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ABSTRACT

Unidirectional droplet motion is realized on heated asymmetric microgroove arrays prepared by femtosecond laser direct writing. The
plasma expansion under laser ablation compresses the two sides of the induced microgroove differently, resulting in the formation of
asymmetrical microgrooves. The asymmetry of the microgrooves can rectify the water vapor that ejects from the Leidenfrost droplet and
generate a viscous shear force at the bottom of the droplet, causing the droplet to move in a certain direction (where the laser scanning line is
added) when the substrate temperature is higher than a certain critical value (the transition temperature of disordered motion and
unidirectional motion). The velocity of droplets can exceed 318mm/s, and the droplets can even climb surfaces that are tilted 14�. With the
advantages of femtosecond lasers in the flexible design of surface microstructures and patterns, this unidirectional droplet motion can
support a variety of complex droplet-manipulation applications, such as droplet movement along designed trajectories, droplet accelerator
devices, fixed-point capture of droplets, and fixed-point cooling of hot solid surfaces. Compared with traditional macroscopic ratchets, laser-
written asymmetrical microgrooves make the Leidenfrost droplet motion more designable and controllable.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0187674

Controlled propulsion of liquid droplets on a solid surface not
only generates fascinating science but also plays a critical role in vari-
ous applications ranging from fluidic processing to thermal manage-
ment.1–3 To achieve directional and fast droplet motion, it is necessary
to break the wetting symmetry of the droplet on a surface, which is
usually achieved with the help of external driving forces (e.g., light,4,5

temperature,6,7 electricity,8 and mechanical vibration9,10) or by design-
ing topological/chemical gradients on the substrate surface.11,12

Although the gradient structure can realize spontaneous directional
movement of droplets, the transport distance is usually very short
(usually a few centimeters) because of the tradeoff of hydrodynamics
(as the gradient generally weakens).13,14 A fascinating phenomenon
called the Leidenfrost effect occurs when the solid substrate supporting
the droplet is above a critical temperature. A continuous vapor layer
forms between the droplet and substrate because of heat-induced evap-
oration, which separates the droplet from the hot solid surface and
eliminates the pinning of the contact line.15,16 The Leidenfrost droplets
on the heated surface will spontaneously push forward, but in an

arbitrary random direction (i.e., an isotropic self-propelled process).
Generally, the motion direction of the Leidenfrost droplet can be con-
trolled by the macroscopic three-dimensional (3D) ratchet structures
obtained by mechanical processing [Fig. 1(a)]. The asymmetry of the
ratchet structure can rectify the water vapor at the bottom of the drop-
let and make the Leidenfrost droplets move spontaneously and in a
unidirectional manner.17–21 However, the preparation of macroscopic
ratchet structures not only removes a large amount of material on the
substrate surface but also makes the surface visible to the naked eye
uneven. This is not allowed in many applications. Moreover, the mac-
roscopic ratchet is difficult to form complex shapes by machining
methods, so the movement direction of the Leidenfrost droplets is not
easy to design and control. Therefore, a simpler and more effective
method to achieve designable and unidirectional Leidenfrost droplet
motion than the traditional macroscopic ratchet structure is still worth
looking forward to.

In this Letter, we find that droplets are capable of unidirectional
motion on heated asymmetric microgroove arrays that are directly
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written by a femtosecond laser [Fig. 1(b)]. The influences of substrate
temperature, period of the microgroove array, droplet volume, tilt angle,
andWeber number on the droplet’s kinetic behavior on the asymmetric
microgrooves were carefully investigated. Combined with the flexibility
of the femtosecond laser in the design of surface microstructures and
patterns, this spontaneous and unidirectional droplet motion can sup-
port various complex droplet manipulation applications.

