplet to evaporate quickly and spray the vapour
downward. The surface of the asymmetric ratchets could partially rectify the flow
direction of the steam, thereby creating a viscous shear stress at the bottom of the
droplet, which directionally pushes the suspended Leidenfrost droplet into motion.
Several other types of asymmetric structures have been designed to achieve
directional transport of Leidenfrost droplets, including slanted superhydrophilic

(23] [24] 25,26]

silicon nanowires, triangular micropillar arrays,1*!! herringbone patterns,!



angled mound-like microstructures,?” periodic wettability gradients,!?®21 and hot oil
surfaces.?% These microstructures are typically fabricated uniformly on the material
surface, causing droplets on the heated surface to exist either in the contact-boiling
state (e.g., transition boiling) or film-boiling state.['>] For droplets in the
transition-boiling state, despite the high heat-transfer efficiency from the substrate to
the droplet, violent and persistent contact boiling makes droplet motion uncontrollable,
often causing the droplets to move randomly on the hot surface.3!'*?1 Additionally,
vigorous boiling and spraying at the contact interface significantly shortens the
droplet lifespan. In contrast, droplets in the film-boiling state exhibit ‘gentlc’ and
more controllable behaviour due to the vapour layer beneath them, along with a
longer lifespan.[>#! However, this vapour layer also isolates the bottom of the droplet
from direct contact with the hot solid surface, limiting efficient energy (¢ 2., thermal
energy) transfer between the heated substrate and the droplets.” High heat-transfer
resistance is detrimental to effective thermal management.!?*~'! A single boiling state
can provide only the advantages associated with that state while tailing to overcome
its inherent limitations. For example, a droplet in the filin-boiling regime, although
exhibiting the longest lifetime on an overheated surface, sufiers from a relatively low
heat-transfer efficiency, whereas in the contact-hoiling regime, despite the extremely
high heat-transfer efficiency between tiic heated suiface and the liquid, the droplet
tends to splash and disintegrate almost instantancously. Integration of multiple boiling
states can effectively leverage the strength of each state. Under the premise of
balancing droplet lifetime and heat-transfer efficiency, achieving the controllable
motion of Leidenfrost droplets is of great significance for practical applications.
However, the dynamic behaviour of droplets in a hybrid boiling state (such as on
heterogeneously structured surfaces) under high-temperature conditions has received
relatively sparse aitention.[3 Sahoo et al. observed a Janus thermal state (concurrent
contact boiling and Leidenfrost effect) on an overheated surface composed of
alternating hydrophilic SiN tops and V-shaped Si microgrooves.**l In this
configuration, while the bottom of the droplet undergoes contact boiling on the SiN
ridge tops. it experiences film contact over the microgrooves. Despite the anisotropic,
elongated bouncing of the water droplet after impacting the hot surface, the position
of the droplet remains unchanged, indicating that no directional transport is induced.
In this study, we fabricated a dual heterogeneous structure on aluminium surfaces
via femtosecond laser direct writing and discovered unidirectional self-propulsion of
droplets in the approximate Leidenfrost state. The alternating pattern of the
laser-structured and non-ablated smooth regions allows droplets on the heated surface
to exhibit film boiling and transition boiling regimes simultaneously. This hybrid state
causes the droplets to remain in the Leidenfrost regime on the heated substrate,

achieving a balance between extended lifespan and effective heat transfer. The



laser-induced periodic asymmetric ripple microstructures enabled intermittent contact
with the bottom of the droplet, resulting in asymmetric contact boiling at localised hot
spots and driving the directional motion of the droplets. Specifically, the droplets
move exclusively along the laser-scanning paths, precisely opposite to the laser
processing direction. By leveraging this characteristic, the controllable propulsion of
Leidenfrost droplets can be easily achieved by designing specific laser-scanning
trajectories, enabling various droplet manipulation functions and applications on

heated surfaces.

2. Results and Discussion

2.1 Unidirectional droplet propulsion

Figure la illustrates the femtosecond laser processing of the aluminium surface and
the motion trend of water droplets on the heated surface. Feintosecond laser
machining is characterised by high accuracy, excellent controllability, and broad
material compatibility.?>38 The direction of the laser-scanning line is defined as the
+x-axis; the direction perpendicular to the laser-scanning iine on the horizontal plane
is the y-axis; and the direction perpendicular to the horizontal plane is the z-axis. The
laser processing system is depicted in Figure S1 (Supporting Information). The
employed femtosecond laser beam was a puiscd laser with a repetition rate (fe) of 1
kHz and was focused on the sample surface through an F-theta lens, with a spot
diameter of =30 um. Each pulse can induce a concave crater-like microstructure on
the sample surface.

The positional relationshin between the craters along a scanning line can be easily
adjusted by changing the laser-scanning speed (Viaser). As shown in Figure 1b, when
the laser-scanuing spced is sufficiently high, the laser pulse-induced craters separate
from each other. As the laser-scanning speed decreases, the distance between the
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ablated points of the pulses as well as the period ( A,
laser-induced craters decreases. When the spacing between the laser processing points
is less than the diameter (Derer) 0f a single crater, the laser-induced craters overlap.
The next laser-induced crater is superimposed on top of the former crater. When the
laser-scanning speed is particularly low, the ablation craters strongly overlap.

