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Abstract Directional and ratchet-like functionalized
surfaces can induce liquid transport without the use of an
external force. In this paper, we investigate the motion of
liquid droplets near the Leidenfrost temperature on func-
tionalized self-assembled asymmetric microstructured sur-
faces. The surfaces, which have angled microstructures,
display unidirectional properties. The surfaces are fabri-
cated on stainless steel through the use of a femtosecond
laser-assisted process. Through this process, mound-like
microstructures are formed through a combination of mate-
rial ablation, fluid flow, and material redeposition. In order
to achieve the asymmetry of the microstructures, the femto-
second laser is directed at an angle with respect to the sam-
ple surface. Two surfaces with microstructures angled at
45° and 10° with respect to the surface normal were fabri-
cated. Droplet experiments were carried out with deionized
water and a leveled hot plate to characterize the directional
and self-propelling properties of the surfaces. It was found
that the droplet motion direction is opposite of that for a
surface with conventional ratchet microstructures reported
in the literature. The new finding could not be explained by
the widely accepted mechanism of asymmetric vapor flow.
A new mechanism for a self-propelled droplet on asymmet-
ric three-dimensional self-assembled microstructured sur-
faces is proposed.
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1 Introduction

Controlling and moving liquid droplets are very impor-
tant in many applications such as microfluidics, ink-jet
printing, lab-on-a-chip, and fuel injection for combustion
applications. Fluids are conventionally moved through the
application of asymmetric potentials such as a pressure gra-
dient (pumps, compressors, etc.) or an electric field (elec-
troosmotic pumps). In microfluidics applications, liquid
droplets can be moved and controlled with an asymmetric
potential created by varying surface tensions from chemi-
cal and thermal gradients (Brochard 1989; Chaudhury and
Whitesides 1992; Brzoska et al. 1993; Dos Santos and
Ondarcuhu 1995; Darhuber et al. 2003; John et al. 2005) as
well as with the use of magnetic fields (Piroird et al. 2012).
These methods have the disadvantage of producing very
slow droplet velocities (60 um/s—6 cm/s) as well as typi-
cally being limited to a small working distance. An alterna-
tive to these methods, which has been recently garnering
interest in the scientific community, is self-propelled Lei-
denfrost droplets on asymmetric surfaces.

A liquid droplet in the Leidenfrost state has the unique
characteristic of being supported in a nearly frictionless
state by its vapor layer (Linke et al. 2006; Dupeux et al.
2011; Grounds et al. 2012). As a result, it takes very little
force to initiate and sustain droplet motion. This character-
istic of droplets in the Leidenfrost state has been recently
exploited in self-propelled droplets on ratchet surfaces
(Linke et al. 2006; Ok et al. 2010; Lagubeau et al. 2011;
Dupeux et al. 2011; Marin and del Cerro 2012; Grounds
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et al. 2012; Hashmi et al. 2012). Ratchet surfaces have been
shown to be very effective at moving liquid droplets over
relatively long distances with considerably high speeds,
5-40 cm/s (Linke et al. 2006; Ok et al. 2010; Lagubeau
et al. 2011; Dupeux et al. 2011; Marin and del Cerro 2012;
Grounds et al. 2012; Hashmi et al. 2012). Recently, tilted
micropillars have been shown to also result in Leidenfrost
droplet motion (Agapov et al. 2014). Regardless of micro-
structures arrangement, there has been a general consensus
in the literature that the motion of self-propelled Leiden-
frost droplets is in the direction opposite to the direction
that the microstructures are tilted. It was found recently
that the droplet motion directionality can be dependent on
the microstructure size and surface temperature (Agapov
et al. 2014). Figure 1 shows the Leidenfrost droplet motion
directionality corresponding to a conventional ratchet
microstructure and the angled self-assembled microstruc-
tures used in the present study. As can be seen in the fig-
ure, the distinct surfaces result in opposite droplet motion
directionality. This paper demonstrates the self-propelled
Leidenfrost droplet properties of angled self-assembled
metallic micro/nanostructured surfaces formed via fem-
tosecond laser surface processing (FLSP) and sheds light
on their opposite directionality compared to conventional
ratchet surfaces.