The asymmetric microgroove array was simply prepared by fem-
tosecond laser direct writing. As shown in Fig. 1(c), the femtosecond
laser beam (wavelength¼ 800nm, pulse duration¼ 104 fs, and repeti-
tion rate¼ 1 kHz) was guided into a galvanometer scanner and
focused onto the surface of Al sheets (thickness¼ 1mm) by an f–h
lens (focal length¼ 63mm). A typical line-by-line scanning method

was adopted to produce a microgroove array [Fig. 1(d)].22–25 The
direction in which the laser scanning lines are added is defined as the
positive direction. Figures 1(e)–1(h) show the scanning electron
microscopy (SEM) images of the laser-induced microstructures. An
individual scanning line can generate a microgroove with a width of
�53 and a depth of �38lm at a laser power of 250 mW and a scan-
ning speed of 2mm/s. As the scanning interval (K) decreases, the
laser-induced microgrooves get closer, and the smooth area between
adjacent grooves also decreases. When K is reduced to 50lm, the
microgrooves slightly overlap, and microridges form between the
microgrooves [Fig. 1(g)]. Interestingly, the microridges tilt slightly in
the opposite direction where the laser scanning lines are added, pre-
senting a certain degree of asymmetry. It is found that the asymmetric

FIG. 1. Unidirectional droplet motion and
the preparation of asymmetric microgrooves
by a femtosecond laser. (a) Unidirectional
transport of droplets on the traditional mac-
roscopic ratchets in a thermal environment.
(b) Unidirectional transport of droplets on
the heated asymmetric microgrooves. (c)
Femtosecond laser processing system. (d)
Formation mechanism of the asymmetric
microgrooves by femtosecond laser proc-
essing. (e)–(h) Top- and side-viewed SEM
images of the laser-induced microgrooves
with different intervals (K). (i) Time-lapse
trajectory of the Leidenfrost droplet climbing
up the inclined surface. Multimedia available
online.
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microgrooves can be obtained only when the scanning interval is
slightly smaller than the width of a single microgroove. When droplets
are dropped on the heated surface with asymmetric microgrooves at
300 �C, all droplets will move at high speed along the positive direc-
tion, showing a unidirectional movement characteristic [Fig. 1(i),
Movie S1 in Multimedia available online].

The formation mechanism of asymmetric microgrooves is shown
in Fig. 1(d). Under femtosecond laser ablation, the generated ultrahigh
temperature of the plasma causes the laser-processed region to be in a
transient melting state. Meanwhile, the plasma with ultrahigh pressure
exerts an extremely strong pressure force on both sides of the laser-
induced grooves.26–32 When K is close to the width of the laser-
induced microgroove, the previous side of the laser-written line is a
laser-induced microgroove, while the other side is the unablated
smooth substrate. The microridge between the currently formed
microgroove and the previous microgroove is more likely to be
squeezed by the plasma and, thus, tilt toward the previous micro-
groove. Therefore, asymmetric microgrooves are finally obtained
through line-by-line laser writing (see the supplementary material for
more details).

Figure 2 and Movie S2 (Multimedia available online) show the
dynamic behavior of water droplets on the heated smooth Al surface
(without laser treatment) at different temperatures. As the temperature
increases, the droplets exhibit four different states: droplet firmly

adhering to the smooth surface (the single-phase state) [Fig. 2(a)],
nucleate boiling state [Fig. 2(b)], transition boiling state [Fig. 2(c)], and
film boiling state (the Leidenfrost state) [Fig. 2(d)].33–38 In the single-
phase state, the droplets firmly adhere to the smooth surface. Since the
evaporation process only occurs at the liquid–gas interface, the whole
evaporation process is relatively slow. The droplets will slowly evapo-
rate in situ within 290 s (T¼ 120 �C). When T rises to 160 �C, exceed-
ing the trigger temperature of nuclear boiling, the droplet explodes
immediately and produces a large number of tiny splashed droplets
upon contact with the Al surface. At this temperature, the droplet is in
a nucleated boiling state, and the evaporation process is extremely
rapid. The droplet can evaporate completely in 840ms. As T further
increases from 160 to 200 �C, the droplet gradually changes from the
nucleate boiling state to the transition boiling state. In the transition
boiling state, the vapor generated underneath the droplet can lift the
droplet partially away from the surface, and tiny droplets are still pro-
duced and sputtered. Different from the rapid evaporation of droplets
in the nuclear boiling state, the droplet in the transition boiling state
can move freely and randomly on the surface. When T rises beyond
the critical film boiling temperature, the droplets enter the film boiling
state, that is, the Leidenfrost effect. The water vapor layer completely
separates the droplets from the aluminum surface. The droplet can be
stably suspended on the smooth aluminum plate for a long time, main-
taining a complete spherical shape. Since the droplet is not subject to