Figures lc—f show the crater array microstructure (or microgroove structure)
fabricated on the aluminium surface at different laser-scanning speeds. When the
laser-scanning speed is 60 mm/s, the ablation craters are separated from each other at

a corresponding interval of 60 um (Figure 1c). Every crater is complete and has a



diameter of =53 um, obtained at a single-pulse power of 350 uJ. Because only a single
pulse acts on each spot without pulse overlap, the ablation craters are relatively
shallow, with a depth of only =2.5 pm. When the scanning speed is reduced to 40
mm/s, the ablation craters begin to overlap (Figure 1d). The overlap ratio () can be

D . —A . . )
defined as 7n=—2%C—2 x100% (When Acraer < Derarer). With this processing

crater

parameter, the craters slightly overlap, with a 5 of 24.5%. When the scanning speed is
further reduced to 30 mm/s ( = 43.4%), the next crater almost overlaps half of the
previous crater, eventually forming a wavy ripple-like microstructure along the
laser-scanning direction, defined here as the ‘ripple microstructure’, as shown in
Figure le. When the laser-scanning speed is as low as 10 mm/s, owing to the high
degree of crater overlap (y = 81.1%), the ripple-like microstructures disappear and are
replaced by a uniformly rough microgroove (Figure 1f). The average distance of the
craters or the microgrooves along the y direction is controlicd by the interval (Ajine) of
the scanning lines during laser processing.

Femtosecond laser treatment also altered the surface wettability of the aluminium
substrate. The surface becomes more hydiophilic as it is covered with more
laser-induced micro/nanostructures. For example, as shown in Figure S2 and Movie
S1 (Supporting Information), the contact angle (CA) of a water droplet decreases
from 100.3 + 0.9° on the original unstructured aluminium surface to 5.4 £ 1.2° (Acrarer
= 30 um, Ajire = 100 pm) and 6.2 = 0.6° (Acrarer = 30 pm, Ayine = 60 pm) on the
laser-structured surfaces. In addition, the laser-induced microstructures also raise the
critical Leidenfrost temperature of water droplets on the aluminium sheet from

~200 °C on the untreated smooth surface to over 600 °C.



a) Pulsed laser b

L —
Pulsed Iaser/-

Droplet ¥ . ‘ . . .:!2\\
- > crater.

OO0 OO @U@
R (e
SIRREESIIIeeseeeess .'...y

Heating High scanning speed T_.x Moderate speed Low scanning speed

60mm/s (n=0%)

Figure 1. Unidirectional propulsion of Leidenfrost droplets on the femtosecond laser-structured heterogeneous
aluminium surface. (a) Schematic showing the manner of laser processing of the aluminium surface and the motion
trend of water droplets on the heated laser-structured sheet. (b) Schematic illustrating different positional
relationships between the laser pulse-induced craters (or pits). (c-f) Laser-induced microstructures on the
aluminium surface prepared at different laser-scanning speeds (Asine = 100 pm): (¢) Viaser = 60 mm/s, (d) Viaser = 40
mm/s with an  of 24.5%, (€) Viase- = 30 mni/s with an 7 of 43.4%, and (f) Viuser = 10 mm/s with an 7 of 81.1%. (g)
Motion trajectory of droplets on a heated structured aluminium sheet (250 °C, # = 43.4%, Ajine = 100 pm) where
the upper half region was processcd via laser scanning from right to left and the lower half region was processed
from left to right. The yellow dashed arrows mark the laser processing direction, while the black solid arrows

indicate the droplet’s movement direction.

On a heated laser-structured surface, the droplet can be self-driven along the
laser-scanning lines (Figure 1a). As shown in Figure 1g, we use a femtosecond laser
to process two regions (7 = 43.4%, Ajne = 100 um) on the same surface of an
aluminium sheet (thickness = 1 mm). The laser processing directions are opposite in
these two regions. At a heating temperature of 250 °C, when the droplets (=50 pL) are
dropped onto the upper region, where the laser-scanning lines are processed from
right to left (yellow dotted arrow), the droplets spontaneously move towards the right
at a high speed on the heated substrate (Movie S2, Supporting Information). During
the advancing process, the droplet can maintain a nearly spherical shape on the heated



surface, similar to the behaviour of a small water droplet on a superhydrophobic
surface. This characteristic is typical of Leidenfrost droplets and indicates that on the
heated surface, the droplet moves in a state approaching the Leidenfrost regime.!'-> In
contrast, in the lower region, where the laser-scanning lines are processed from left to
right, the deposited droplets move to the left instead (Movie S2, Supporting
Information). The design of two structured regions, with opposite processing
directions, on the same aluminium sheet can eliminate the influence of gravity on the
results (even a small force component of gravity can cause the droplet motion because
the adhesion of the heated surface to the Leidenfrost droplets is extremely low).[28]
The results indicate that femtosecond-laser-induced ripple microstructuies can
unidirectionally drive the movement of droplets on a hot surface and that the

propulsion direction is opposite to that of laser processing.