Ratchet Microstructure

Droplet Direction

Angled Microstructure Droplet Direction

Fig.1 Schematic describing the droplet motion directionality cor-
responding to a conventional ratchet surface and the angled FLSP
microstructures

Fig. 2 Left—schematic of the
femtosecond laser surface pro-
cessing (FLSP) setup. Right—
enlarged view of laser beam
incident angle

Polarizer
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2 Experimental procedures
2.1 Sample fabrication

A FLSP technique was used to generate 316 stainless steel
surfaces with a quasi-periodic pattern of angled surface
microstructures. These surfaces were used to conduct self-
propelled Leidenfrost droplet experiments. Surface fea-
tures (i.e., micro/nanostructures), generated using the FLSP
technique, are formed by directly shaping the surface of
the bulk material through absorption of energy from mul-
tiple femtosecond laser pulses. Absorption of laser energy
initiates a complex combination of multiple self-organ-
ized growth mechanisms including laser ablation, capil-
lary flow of laser-induced melt layers, and redeposition of
ablated material (Nayak et al. 2007; Tsibidis et al. 2013;
Zuhlke et al. 2013a, b; Vorobyev and Guo 2013). The size
and shape of the features are controlled through fabrica-
tion parameters including the laser fluence, the number of
laser shots per area incident on the sample, the laser inci-
dent angle, and the atmosphere during processing. Further-
more, surface features induced by one laser pulse affect the
absorption of light from subsequent pulses, which results in
feedback during formation.

A schematic of the FLSP setup is shown in Fig. 2. The
fabrication laser was a Ti:sapphire (Spitfire, Spectra Phys-
ics) that produced pulses of approximately 50-fs duration
with a central wavelength of 800 nm at a 1 kHz repetition
rate. The laser power was controlled through a combina-
tion of a half-wave plate and a polarizer. The pulses were
focused using a 125-mm focal length plano-convex lens
(PLCX-25.4-64.4-UV-670-1064) with a broadband antire-
flection coating covering the laser spectrum. The sample
was placed on a computer-controlled 3D translation stage
and translated through the beam path of the laser in order to
process an area larger than the laser spot size. The number
of pulses incident on the sample was controlled by adjust-
ing the translation speed of the sample. The angle of the
surface structures was controlled by the incident angle of
the laser on the target surface; the surface structures devel-
oped with peaks that point in the direction of the incident
laser (Hwang and Guo 2011).

In the present study, two stainless steel samples were
fabricated with microstructure angles of 45° and 10° with
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Table 1 Laser parameters and relevant surface characteristics

Structure Pulse Number Spot dia. (um)  Spotdia. (wum) Peak-to-valley  Structure spacing Structure spacing

angle energy (pJ) of laser shots (parallel) (perpendicular)  height (um) (parallel) (wm)  (perpendicular)
(wm)

45 700 500 328 232 17 27 17

10 700 500 188 224 57 29 30

The angle of the microstructures is defined relative to the surface normal. The spot diameters and structure spacing values are defined as parallel

or perpendicular to the direction of the laser

Fig.3 SEM images of the 45° (fop) and 10° (bottom): a laser dam-
age site on the target sample after exposure to 500 laser pulses with
a pulse energy of 700 pnJ (400x and 100 wm scale bar), b looking
at sides of structures (top, 1,200x and 50 wm scale bar and bottom,

Fig. 4 3D laser confocal
images of both the 45° sample 200
and 10° sample

45 Degree

respect to the surface normal and then utilized to demon-
strate the ability to self-propel Leidenfrost droplets. These
samples are characterized by mound-shaped microstruc-
tures that are covered in a layer of nanoparticles and are
angled versions of above surface growth (ASG) mound
structures (Zuhlke et al. 2013a, b; Kruse et al. 2013). The
fabrication parameters as well as relevant surface character-
istics are described in Table 1. The two samples were fab-
ricated with the same pulse energy. Because the laser was
incident on the sample at an angle, the spot on the sample
was elliptical and not the same size for each sample. The
elliptical beam profile on the target sample (see Fig. 3a)
is due to the non-normal incident angle of the laser. The