FIG. 2. Dynamic behavior of a droplet on a heated smooth Al surface at different temperatures. (a) Water droplet in the single phase state evaporating slowly at 120 �C. The
droplet evaporated completely within 290 s in situ. (b) Water droplet in the nucleate boiling state and spraying rapidly at 160 �C. The droplet evaporated completely within
840ms in situ. (c) Water droplet in the transition boiling state and rolling randomly at 200 �C. (d) Water droplet entering the film boiling state and being suspended on the sub-
strate at 280 �C. Multimedia available online.
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adhesion, it will move freely on the heated surface. Although the tem-
perature variation alters the boiling state of droplets, the direction of
droplet motion is random in the transition boiling and film boiling
states (Movie S3 in the supplementary material). Thus, on a heated
nontextured surface, the movement of droplets is nondirectional. The
effect of homogeneous surface micro/nanostructures on the dynamic
behavior of liquid droplet on the heated Al surface was also investi-
gated, as shown in Fig. S1 and Movie S4 (supplementary material).
The droplet’s behavior on the nanostructured surface is similar to that
on the nonablated smooth aluminum surface. Droplets also cannot
move unidirectionally on such a surface, which is mainly due to the

homogeneity and isotropy of the laser-induced nanostructures (see the
supplementary material for more details).

Figures 3(a)–3(d) and Movie S5 (Multimedia available online)
show the droplet behavior on the laser-induced periodic asymmetric
microgrooves at different temperatures. At low temperatures, droplets
adhere to the surface and slowly evaporate. When the temperature
rises to 170 �C [Fig. 3(a)], the droplet is in a nucleate boiling state and
evaporates rapidly within a few hundred milliseconds. In this state, the
droplet still cannot move on the surface. When the temperature
increases to 230 �C, the droplet reaches a transition boiling state, and
its bottom partially touches the microgroove [Fig. 3(b)]. The tiny

FIG. 3. Dynamic behavior of a droplet on the heated asymmetric microgroove array (K¼ 50 lm). (a) Rapid in situ evaporation of a water droplet at 170 �C. (b) Water droplet
in the transition boiling state and rolling randomly at 230 �C. (c) Water droplet starting to transport unidirectionally at 250 �C. (d) Droplet in the film boiling state at 320 �C. (e)
Variation in the displacement and velocity of the droplet over time on the surface heated at 300 �C. (f) The velocity reached by the droplet after moving on the heated surface
(at different temperatures) for 100 ms. (a)–(d). Multimedia available online.
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droplets generated at the interface between the droplet and the sub-
strate surface are violently ejected outward, and the resulting reverse
thrust drives the droplet to begin to move across the surface. Due to
the randomness of liquid ejection, the droplet rolls randomly in any
direction, i.e., its movement is nondirectional. As the temperature
increases to 250 �C and above, the motion direction of droplets
becomes fixed, rather than random or omnidirectional. The droplet
only moves along the positive direction (perpendicular to the parallel
microgroove), as shown in Fig. 3(c). Figure 3(e) records the displace-
ment and velocity of the droplet over time on the surface heated at
300 �C. The droplets move in the positive direction on the heated sur-
face and gradually accelerate until they reach a stable velocity. A fur-
ther increase in temperature makes the unidirectional movement of
the droplets more significant. For example, a droplet moves faster on
asymmetric microgrooves at 320 �C [Fig. 3(d)] than at 250 �C. Figure
3(f) shows the velocity reached by the droplets after moving on the
heated surface (at different temperatures) for 100ms. It can also be
seen that the higher the heating temperature is, the greater the velocity
that the droplets can obtain. The droplet velocity can even exceed
318mm/s at 400 �C. Even when the substrate is slightly inclined, the
Leidenfrost droplets can overcome gravity and climb up the inclined

surface, exhibiting strong unidirectional mobility [Fig. 1(i) and Movie
S1 in the Multimedia available online].