2.2 Influence of various parameters on the droplet propulsicn

On a smooth aluminium surface (without laser treatment), water droplets deposited
onto a heated surface successively exhibit natural evaporation, nucleate boiling,
transition boiling, and film-boiling states as the heating temperature gradually
increases. The detailed dynamic behaviour oi droplets in these regimes has been
extensively reported in the literature and can also be found in our previous
work.[14332341 Figures 2a-d and Movie S3 (Supporting Information) show the
variation in the dynamic behaviour of the water droplets on the laser-structured
heterogeneous surface (7 = 43.4%, Aine = 100 pm) as the heating temperature
gradually increases. When the tcmperature of the aluminium substrate is just above
the boiling point (=100 °C) of water, the droplets still slowly evaporate on the
textured surface (e.g., at 120 °C, Figure 2a). As the heating temperature increases
above 160 °C, the droplets enter a state of nuclear boiling. Once the droplets touch the
hot surface, they violently boil, burst, and splash around (e.g., at 200 °C, Figure 2b).
The droplets disappeared in a very short time (=770 ms) because of intense spraying
and rapid evaporation. When the temperature exceeds a certain threshold (230 °C for
this structure), the droplets can maintain a spherical shape on the heated surface
without cxplosion or fragmentation. Interestingly, the droplets begin to move rapidly
on the surface, and the direction of motion is fixed (e.g., at 260 °C, Figure 2c). Thus,
unidirectional propulsion of liquid droplets is realised. During the movement of the
droplet, a thin transparent layer (inset of Figure 2c) between the bottom of the droplet
and the solid surface can be clearly observed, which is attributed to the vapour layer
underneath the heated droplet. The existence of a stable vapour layer provides visual
evidence of the Leidenfrost state. However, the temperature should not be excessively
high. When the surface temperature increases to 280 °C (i.e., the upper threshold for

this structure), the droplet continues to advance forward while deflecting towards both



sides in the forward direction. The lateral deflection indicates that the directional
droplet propulsion at this temperature is already extremely weak. Upon further
increasing the substrate temperature, the directional motion completely disappears.
For example, at 290 °C, the droplet in the captured snapshots gradually becomes
blurred because it moves in a direction (y-axis) perpendicular to the image (Figure 2d).
At this instance, although the droplets can still move on a heated surface, the direction
of movement is random; that is, no directional propulsion occurs.

In addition to water, a variety of other volatile liquids can achieve directional
transport on heat-structured surfaces as long as the heating temperature falls within
the appropriate range for each specific liquid. As shown in Figure S3 and Movie 54
(Supporting Information), the laser-induced microstructures can drive droplets of
ethylene glycol, propylene glycol, 50% ethanol, anhydrous ethano!, and acetone to
move directionally at high speeds. Furthermore, the direction of movement of these
droplets is consistent with that of the water droplets. These iiquids exhibit varying

physicochemical properties.*”!

u 0s

Temperature

a) b) Oms cu

J

470ms

280ms 250ms

370ms

V 200ms

E— \E —— EL
22.4s g 770ms a 500ms 570ms

440ms 520ms

T=120°C T=200°C T=260°C T=290"°C
e) o7 T 90 ) 100 — .
O Displacement| 80 _Unldlrectlonal
=201 | O Velocity 70 80+ transport
1S — Fitline T 9
£ 15 = g g 60 $=4
t 50 =
g 40Q > \g
€ 10 T 2404
3 30 g S \§
= S
S 51 202 > 20+
a 10 Random transport\

o
L

0 100

Figure 2. Unidirectional transport of droplets (=50 pL) on heated aluminium sheets with femtosecond laser-written
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(b) in-situ nuclear boiling at 200 °C, (c) directional propulsion at 260 °C, and (d) random motion at 290 °C. The
inset in (c) is an enlarged view of the interface between the droplet and the solid substrate, showing the existence
of a vapour layer between the droplet bottom and the hot surface. (e) Variation in the displacement and motion
velocity of the droplet over time on the heated aluminium surface (at 250 °C). (f) Terminal velocity (or maximum

motion velocity) of droplets on the heated surface at different heating temperatures.

During the motion, the suspended droplet is subjected to the resistance ot the
surrounding air in addition to the driving force (Fz). Owing to the low Reynolds

number (=0.2) of the Leidenfrost droplets, according to Stokes’ friction law, the air

resistance force (£7) is linearly related to the droplet velocity: F, ~—k v, (¢), wherc

v.(¢) is the horizontal velocity of the droplet, ¢ is time, and /s is the friction

2140411 According to Newton’s second law, the velocity of a droplet

(t)

satisfies the following ordinary differential equation: M c_lvd_ -=t,-ok,v.(t), where
’ .

coefficient.!