600x and 100 um scale bar), ¢ looking along the microstructures
(1,200x and 50 um scale bar), and d looking normal to the surface
(1,200x and 50 um scale bar). The arrows represent the projected
direction of the incident laser pulses

parallel and perpendicular dimensions given in Table 1
refer to spot size dimensions relative to the laser direction.
Scanning electron microscope (SEM) images of the
samples taken from several angles are shown in Fig. 3. The
structure spacing values in Table 1 are obtained by a 2D fast
Fourier transform (FFT) analysis of the images in Fig. 3c
and represent the peak values in the directions parallel and
perpendicular to the laser. The peak-to-valley structure
heights were measured using a 3D confocal laser scanning
profilometer (Keyence, VK-X200); these images are shown
in Fig. 4 and correspond to the same surface imaged in
Fig. 3. These images were taken at a viewing angle normal
to the sample surface. The markedly smaller peak-to-valley
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Fig. 5 Schematic of the experi-
mental setup used for character-

izing the droplet motion High Speed

structure heights of the 45° sample relative to the 10° sam-
ple are due to the larger spot size (see Table 1; Fig. 3a) and
thus decreased laser fluence on the sample. This relatively
lower laser fluence results in decreased surface fluid flow
during processing and thus reduced structure development
(Zuhlke et al. 2013a).

The two samples were superhydrophilic; this was deter-
mined by measuring 0° contact angles with a Ramé—Hart
Goniometer. Due to the superwicking nature of the surface,
the droplet would perfectly wet the surface and was not
able to be directly imaged. The superhydrophilic nature of
the surface is a result of the fabrication process (Vorobyev
and Guo 2013; Kruse et al. 2013).

2.2 Self-propelled droplet motion experiments

Each of the experimental samples was fabricated on a
2.5" x 1" piece of polished 316 stainless steel plate. The
laser-structured area was 0.5” wide and 2” long and was
located in the center of the plate. Each processed sam-
ple was then placed onto a leveled copper heating block
heated by five cartridge heaters. Four K-type thermocou-
ples (Omega 5TC-GG-K-36-72) were epoxied (Omega
OB-200-2) to the surface of the test sample in order to
accurately determine the surface temperature. The surface
temperature was monitored with the use of LabVIEW.
The surface temperature was controlled through the use
of a Ramé-Hart precision temperature controller (Ramé-
Hart 100-50) and a thermocouple feedback loop. Drop-
let size and dispensing was controlled by a Ramé-Hart
computer-controlled precision dropper (Ramé-Hart 100-
22). Deionized water was used as the working fluid with
droplet sizes of 10.5 pL (diameter of 2.8 mm). This size
was chosen because it corresponds to the droplet size that
easily detaches from the needle by gravity alone. Droplets
were released close to the surface to limit the effects of the
impact velocity. From high-speed video analysis, using
two successive frames immediately before impact, it was
determined that the droplets impacted the surface with a
velocity of approximately 20 cm/s. This corresponds to a
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Thermocouples

Precision

Dropper PID Controller

Weber number [We = (pDg V) /o] of around 1.5 which
is considered to be relatively small (p = 998 kg/m’ and
o = 73 mN/m at room temperature), where p is the liquid
density, D, is the droplet diameter, V,, is the impact veloc-
ity, and o is the surface tension. All videos were recorded
with the use of a high-speed camera (Photron Fastcam
SAIL.1), set at 250 frames per second. Figure 5 shows a
schematic of the experimental setup.

From the high-speed video images, droplet velocities
across the samples were calculated using an in-house MAT-
LAB droplet tracking program which tracks the centroid
of the droplet. This program calculates the instantaneous
horizontal droplet velocity between successive frames and
then gives an average velocity profile for the entire droplet
motion. The program was validated against droplet velocities
manually calculated from still images using a movie editing
software; the two methods were in excellent agreement.