As shown in Fig. 4(a), unidirectional droplet transport can only
be achieved on asymmetric microgrooves with K¼ 50lm (fabricated
at laser power of 250 mW and scanning speed of 2mm/s) when T is
higher than 245 �C. The droplet has no directional motion characteris-
tic on the surfaces with other K values because there is no obvious
asymmetric microgroove structure on these surfaces [Figs. 1(e)–1(h)].
Droplets of different sizes (10–30ll) can achieve unidirectional
motion on the asymmetric microgrooves (K¼ 50lm). With the
increase in the droplet volume, the critical temperature changing from
the nucleate boiling state to the transition boiling state slightly
increases, while the critical temperature at which the droplet develops
unidirectional motion basically remains unchanged [Fig. 4(b)]. The
initial volume of the droplet has little effect on the realization of unidi-
rectional motion, because the size of the droplet is much larger than
that of the microgroove. The upward tilt of the substrate will increase
the resistance of the Leidenfrost droplet to directional motion. On
inclined surfaces, higher surface temperatures are needed to achieve
unidirectional droplet movement [Fig. 4(c)]. Asymmetric micro-
grooves can allow droplets to climb even surfaces that are tilted 14�,

FIG. 4. Phase diagram showing the influence of (a) the period of the microgroove array, (b) the volume of the droplet, (c) the tilt angle of the substrate, and (d) the Weber
number on the droplet’s kinetic behavior on the heated asymmetric microgrooves. The droplets exhibit three different states on the heated surface: (I) in situ evaporation
(labeled gray), (II) random transport (labeled green), and (III) unidirectional transport (labeled blue).
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such a large climbing angle has rarely been achieved by macroscopic
ratchets. The Weber number is a dimensionless value used to compare
the kinetic energy and surface energy of a droplet. It is defined as
We ¼ qlU

2
dR=c, where ql , Ud, R, and c are the liquid density, droplet

falling velocity, equatorial radius, and surface tension of the droplet,
respectively. Figure 4(d) shows that the Weber number has little effect
on the critical temperature at which the droplet begins unidirectional
transport. In our experiment, the Weber number is adjusted by releas-
ing droplets at different heights. Therefore, whether the droplet is
dropped from a low place or a high place, when the surface tempera-
ture exceeds the same critical value, the droplet will move in a fixed
direction on the laser-induced asymmetric microgrooves.

Several mechanisms have been proposed to explain the unidirec-
tional motion of Leidenfrost droplets or solids on a macroscopic 3D
asymmetric surface, such as Linke’s viscous mechanism of vapor,17

Lagubeau’s “rocket effect,”19 Wurger’s thermal creep mechanism,18 and
Dupeux’s viscous mechanism model.39 In general, the directional
motion of droplets on asymmetric structures is mainly based on a vis-
cous mechanism. The vapor cushion ejected from the bottom of the
Leidenfrost droplet is able to overcome its own gravity and suspend the
droplet on the substrate surface. The asymmetric structure can rectify
the water vapor and generate a viscous shear force at the bottom of the
droplet, making the droplet move under the action of the uneven force.

Figure 5 shows a schematic of a water droplet on the heated
asymmetric microgroove array. Since the width of the laser-induced
microgroove is much smaller than the size of the droplet, the deforma-
tion of the bottom surface of the droplet on the microgroove is negligi-
ble. Thus, the bottom surface of the droplet can simply be seen as a flat
surface, similar to a Leidenfrost solid.40 The droplet used in our experi-
ment is smaller than the capillary length, so the contact radius (rc) at

the bottom of the droplet can be estimated as rc � R2=lc, where
lc �

ffiffiffiffiffiffiffiffiffiffiffi
c=qlg

p
is the capillary length for water and g is the acceleration

of gravity.6,40 The evaporation process of the bottom surface of a drop-
let on the heated asymmetric microgrooves follows the conservation of
mass: _m � qvh0rcU , where _m is the mass of the gas ejected per unit
time, qv is the density of vapor, h0 is the gap between the bottom sur-
face of the droplet and the microgroove surface, and U is the radial gas
velocity.7,19,40 The pressure exerted by the droplet on the vapor layer

can be approximated as DP � Mg
r2c

� qlR
3g

r2c
� c

R, where M is the mass of

the droplet.40 In addition, according to an approximate lubrication
theory,7,39,40 the vapor flow follows DP

rc
� lvU

h20
(where lv is the vapor

viscosity). Based on the above-mentioned formulas, the vapor mass
flow rate can be expressed as