M is the mass of the droplet and o is the proportion coeificient. The droplets

) oodv (t )
accelerate continuously on the heated structured surface. At ;—() =0, the velocity
t
) . . ; . . F,
of the droplet reaches its maximum value (i.e., the terminal velocity): v, = p
OK ,
1

Figure 2e shows the horizontal displacement and motion velocity of the droplet in the
process of unidirectional propulsion over time (at 250 ©°C). The horizontal
displacement of the droplet i{rom the point at which it is deposited on the sample
surface increases gradually. The velocity of the droplet first increases and finally
approaches a stable value. The maximum velocity can reach ~65 mm/s, and the test
results are in agreement with those of the theoretical analysis. Figure 2f shows the
effect of thc heating temperature on the terminal velocity achievable by the droplets
on the structured suriace. As the temperature increases, the maximum velocity of the
droplets gradually decreases from 88.3 + 2.3 (at 230 °C) to 30.1 + 5.1 (at 270 °C) and
thent to 0 mm/s (at 280 °C, random transport). This trend may occur because higher
heating temperatures lead to a thicker vapour layer underneath the droplets (owing to
enhanced evaporation), which progressively weakens the influence of the
laser-induced ripple microstructures on the dynamic behaviour of the droplets. In
other words, the overall height of the droplet bottom increases with increasing
temperature, and the driving effect of the laser-induced microstructures on the
droplets gradually weakens.

Figures 3a—d show the influence of laser processing and physical parameters of the

liquid droplets on the dynamic motion state of the droplets on the structured



aluminium surface. As shown in Figure 3a, when the laser-scanning speed is either
extremely low or excessively high, the droplet cannot achieve unidirectional motion.
If the Viser 1s extremely low, then the overlap of single-pulse-ablated craters is
relatively heavy (n > 71.7%), resulting in uniform micro/nanostructures rather than
asymmetric ripple structures inside the laser-induced microgrooves. Conversely, if the
Viaser 1s extremely high, then the craters become separated (7 < 15.1%). Only at an
appropriate Viser range, corresponding to the overlap ratio range of the laser ablation
craters (15.1-71.7%), can periodic asymmetric textures form along the laser-scanning
lines, enabling the droplet to move unidirectionally on the heated resulting surface.
The interval between the laser-scanning lines also affects the motion of the droplet
(Figure 3b). When Auine 1s extremely small, the droplet either boils in place at low
temperatures or moves randomly at high temperatures, failing to achieve
unidirectional propulsion. This result is obtained because the adjacent scanning lines
overlap when they are too close, preventing the formation of separaic and unbroken
microgrooves with the inner periodic craters. Unidirectional droplict motion is only
possible when the Ayixe is greater than the width of a single laser-induced microgroove
(Adine > 60 pm), within a suitable heating tcmperature range. However, if the Ajire is
too large (e.g., Aine > 130 pm), unidirectional motion is also difficult to achieve,
likely because the groove density is too low (too sparse), resulting in an insufficient
directional driving force on the droplet. Within the range of the laser processing
parameters that enable directional droplet propulsion, the terminal velocity of the
droplets gradually decreases as the laser-scanning speed increases (Figure 3e) or the
interval of the scanning lines widens (Figure 3f). This phenomenon occurs because
these parameter changes reduce the number of laser-induced craters per unit area (i.e.,
decreasing the density of craters), thereby progressively diminishing the contribution

of the laser-induced ripple microstructures to droplet propulsion.
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aluminium surfaces (at 250 °C).

By releasing droplets from different heights onto the heated surface, we

investigated the influence of the Weber number (We) on the dynamic behaviour of the

2
- R .
droplets, as shown in Figure 3c. Here, We= P , where p; and y are the density

and surface tension of the liquid, vo is the impact velocity, and R is the equatorial

radius of the droplet. Regardless of the release height, the droplets uniformly



underwent three states (i.e., in-situ boiling, unidirectional transport, and random
motion) as the heating temperature increased from low to high. Moreover, for We
ranging from 6 to 34, the critical temperature thresholds between these three states
remain almost unchanged, indicating that the Weber number (representing the release
height of the droplets) negligibly affects the dynamic behaviour of the droplet on the
laser-structured heterogeneous surface. Releasing the droplet from an extremely low
height (We = 2) results in a higher critical temperature for transitioning from the
boiling state to the unidirectional transport state, likely because the droplet has not
fully detached from the nozzle of the syringe needle when its bottom contacts the
heated surface. Conversely, releasing a droplet from a large height (We = 38) leads to
a lower critical temperature for transitioning from unidirectional transport to a random
motion state because the droplet breaks upon impact with the metal surface owing to
the excessive impact velocity. Figure 3d shows the effect of the droplet volume
(7.0-31.1 pL) on the droplet’s state. Similarly, both small ana large droplets
underwent the same three dynamic processes as the heating temperature increased. As
the droplet volume increases, the critical temperature for transitioning from the
boiling state to the unidirectional transport state gradually increases, indicating that
larger droplets are slightly more difficult to drive directionally. Except for extremely
small droplets, the volume negligibly aticcts the critical temperature for transitioning
from the unidirectional transport state to a randoin motion state.