3 Results and discussion

Figure 6 shows the data obtained from the droplet motion
experiments for the two distinct angled microstructures
investigated. Droplets were released onto the surface about
0.5"” from one processed end, leaving about 1.5” of pro-
cessed length for the droplet to traverse. Velocities presented
in Fig. 6 correspond to the maximum droplet velocities at
the edge of the processed surface. Each velocity data point
corresponds to an average velocity of ten individual drop-
lets, and the error bars correspond to the standard deviation
of these ten droplets. As can be seen from the graph, the
two curves have similar features yet significant differences.
Both curves exhibit a local maximum toward lower surface
temperatures. The 45° sample has a maximum velocity of
19.2 cm/s at a surface temperature of 310 °C, while the 10°
sample has a maximum velocity of 13.5 cm/s at a surface
temperature of 256 °C. For both samples, droplet velocities
gradually decrease as the surface temperature is decreased
from the maximum observed velocities. At the lowest tem-
perature recorded, both samples displayed a spike in the
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Fig. 6 Droplet velocities with
respect to surface temperature
for both processed samples
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Fig. 7 Droplets at various positions along the leveled sample at temperatures below and at the respective Leidenfrost temperatures with times
from initial contact. a 10° sample at 320 °C, b 10° sample at 330 °C, ¢ 45° sample at 340 °C, and d 45° sample at 360 °C

droplet velocity. In the case of the 10° sample, this spike in
velocity was nearly the same as the local maximum found
at 256 °C. Velocities could not be recorded below 225 °C
as violent nucleate boiling resulted in the destruction of the
liquid droplets. Although the droplet velocities were rela-
tively high at the lowest temperatures, the motion is rela-
tively unstable due to the possibility of nucleate boiling and
is thus undesirable for most applications. As the surface
temperature is increased beyond the value at the maximum
droplet velocity, droplet velocities again decrease but at a
much faster rate, especially for the 45° sample.

From Fig. 6, it can be seen that there are two regions
of interest. These regions of interest correspond to

temperatures above and below the Leidenfrost tempera-
ture of the surface. The Leidenfrost temperatures for the
10° and 45° sample were estimated to be 330 and 360 °C,
respectively. The Leidenfrost temperature of each surface
was estimated by the change in the slope of the curves and
the standard deviations of the velocities (Fig. 6) as well as
the visual differences in the droplet behavior, captured with
the high-speed video images (Fig. 7). Looking at Fig. 6,
the slope of the curves changes at 330 and 360 °C for the
10° and 45° samples, respectively. To the left of these tem-
peratures, the standard deviations are significantly larger.
This indicates that intermittent contact (Bradfield 1966;
Kim et al. 2011; Dupeux et al. 2011; Kruse et al. 2013)
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is occurring and the droplet is not in a stable film boiling
state. Because this intermittent contact promotes an explo-
sive type of energy transfer, it results in a wide range of
droplet velocities and thus larger standard deviations. Fig-
ure 7 shows droplets at different locations for temperatures
near the Leidenfrost transition temperature for both sam-
ples. It can be seen from these images that there is a dis-
tinct visual difference in the images of the droplets between
the two temperatures. For both samples, the droplets appear
to be white in color and not very spherical at temperatures
below the Leidenfrost temperature. This indicates that the
droplets are being disturbed by intermittent contact. At
these temperatures, it can also be seen from the high-speed
video that the droplets tend to jump and bounce much
more frequently and eject smaller satellite drops. This is
characteristic of not having a fully developed vapor film
between the droplets and the heated surface and thus below
the Leidenfrost region. Flow/thermal instabilities lead to
the non-spherical shapes and ejection of satellite droplets.
At temperatures at or above the Leidenfrost temperature,
the droplets appear to be very spherical and clear in color.
This is due to the stable vapor film below the droplet. The
Leidenfrost temperatures estimated by this technique are
within the expected range for surfaces created by a femto-
second laser process (Kruse et al. 2013). The variation in
the Leidenfrost temperature is due to the differences in the
surface microstructures (Kruse et al. 2013).