_m � qvch
3
0

lvR
: (1)

The energy of the droplet remains conserved during the steady
evaporation phase. When the droplet temperature reaches the satura-
tion value, Tsat , the heat absorbed at the bottom of the droplet is
mainly used for phase transition. According to the conservation of
energy, there is the following energy conversion formula:7,19,40

_mL � kv T � Tsatð Þr2c
h0

; (2)

where L is the water latent heat of evaporation, kv is the thermal con-
ductivity, and T is the temperature of Al substrate. Combined with
Eqs. (1) and (2), the thickness of the vapor film can be expressed as

h0 � kvlvqlgðT � TsatÞ
Lqvc2

� �1
4

R
5
4: (3)

Compared with the traditional ratchet structure, the asymmetric
microgroove structure is different in two aspects: scale and symmetry
degree. Since the depth of the traditional ratchet is much greater than
the thickness of the vapor film at the bottom of the droplet, and the
structure is completely asymmetrical, it can be considered that the vapor
flow flows almost mainly along the slope with small inclination.19

Regarding to the microgroove structure, the depth (H) of the micro-
grooves is close to the thickness of the vapor film (h0), and the degree of
asymmetry of the microridges is relatively weak. As shown in Fig. 5, the
downward jet of vapor from the bottom of the droplet is rectified by the
asymmetric microgrooves and flows along both slopes of the micro-
grooves at approximately equal flow rates.19 The radial vapor velocity
on the side of the slope with a smaller inclination angle (a) is defined as
Uþ, and its flow direction is consistent with the positive direction. The
vapor flow will accordingly generate a positive-directional viscous shear
force ( fdþ) in the L1 area at the bottom of the droplet. The radial vapor
velocity on the side of the slope with a larger inclination angle (b) is
defined as U�. Similarly, the vapor will generate a negative-directional
viscous shear force (fd�) in the L2 area at the bottom of the droplet. The
U mentioned above is the generalized radial gas velocity, and the value

U � Uþ � U� � DPh20
rclv

� ch20
rcRlv

. The fdþ is approximately fdþ � lvUþrcL1
h

¼ lvUþrcH
h � L1H ¼ lvUþrcH

h tan a , where h¼ h0 þ H.7,19,39 The fd� is approxi-

mately fd� � lvU�rcL2
h ¼ lvU�rcH

h � L2H ¼ lvU�rcH
h tanb . The resultant force of

viscous shear force generated by a single microgroove on the droplet
is ðfdþ � fd�Þ. The total number of microgrooves covered by a droplet

FIG. 5. Schematic of a water droplet on the heated asymmetric microgroove array
and force analysis of the droplet.
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is N ¼ 2rc=K. Thus, the total driving force (Fd) of the droplet can be
expressed as

Fd ¼ Nðfdþ � fd�Þ �
Hh20R

ffiffiffiffiffiffiffiffiffi
cqlg

p
ðh0 þ HÞK

1
tan a

� 1
tan b

� �
: (4)

Since a < b, so Fd > 0. On the heated asymmetric microgroove
array, the adhesion between the Leidenfrost droplets and substrate is
extremely low because the generated vapor steam lifts the droplets and
the droplets no longer touch the solid surface, so this driving force
makes it easy for the droplets to move. Fd > 0 means that the droplet
movement direction is in the positive direction, showing unidirectional
motion. Assuming the radial velocity U� 10 cm/s (according to
Dupeux’s measurement39), the average thickness of the vapor layer on
the surface of the microgrooves is estimated to be approximately
32lm. The Reynolds number (Re) can be calculated as �0.27. The
Reynolds number is in the low range, which indicates that the viscosity
mechanism of the vapor is dominant, further verifying the validity of
this explanation40,41 (see the supplementary material for more details).