Furthermore, the superhydrophilicity of the structured sample and its ability to
drive Leidenfrost droplets remain highly stable without gradual degradation during
heating. As shown in Figure S4a (Supporting Information), even after heating at
260°C for 7 days (168h), the structured aluminium surface retains its initial
superhydrophilicity, with a CA of =0° to water droplets. This contrasts with the
behaviour of typical laser-processed metal surfaces, which tend to transition to a
superhydrophobic state when exposed to air over time.[*>*! The observed stability
may be attributed to two factors. The laser ablation of the aluminium surface in this
experiment is relatively mild, resulting in shallow surface structures composed mainly
of nanoparticles. Conversely, continuous heating at 260 °C thermally cleans the
surface by removing organic adsorption layers that typically induce hydrophobicity,
while potentially promoting the regeneration and stabilisation of hydrophilic surface
hydroxyl groups through thermal activation. This leads to long-term
superhydrophilicity. The stable wetting performance enables the structured surface to
effectively drive water droplets onto the heated surface even after seven days of

heating, as shown in Figure S4b in the Supporting Information.

2.3 Mechanism of directional droplet propulsion

Figure 4 illustrates the mechanism of directional droplet propulsion on a laser-induced



heterogeneous surface. First, we clarified the dynamic state of a droplet on a heated
aluminium surface. As observed in Figure 2¢ and Movie S3 (Supporting Information),
a transparent vapour layer always persists between the moving droplet and the
aluminium substrate during the entire motion process. In addition, the droplet
maintains an essentially spherical shape despite minor shape fluctuations. These
characteristics indicate that the droplet is primarily in the Leidenfrost state.[!2433]
However, the behaviour of the droplet deviates slightly from that of an 1deal
Leidenfrost droplet. Bubbles form inside the heated droplet on the laser-structured
surface, a phenomenon rarely observed in the classical Leidenfrost phenomenon. As
shown in Figure S5 and Movie S5 (Supporting Information), when a water droplet
first contacts the heated surface, numerous small bubbles with a diameter of
approximately 0.14—0.41 mm appear inside the droplet. These bubbles are generated
from the contact interface between the water and heated substraie. After the droplet
rebounds and falls again, upon its second contact with the hot surface, the number of
bubbles inside the droplet decreases, whereas their diamceters increase to
approximately 0.27-0.84 mm. As the droplet repeatedly contacis the heated surface,
the bubble diameter gradually increases, whereas the number of bubbles gradually
decreases. Eventually, only a few large bubbles with diameters ranging from 1.17 to
1.89 mm remain stably inside the dropiet and move with the motion of the Leidenfrost
droplet. As the droplet bounces or oscillates up and down, intermittent contact
between the bottom and heated surface leads to a mild ejection of tiny satellite
droplets from the two sides of the droplet bottom.

The detailed characteristics of the ejected satellite droplets can be observed directly
from the slow-motion playback of the high-speed camera footage, as shown in Figure
S6 and Movie S6 (Supporting Information). Small droplet ejection is a characteristic
of contact boiling, particularly in the transition-boiling state.?3244 However, the
ejections in our experiments are sporadic and far less violent than those in the typical
transition-boiling state. Thus, the droplet dynamics on the laser-structured surface
exhibit features of both the film-boiling state (Leidenfrost state) and transition-boiling

(1.233] This mixed state

state (contact boiling state), suggesting an intermediate state.
may arise from the heterogeneous surface morphology of the heated aluminium
substrate (Figure 4a). The laser-written ripple microstructures coexist with the
untreated smooth regions, indicating that the aluminium surface comprises both
laser-induced ripples and unmodified areas. Taking the heating temperature of 250 °C
(exceeding the Leidenfrost temperature of water on a smooth aluminium substrate) as
an example, a droplet on the untreated smooth aluminium sheet (without surface
microstructures) remains in the Leidenfrost state, stably levitating with a vapour
cushion beneath its bottom (Figure 4b, Figure S7 and Movie S7, Supporting

Information). Therefore, the interaction between the droplet and smooth region



corresponds to the film-boiling state. Many published studies have shown that
enhanced hydrophilicity or surface nanoporosity can increase the Leidenfrost
temperature, because rough surface micro/nanostructures can disturb the formation of
a stable vapour layer.[*>#") The femtosecond laser-induced ripple microstructures not
only increase the intrinsic hydrophilicity of the aluminium substrate as the CA
decreases from 100.3° to 5.4° while introducing abundant nanoparticles and
nanopores. Consequently, the Leidenfrost temperature (>600 °C) on the
laser-structured surface is higher than that (200 °C on the untreated smooth
aluminium sheet). When we used a small laser-scanning spacing to process the
substrate and ensure full coverage of the aluminium surface by micro/nanostiuctures
(eliminating untreated regions), the deposited droplets exhibited transition boiling
characteristics on the resulting surface at a heating temperature of 250 °C (Figure S7
and Movie S7, Supporting Information). The bottom of the droplct contacts the heated
surface, resulting in sustained contact boiling that causes many satellite droplets to
scatter violently outwards. This result indicates that the dioplet interacts with the
heated laser-induced microstructures in the transition-boiling state (Figure 4c).
Therefore, on a heated heterogeneous surface, the dropict experiences a hybrid boiling
state: film boiling over smooth regions and (ransition boiling over ripple
microstructures (Figure 4a).