It can be seen from the graph (Fig. 6) and the high-
speed images (Fig. 7) that there are two distinctly differ-
ent mechanisms that aid to the motion of the droplet. The
dynamic balance between these two mechanisms results in
the characteristics of the velocity curves shown in Fig. 6.
At temperatures below the Leidenfrost temperature, droplet
motion results from the directional ejection of vapor due to
intermittent contact between the liquid droplet and micro-
structures (Bradfield 1966; Kim et al. 2011; Dupeux et al.
2011; Kruse et al. 2013). When this intermittent contact
happens, heterogeneous boiling occurs and vapor is vio-
lently released from the droplet resulting in higher droplet
velocities. This heterogeneous boiling is likely the cause
of the velocity spikes for both samples at 225 °C. At these
lower temperatures, contact is more likely to happen and
energy is more easily transferred to the droplet. At tempera-
tures above the Leidenfrost temperature, a stable vapor film
is created and thus intermittent contact between the droplet
and microstructures is less likely to happen. At these tem-
peratures, the droplet motion mechanism is dominated by
viscous stresses that drag the droplet in the direction of the
vapor flow. Because this mechanism is not abrupt like in the
case of intermittent contact, it produces a smaller but more
stable force on the droplet and consequently slower veloci-
ties. The local maximums for both samples are most likely
due to an optimal combination of these two mechanisms.
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The overall larger velocities of the 45° sample rela-
tive to the 10° sample can be attributed to the difference
in microstructure angle between the two samples. The 45°
angle results in a more favorable horizontal force compo-
nent on the droplet during intermittent contact at lower
temperatures. The differences at higher temperatures can
be explained by a combination of the microstructure size
and the viscous drag mechanism. For the 10° sample, the
droplet velocity decreases very rapidly with increasing
temperatures to reach what seems to be a local velocity pla-
teau (e.g., 370 °C). At temperatures higher than 370 °C in
the case of the 10° sample, droplet velocities increase with
increasing temperatures due to the increased heat flux to
the droplet and a corresponding higher vapor flow velocity.
A similar trend was also reported in the literature (Ok et al.
2010) with ratchet structures. No velocities were recorded
for the 45° sample above 380 °C because the droplet no
longer displayed a preferential directionality. In these tem-
perature ranges, there is little to no intermittent contact and
the dominant mechanism is the viscous drag mechanism.
The 45° sample has microstructure heights significantly
smaller than the 10° sample (see Table 1). This differ-
ence in height is the main reason for the different trends
at higher temperatures and the lack of directionality for the
45° sample. The viscous drag mechanism is an interaction
between the vapor flow, the microstructure geometry, and
the droplet base. At high temperatures, the vapor layer is
fully developed and relatively thick. In the case of the 45°
sample, it is likely that the vapor layer is thick enough to
effectively isolate the droplet from the surface microstruc-
tures and therefore inhibiting interaction between drop-
let and surface microstructures, hence no self-propelled
motion. Since the 10° sample has significantly taller micro-
structures (see Table 1), this interaction remains intact at
high temperatures and thus the propulsion still occurs.

It was also found that the likelihood of a droplet success-
fully traveling in the desired direction was highly dependent
on the surface temperature. Surface temperatures in the range
of 250-360 °C resulted in nearly a 100 % success rate, mean-
ing that a droplet placed on the surface in this temperature
range would remain on the processed area and travel the com-
plete length. At temperatures below this range, the success rate
decreased quite rapidly due to droplets exploding or boiling
when coming into contact with the surface. At higher tempera-
tures, the success rate, once again, also decreased to around
50 %. At these higher temperatures, the droplet was very sen-
sitive to the transition from the needle to the surface. With
a stable vapor layer at these high temperatures and a nearly
frictionless state, it was observed that if the droplet had any
undesirable momentum from the release, it was more likely to
travel in an undesirable direction. Because the force acting on
the droplet at these high temperatures is fairly small, it is much
more difficult to correct the initial droplet direction.
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4 Self-propulsion mechanism