As shown in Fig. 5, the droplet is affected by four main forces. In
the vertical direction, the supporting force (Fn) provided by the down-
ward jet of vapor from the droplet bottom is balanced with the droplet
gravity (Mg). In the process of horizontal motion, the resistance of
Leidenfrost droplet movement mainly comes from the surrounding
air. According to Stoke’s friction law (the typical value of the Reynolds
number is low), the drag force (Fr) will depend linearly on the droplet’s
velocity:17,40 Fr � �kvxðtÞ, where vxðtÞ is the horizontal velocity of
the droplet, t is the time, and k is the friction coefficient. According to
Newton’s second law, the droplet velocity will consequently satisfy the
following ordinary differential equation:

M
dvxðtÞ
dt

¼ Fd � kvxðtÞ: (5)

The droplets on the heated asymmetric microgrooves will be acceler-

ated until reach a terminal velocity vt ¼ Fd
k when dvxðtÞ

dt ¼ 0.
It is found that the transport direction of the Leidenfrost droplets

on the asymmetric microgrooves is the same as the direction of the
adding of the laser scanning lines, i.e., the positive direction. Therefore,
the direction of droplet movement can be flexibly designed by the dis-
tribution and processing sequence of laser scanning lines. Even with
the same scanning line distribution, different processing sequences will
lead to different directions of droplet motion. For example, the posi-
tions of the laser scanning lines in Figs. 6(a) and 6(b) are exactly the
same. The scanning lines in Fig. 6(a) are processed from both sides to
the middle, while the scanning lines in Fig. 6(b) are processed from the
middle to the sides. When a water droplet is randomly dropped on the
structured surface, the droplet moves toward the middle in Fig. 6(a)
and toward the sides in Fig. 6(b) (Movie S6, Multimedia available
online). For the asymmetric microgrooves with concentric ring distri-
bution (Movie S6, Multimedia available online), when the laser scan-
ning lines are processed from the outside to the center, the resultant
texture can realize the convergent movement of the droplets (trans-
porting toward the center of the ring) [Fig. 6(c)]. On the contrary,
processing from the center to the outside can achieve divergent move-
ment of the droplets (transporting away from the center) [Fig. 6(d)].
In addition to the straight line movement, the structural design can
also make the Leidenfrost droplets turn. For example, Fig. 6(e) shows
an “L”-shaped trajectory consisting of periodic small segments of
microgroove arrays arranged in sequence at 1mm intervals. The
embedded unablated area is designed to prevent the droplets from

FIG. 6. Designable motion of Leidenfrost droplets on the laser-induced asymmetric microgroove arrays. (a) and (b) Different motion directions of Leidenfrost droplets on the
same scanning line distribution (parallel microgrooves): (a) the scanning lines are added from both sides to the middle and (b) the scanning lines are added from the middle to
the sides. (c) Convergent movement and (d) divergent movement of droplets on the asymmetric microgrooves with concentric ring distribution. (e) Droplet following a designed
L-shaped trajectory to achieve 90� turning transport. Multimedia available online.
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moving too fast and becoming difficult to control. The droplet can fol-
low this trajectory to achieve 90� turning transport (Movie S6,
Multimedia available online). These results show that the motion of
Leidenfrost droplets on the femtosecond laser-written asymmetric
microgrooves can be well designed, which is difficult to achieve on tra-
ditional macroscopic ratchet structures.