The combined state allows the droplets to intcgrate the advantages of both the film-
and transition-boiling states on the hot surface. The film-boiling state between the
droplet and smooth region helps torm a stable vapour layer between the droplet
bottom and the solid substrate, approximately keeping the droplet in the Leidenfrost
state on the heated shect. The average thickness (J) of the vapour layer can be

1

kAT g, 5+ : -
LOLH )4 R? , where k, is the thermal conductivity of the vapour,

quvplspc

estimated as & ~(

AT is the temperature difference between the heated substrate and the droplet bottom,

L 1s the viscosity of the vapour, L is the water latent heat of evaporation, p, is the
density of the vapour, g is the acceleration of gravity, /. ~./y/p,g is the capillary

length of the water, and R denotes the radius of the droplet.[3#%48] For a droplet at the
millimetre scale, the thickness of the vapour cushion is usually 10-100 um, which is
much greater than the undulation of the laser-induced craters.['! The formation of a
vapour cushion can significantly reduce the frictional resistance between the droplet
and solid substrate, ensuring droplet motion. This vapour cushion also weakens the
heat transfer from the heated surface to the droplet, thereby significantly prolonging
the droplet’s lifespan. The vapour layer also suppresses continuous contact between

the droplet and laser-induced ripple microstructures, transforming the originally stable



liquid—solid contact into intermittent contact. Compared to the smooth regions, the
laser-structured areas on the hot surface provide a bridge for rapid thermal energy
transfer from the solid substrate to the bottom of the droplet through partial and local
transition boiling contacts. Although only the peaks in the micro/nanostructures in the
laser-treated region are allowed to intermittently contact the droplet bottom because of
the existence of a vapour cushion, these contact points create transient hot spots at the
bottom of the droplet (Figure 4c). The instantaneous localised boiling and rapid
vapour evaporation at these hotspots generates the driving force for the directional

motion of the droplet.[1%20-34]
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Figure 4. Mechanism of unidirectional self-propulsion of the Leidenfrost droplets on the laser-designed
heterogeneous structures. (a) Schematic of a droplet on a heated heterogeneous surface. The bottom of the droplet
simultaneously rests on both the non-ablated (untreated) smooth region and the laser-induced ripple
microstructures. (b) Schematic of the droplet’s state over the heated non-ablated smooth region. The droplet is in
the film-boiling state, with a stable vapour layer formed between the droplet bottom and the heated substrate. (c)
Schematic of the droplet’s state over the heated ripple microstructures. The inset in (c) is an enlarged view of the
boiling contact between the droplet bottom and a single peak of the ripple microstructure. During the intermittent
contact between the bottom of the droplet and the peak parts of the ripple microstructures, the asymmetric ejection
of vapour flow and tiny satellite droplets occurs violently at the localised hot spots on the droplet bottom. (d)
Schematic of the formation process of periodic asymmetric ripple microstructures during femtosecond laser direct
writing. The micioscale ablation crater induced by the next laser pulse overlaps with the previous one, forming an
overlapping microstructure along the laser-scanning line. (¢) Schematic of the unbalanced Young’s force generated

by asymmetric CAs at both sides of a droplet.

To wunderstand the mechanism by which laser-induced microstructures
unidirectionally drive Leidenfrost droplets, understanding the formation of ripple
microstructures during femtosecond laser direct writing is crucial. As shown in Figure
4d, when the first laser pulse irradiates the aluminium surface, a microscale concave
crater is induced at the focal point. Because of material removal, the bottom of the

crater lies below the horizontal plane of the substrate surface, whereas the edges



exhibit a slight protrusion caused by outwards material extrusion during laser
interaction. This profile is typical of a single-pulse-induced crater structure.**-!1 As
the laser focus moves forward, the second pulse arrives and is focused on the metal
surface, with its position shifted relative to the previous ablation point. This step
displacement (Acaer) 1s determined by both the repetition rate of the laser system and
the scanning speed used during laser processing. The second pulse also produces a
crater structure on the surface of the sample. By controlling the focal positioii to
approximately overlap the edge of the first crater, the second laser-induced crater was
superimposed on the first crater, covering half of the former crater. Similarly, the third
pulse-induced crater overlaps with the second, covering half of it. This process repeats,
resulting in a sequentially stacked microstructure, resembling overlapping [ish scales,
on the metal surface. Consequently, a periodic ripple-like microstructure forms along
the laser-writing path (Figure le). As shown in Figure 4d, the highest point of each
repeating unit (i.e., the left protruding edge of a single-pulse-1nduced crater) exhibits
an asymmetric profile on both sides. Along the laser-scanning direction, the profile of
the right side of the highest point slopes gently downwards and belongs to the same
crater as that of the highest point. In contrast, against the scanning direction, the left
side of the highest point reveals a sharp step-down structure formed by the former
partial crater.