Unlike previously published studies in the literature, the
direction of liquid droplets in the present study was found
to be opposite to that of conventional ratchet microstruc-
tures regardless of surface temperature and structure size.
The mechanism that is widely used to describe the motion
of a Leidenfrost droplet on a ratchet surface is known as
the viscous mechanism (Dupeux et al. 2011). This mech-
anism is based on the preferential direction of vapor flow
underneath the droplet. This vapor flow drags the droplet
in a direction opposite to the tilt of the ratchet as a result
of viscous stresses. Our experimental results could not be,
however, explained by this mechanism; hence, a new mech-
anism for a self-propelled droplet on asymmetric three-
dimensional self-organized microstructured surfaces is pro-
posed. A schematic drawing of the proposed mechanism is
shown in Fig. 8. It has been shown experimentally (Dupeux
et al. 2011) that the vapor from an evaporating liquid drop-
let flows in the direction of descending slope on the teeth
of a ratchet (x-direction on Fig. 8-top). When the flow
encounters the next ratchet, it is redirected 90° (y-direction
on Fig. 8§ top) and flows down the ratchet channels (Dupeux
et al. 2011). Flow in the y-direction is unobstructed; there-
fore, there exists only a net force in the x-direction, which
results in the motion of the droplet with the same direction
as the vapor flow (Fig. 8 top). This also means that each of
the ratchet segments is cellular in the x-direction and devel-
ops a similar, yet independent, flow and force.

Droplet Surface Droplet

Vapor

Microratchet

Flow Directio
In/Out of Page

Droplet Surface DErOpIet

Motion

Fig. 8 Top—schematic describing mechanism governing droplet
motion on conventional ratchet microstructures. Botfom—schematic
describing proposed mechanism governing droplet motion on angled
FLSP microstructures

In principle, the physics of the viscous mechanism must
also apply to the angled FLSP microstructures. However, as
shown by the present experimental results, this theory does
not fully describe why droplet motion on the angled FLSP
samples is in the opposite direction of that on ratchet struc-
tures. If the angled FLSP microstructures were reduced to
their simplest form, they would be similar to the ratchet
microstructures, however, with one critical difference.
Because the angled FLSP microstructures are three dimen-
sional and self-organized, they result in no channel in the
y-direction, unlike with the ratchet structures. This differ-
ence is the key to understanding why the direction of drop-
let motion is different between the two structures. When
vapor is released from a droplet on angled FLSP micro-
structures, the released vapor initially follows a very simi-
lar profile as in the case of the ratchet structures. However,
because with the angled FLSP microstructures, there is no
continuous path in the y-direction, and the vapor flowing
into the spacing surrounded by neighboring microstructures
is forced to be redirected nearly 180° (see Fig. 8 bottom).
The redirected vapor drags the droplet with it through the
viscous forces and causes the droplet to move in the oppo-
site direction than that reported with the ratchet microstruc-
tures. Unlike the ratchet structures, the angled FLSP micro-
structures provide x- and y-direction cellular spacings, each
independently generating a net force on the liquid droplet.
Given the three-dimensional and self-organized nature
of the angled FLSP microstructures, it is possible to have
local vapor flows opposite to the droplet motion; however,
they do not derail it from its main trajectory.

5 Conclusions

It has been shown in the present work that angled micro-
structures created through the use of FLSP can be used to
effectively propel liquid droplets in the Leidenfrost state
across a heated surface. Angled FLSP microstructures con-
sist of mound-like structures with a rounded top that lean at
a specific angle. These structures can be created at nearly any
inclination angle. For this study, two surfaces were created
with angles of 45° and 10° with respect to the surface normal.
Self-propelled droplet motion experiments resulted in maxi-
mum velocities of 13.5 and 19.2 cm/s for the 10° and 45°
samples, respectively. These maximum velocities occurred at
temperatures well below the corresponding Leidenfrost tem-
peratures of the surfaces. The high velocities at temperatures
below the Leidenfrost temperatures of the surfaces are due
to intermittent contacts of the liquid droplet with the surface
microstructures. When this occurs, more energy is transferred
to the droplet and vapor is violently ejected from the droplet.
This vapor is preferentially directed by the microstructures
into one general direction. In comparison with conventional
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ratchet structures, the angled FLSP microstructures result in
droplet motion in the opposite direction. This change in the
direction of the droplet motion is due to the three-dimensional
self-organized nature of the angled FLSP microstructures
which leads to a redirection of the vapor flow. The viscous
stress forces of the redirected vapor flow move the droplet in
a direction opposite to that of the conventional ratchet struc-
tures that have been previously reported in the literature.
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