Combined with the flexibility of the femtosecond laser in the
design of surface micro/nanostructures and the unidirectional fast

motion of Leidenfrost droplets on laser-induced asymmetric micro-
grooves, complex control of droplet motion can be achieved by design-
ing different patterned structures. Figure 7(a) and Movie S7
(Multimedia available online) show a surface pattern in which a drop-
let can be manipulated to move in a circle. The outer circle region is
composed of a concentric asymmetric microgroove array, with the
microridges tilting away from the center. This region can drive the
Leidenfrost droplets toward the center. The inner circle region is also a

FIG. 7. Various droplet manipulation appli-
cations based on unidirectional droplet
motion on heated asymmetric micro-
groove arrays. (a) Spontaneous motion
along a designed trajectory (e.g., moving
in a circle). (b) Droplet accelerator device
where the droplet will continue to be
accelerated. (c) Fixed-point trapping and
evaporating of droplets for potentially
achieving fixed-point cooling of hot solid
surfaces. The orange arrows indicate the
moving direction of the droplet. The first
image is the schematic diagram, and the
remaining images are the time-lapse
sequences of the experimental results.
Multimedia available online.

Applied Physics Letters ARTICLE pubs.aip.org/aip/apl

Appl. Phys. Lett. 124, 061601 (2024); doi: 10.1063/5.0187674 124, 061601-8

Published under an exclusive license by AIP Publishing

 19 February 2024 15:08:33

pubs.aip.org/aip/apl


concentric microgroove array, while the inclination direction of the
microridges is toward the center. The droplets in this region will move
away from the center of the circle. Thus, droplets on the heated surface
can be effectively confined to the region between the inner and outer
rings. Furthermore, some small area microgroove arrays are inserted
in the middle region, which can provide driving source. The droplet is
able to spontaneously push forward along the defined ring for at least
ten cycles. Therefore, through the design of the surface microstructures
and patterns by the femtosecond laser, we can realize the controllable
spontaneous movement of the droplet along the designed trajectory.

Continuous droplet acceleration can be achieved by using the
driving effect of the asymmetric microgrooves and the unlimited
movement distance of the Leidenfrost droplet. Figure 7(b) and Movie
S8 (Multimedia available online) show a designed droplet accelerator
device where uniform asymmetric microgrooves are prepared at the
bottom of a “1”-shaped macroscopic square groove with a width of
�3mm and a depth of �2mm. When a droplet is released into the
square groove (at 300 �C), the droplet is driven by the asymmetric
microgrooves and moves along the 1-shaped groove. The designed
pattern has no end point for droplet movement, so the droplet will
continue to be accelerated. After completing only one cycle, the motion
speed of the droplet can reach 200mm/s.

Figure 7(c) and Movie S9 (Multimedia available online) show a
simple concentric circular asymmetric microgrooves that can drive the
droplet to a specific target location on the hot surface. The direction of
laser processing is from the outside to the center of the circle. When a
droplet is released anywhere on the sample surface, it will spontane-
ously roll toward the central region. After undergoing a motion similar
to a damped oscillation, the droplet eventually stays in the central trap
region. The droplet seems to be attracted to the central region and
trapped. As the droplet absorbs heat during the rapid evaporation pro-
cess, it cools the central region of the Al substrate, achieving fixed-
point cooling of the hot surface to a certain extent.

In conclusion, we found unidirectional droplet motion on the
heated asymmetric microgroove arrays. The asymmetric microgrooves
can be directly written by a femtosecond laser. On the heated surface,
the asymmetry of the microgrooves can rectify the water vapor and
generate a viscous shear force at the bottom of the droplet. When the
temperature of the structured surface is higher than a certain critical
value (threshold value), the droplets only roll along the positive direc-
tion under the action of the uneven driving force, showing strong uni-
directional motion. The velocity of droplets can exceed 318mm/s, and
the droplets can even climb surfaces that are tilted 14�. Spontaneous
and unidirectional droplet motions can support a variety of complex
droplet-manipulation applications, such as droplet movement along
designed trajectories, droplet accelerator devices, fixed-point capture of
droplets, and fixed-point cooling of hot solid surfaces. The femtosec-
ond laser has the characteristic of high flexibility in the design of sur-
face microstructures and patterns. Compared with the traditional
macroscale ratchet structure, the femtosecond laser-induced asymmet-
ric microgrooves are simpler and more designable, so they can realize
many functions that are difficult to achieve with the macroscale
ratchet.

See the supplementary material for the details on the formation
of the asymmetric microgrooves, the dynamic behavior of droplets on
the heated smooth Al surface and homogeneous nanostructured sur-
face, and movies of the dynamic process of droplet motion.
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