Owing to the presence of a vapour layer underneath the droplet, the bottom of the
droplet normally has difficulty in contacting the aluminium surface. However,
because the droplet tends to bounce and oscillate on the heated surface and undergoes
irregularly shaped oscillations, 1is bottom occasionally and intermittently contacts the
elevated regions of the surface microstructures, i.e., the peaks of the ripple
microstructure. When the peaks of the ripples pierce the vapour layer and penetrate
the droplet, intcimittent hot spots form on the bottom surface of the droplet. The
penetration of the surface microstructure peak into the liquid is substantiated by the
formation of macroscopic bubbles within the droplet.l!®3# In these hotspot regions,
partial contact boiling occurs, leading to intense local evaporation and the outwards

ejection of tiny satellite droplets, as shown in Figure 4c. The high-speed jetting of the

vapour and tiny satellite droplets can exert a recoil force ( F,,, ) on the droplet.[!34

According to Newton’s third law, the recoil force experienced by the droplet equals

the rate of momentum change of the ejected material (including the vapour flow and
tiny satellite droplets): F,__ :—(vavﬁZm,vz) , where m, and m, are the

mass ejection rates (mass ejected per unit time) of the vapour and tiny droplets,

respectively, and v, and v, are the average ejection velocities of the vapour and



tiny droplets, respectively. During the process where the bottom of the droplet
intermittently contacts and then rapidly detaches from the peaks of the ripple
microstructures (i.e.,, the intermittent contact process), an asymmetry arises: For a
single ripple peak, the contact area between the droplet and the +x sloped side is
larger than that of the -x stepped side, as shown in Figure 4c. Consequently, the heat
transfer from the hot substrate to the droplet is more pronounced on the +x side at the
hot spots, leading to more intense outwards vapour jets and tiny droplet ejections on
that side. In other words, near the hot spots, the vapour and tiny satellite droplets
ejected from the droplet’s bottom in the +x direction are more vigorous, greater in
volume, and faster in speed than those in the -x direction. Therefore, the recoil force
acting on the droplet in the -x direction (F.x) is stronger than that in the +r direction
(F+), ie, F.. > Fi. Consequently, the intermittent contact between the droplet
bottom and the laser-induced ripple microstructures subjects the dropiet to an
asymmetric momentum force.

However, laser-induced asymmetric surface microstructuies caii also lead to the
asymmetric wettability of the material surface. Under ambient conditions, when a
droplet is deposited onto a laser-structured surface, its sprcading distance in the -x
direction is greater than that in the +x direction, that is, the liquid exhibits preferential
spreading along the -x direction (Figure S2 and Movie S1, Supporting Information).
This asymmetric wettability results in different horizontal components of the surface
tension across the droplet periphery, thereby generating an unbalanced Young’s force
(Fy) along the horizontal direction, as shown in Figure 4e. The unbalanced Young’s

force acting on the droplet, derived via contact line integration, is given

by: F, = —L y(cos@  —cosf, )dl, where [ is the length of the solid-liquid contact line,

and 6. and 6., are the CAs of the droplet along the —x and +x directions,
respectively.[?294752] Owing to asymmetric spreading of the droplet, where 6.« < G,
the unbalanced Youug’s force Fy would be along the -x direction. Consequently, both
the recoil force caused by the outwards ejection of vapour and tiny satellite droplets
and Young’s force caused by the asymmetric wettability are dominant in the-x
lirection, driving the droplet to move directionally along the -x direction (opposite to

the laser-scanning direction).

2.4 Diverse functions and applications based on directional droplet propulsion

Femtosecond laser processing is characterised by strong controllability, high
flexibility, and wide applicability to various materials.[33-37-33-61 On heated
heterogeneous surfaces, water droplets can be directionally driven at high speed along
laser-scanning lines, with their movement direction opposite to that of laser

processing. Because the laser-scanning path is precisely controlled via a programme,



the motion trajectory of Leidenfrost droplets can be easily designed by patterning
laser-scanning lines, thereby enabling various functions and applications related to
liquid propulsion under high-temperature conditions. For example, in most reported
studies on self-propelled Leidenfrost droplets (such as those on ratchet structures), the
droplets typically only move forward in a straight line, significantly limiting their
potential applications owing to their lack of flexibility.>?!-% In contrast, with the
femtosecond laser processing technique presented herein, the laser focus can foliow
curved scanning paths, allowing Leidenfrost droplets to be driven along curved and
complex trajectories. On the surface shown in Figure 5a, we use a femtosecond laser
to write a series of ‘S’-shaped scanning lines on an aluminium surface. The water
droplets deposited on the heated structured track are transported forward along the
‘S’-shaped trajectory (Figure 5b and Movie S8, Supporting Information). If the
laser-scanning lines are designed to extend from the outer edge of a circular region
towards its centre, then the resulting structure exhibits droplet expulsion (Figure 5c).
On the heated surface, irrespective of where the droplets are icleased onto the
aluminium sheet, they are always driven outwards (away {rom the central region) and
eventually exit the laser-treated zone (Iigure 5d and Movie S8, Supporting
Information). Conversely, when the laser-scanning lines are processed from the centre
of the circular region to the outside, the designed pattern instead gathers the droplets
towards the centre (Figure S5e). The droplets deposited on the heated surface
spontaneously move inward (Figure 5f). This droplet-trapping structure can achieve
targeted cooling of hot materials.[*!*”! Upon placing a small piece of metal foam at the
centre of the circular region, water droplets on the overheated substrate concentrate at
the centre and are absorbed by the foam (Figure 5f and Movie S8, Supporting
Information). Because of thic rapid evaporation of the trapped water, the temperature
of the central region drops. resulting in localised cooling. A 30-uL water droplet could
reduce the central temperature from 270 °C to =200 °C (Figure 5g). Furthermore, if
concentric circular scanning lines (Figure Sh) are written on the inner bottom of a
mechanically machined circular concave pit (diameter = 34 mm, depth = 5 mm) on an
aluminium block, then the droplets added to the concave pit rapidly rotate in a circular
motion against the laser-scanning direction under heating (Figure 51 and Movie S8,
Supporting Information). In this case, the droplet acts as a rotor, functioning similarly
to a mini steam engine that converts thermal energy into mechanical energy. The
Leidenfrost droplet rotor can potentially be used to drive other micromechanical

devices.[2¢]
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Figure 5. Multifunctional droplet propulsion and applications based on the structural design of the heated
aluminium surface. (a,b) Driving a Leidenfrost droplet to transport along a curved (‘S’-shaped) trajectory: (a)
schematic of the patterned laser-scanning lines and (b) experimental snapshots of the droplet transport. (c,d)
Droplet expulsion: (c) schematic of the patterned scanning lines and (d) process of a water droplet being
transported outward. (e—g) Droplet trapping and localised cooling: (e) schematic of the patterned scanning lines, (f)
process of a waicr droplet being transported inward, being absorbed by a metal foam, and rapid evaporation, and (g)
infrared thermal images of the metal surface before and after droplet evaporation. (h, i) Leidenfrost droplet rotor:
(h) schematic of the patterned scanning lines in the inner bottom of a circular concave pit and (i) process of droplet
rotation in a circular motion. The black dashed lines with arrows in (a, c, e, h) denote the direction and path of

laser processing.

3. Conclusions

In this study, a dual heterogeneous structure is designed on the surface of an



aluminium sheet via femtosecond laser direct writing. The surface is alternately
covered by non-ablated smooth stripes and femtosecond-laser-structured regions,
enabling droplets on the heated surface to be in the film-transition hybrid boiling state.
The laser-treated areas consisted of periodic asymmetric ripple-like microstructures (i
=15.1-71.7%). On the heated sample surface with an appropriate heating temperature,
whenever the bottom of a droplet intermittently contacts the peaks of these ripples,
asymmetric and local contact boiling occurs at the hot spots, generating a directional
driving force that propels the droplet overall in the Leidenfrost state to transport
unidirectionally, with an adjustable velocity ranging from 24.3 to 129.9 mm/s. The
Weber number (We = 6-34, representing the release height of the dropiets) only
negligibly influences the dynamic behaviour of the droplet on the laser-structured
heterogeneous surface. Irrespective of the release height, the droplets undergo
unidirectional transport uniformly at the same heating temperature. As the droplet
volume increases from 7.0 pL to 31.1 pL, the critical temperature for transitioning
from the boiling state to the unidirectional transport state gradually increases, whereas
the volume variation negligibly affects the critical temperature ior transitioning from
the unidirectional transport state to the random motion state. The droplets on this
heated heterogeneous surface exhibit the advantages of both the film- and
transition-boiling states, achieving a balance between an extended lifespan and
effective heat transfer. Interestingly, the daioplets self-propel only along the
laser-scanning lines and move 1n the direction opposite to that of laser processing.
Precise control and design of the miotion of Leidenfrost droplets on heated surfaces
can be easily achieved by the diiect laser writing of patterned scanning lines. Various
intriguing functions and applications based on the controllable propulsion of
Leidenfrost droplets have becn realised, including curved-path droplet transport,
droplet expulsioii, dropict trapping, targeted cooling, and droplet rotors. The study of
droplet dynamics on such heterogeneous heated surfaces not only enhances the
fundamental understanding of the Leidenfrost effect but also paves the way for new

engineering applications.

4. Experimental Section

4.1 Femtosecond laser processing

Because of their excellent thermal conductivity, (1060) aluminium sheets with a
thickness of 1 mm were used as substrate materials. The laser beam (pulse duration =
35 fs, central wavelength = 800 nm, repetition rate = 1 kHz) generated from a
femtosecond laser device (Spectra Physics) was focused onto the aluminium surface
through a high-speed galvanometer scanner (S-9210D, Sunny Technology) and an /-0



lens (focal length = 100 mm) with a spot diameter of =30 um. The aluminium
surfaces were ablated at a constant laser power of 350 mW (with a single-pulse
energy of 350 wJ). The laser-scanning speed and interval of the scanning lines were
adjusted to design the positional relationship between the laser-induced craters. The
laser-scanning paths were controlled using a computer program.

4.2 Characterisation

The morphologies of the structured aluminium surfaces were observed using a
scanning electron microscope (GeminiSEM 500, Carl Zeiss) and a laser confocai
microscope (LSM900, Zeiss). The aluminium sheets were then heated using a heating
plate (NH-R, Jiulian Tech. Co., Ltd.) at various temperatures. The heating temperature
was monitored using a thermocouple embedded in a stainless-steel heating plate. The
samples were carefully levelled before heating and testing. The motion of thie droplet
on the heated aluminium surface was recorded using a high-speed canicra (Chronos
2.1-HD, Kron Technologies) at 1000 fps. The position and motion velocity of the
droplets were obtained by analysing the recorded videos using MATLAB software.
The temperature distribution on the metal sheet surface was captured using an infrared
thermal imager (H21ProS+, HIKMICRO).
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