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Abstract Spatially periodic systems with localized
asymmetric surface structures (ratchets) can induce direc-
ted transport of matter (liquid/particles) in the absence of
net force. Here, we show that propulsion for the directed
motion of water droplets levitating on heated ratchet sur-
faces in the Leidenfrost (film boiling) regime is signifi-
cantly enhanced as the ratchet period decreases down to
micro- and sub-micrometers. At the temperature range
slightly above the threshold temperature of droplet motion,
sub-micron ratchets yield water droplet velocities reaching
~40 cm/s, a speed that has never been achieved with any
chemical and topological gradient surfaces. This dramatic
increase in the droplet velocity is attributed to an enhanced
heat transfer through the local contacts between ratchet
peaks and bottom of the droplet. A hydrophobic coating on
the ratchet surfaces is found to further increase the droplet
velocity and decrease the threshold temperature of the
droplet motion. The results suggest that miniaturized
ratchet surfaces can potentially be used in diverse appli-
cations requiring control over fluid transport and heat
transfer such as two phase cooling systems for micropro-
cessors and fuel injection for combustion technology and
that for those applications the design of ratchet dimensions
and surface chemistry are critically important.
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List of symbols

d Depth of ratchet, pm

Dy Initial diameter of droplet, mm

DI Deionized

Gravity, m/s?

Height of step for ratchet fabrication, um

Vapor layer thickness above ratchet peaks

Higher temperature

Height of pipette tip for dispensing droplets, mm

Length of step for ratchet fabrication, pm

Nickel

Lower temperature

Period of ratchet, pm

Radius of droplet, mm

b Boiling temperature, °C

Tt  Threshold temperature for rectified droplet motion,
°C

Ty, Leidenfrost temperature, °C

AT  Surface temperature with respect to the boiling
temperature of the liquid, °C

Vo Initial impact velocity of droplets on ratchet
surfaces, m/s

Vo Initial volume of droplet, pl

Vmax ~Maximum mean velocity, cm/s

We  Weber number

Az Maximum vertical variation for the sample surface,
pm

T

=z

N xS

Greek symbols
p Density, kg/m*
y  Surface tension, N/m
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1 Introduction

Motion of matter requires application of asymmetric
potential. Fluids are conventionally driven by applying
macroscopic net asymmetric potentials such as pressure
gradient by a pump or compressor, and electric field
between two electrodes. Net asymmetric potentials pro-
duced by an imbalance of surface tension forces (Marang-
oni effect) via a chemical (Chaudhury and Whitesides 1992;
Brochard 1989; Dos Santos et al. 1995; John et al. 2005;
Daniel et al. 2001), thermal (Brochard 1989; Brzoska et al.
1993; Darhuber et al. 2003), or electrical gradient (Thiele
et al. 2004) were also used. However, these methods either
require an external power source for driving a motion or
have a limitation in the displacement due to a finite length
of the gradient that can be produced. On the other hand,
spatially periodic systems with localized asymmetric
structures (ratchets) can induce directed transport of liquid/
particles in the absence of net force, and thus have recently
received much attention as a means of rectifying motion for
many applications.

Ratchets have been used for quantum tunneling ratchets
(Linke et al. 1999, 2002), dielectrophoretic rectification of
Brownian motion (Hughes 2004) and action of molecular
motors (Kulic et al. 2005; Julicher et al. 1997). Topological
ratchet structures were also used as a rectifier that forces
the otherwise random mechanical motion of droplets into a
specific direction by means of localized asymmetric
potential (Linke et al. 2006; Buguin et al. 2002; Ding et al.
2007, 2009). To induce motion, topological ratchet struc-
tures that rectify the direction of motion need to be com-
bined with a fluctuation to overcome the pinning of the
droplet to the surface. Buguin et al. (2002) triggered fluc-
tuation in the shape of droplet and wetting properties by
various physical ways either with an on/off electric field, or
with a low frequency electric field of zero mean value, or
by mechanically vibrating the substrate with a standard
audio speaker. The velocities along the ratchets were
observed up to a few mm/s. Ding et al. (2009) utilized
lateral vibration through a sinusoidal shaker with a con-
trollable frequency and amplitude in order to move droplets
within microchannels whose sidewalls were decorated with
topological ratchets produced by photolithography. Droplet
velocity depends on vibration parameters such as ampli-
tude and frequency as well as on channel parameters such
as geometry, material, and the lateral offset angle. A
maximum droplet velocity of 10 cm/s was observed with a
vibration frequency 50 Hz and lateral amplitude 3.5 mm
from silicon channel. Another way to achieve such a
fluctuation of droplet height has been demonstrated by
Linke et al. (2006), where millimeter scale saw-tooth
surface profiles machined into brass were heated to the
Leidenfrost regime (the film-boiling regime). In the
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Leidenfrost regime, liquid evaporates at the bottom surface
of the droplet due to heating of a substrate and a thin vapor
layer is formed between liquid droplets and a heated sur-
face, which reduces the heat transfer and thus retards the
evaporation. The Leidenfrost temperature (77 ) is defined as
a temperature in the boiling regime where the lifetime of
droplets is the longest. In the presence of topological
ratchet structures, the pressure that levitates the droplet
pushes out the vapor laterally and the ratchet surface par-
tially rectifies this vapor flow, exerting a net viscous force
on the droplet (Linke et al. 2006). With the millimeter scale
ratchets, the droplet velocity of a few cm/s was achieved.
Despite the demonstration of using ratchets to rectify
motion of droplets, however, there have been no efforts to
extend this driving mechanism to micro- and nanoscale
ratchets, which is a critical step toward micro- and nano-
fluidic applications.

In this article, we systematically examine this driving
mechanism with ratchets of millimeter down to sub-
micrometer period. Ratchets with various periods were
produced into either brass or nickel via micromachining
techniques and the velocity of droplets on the heated
ratchet surfaces in the Leidenfrost regime was measured.
We found that the propulsion of droplet motion is signifi-
cantly enhanced as the ratchet period becomes smaller,
which is attributed to an enhanced heat transfer between
the bottom of the droplet and the surface ratchets. We also
studied the influence of surface wettability on the droplet
motion.

2 Experimental
2.1 Micro and sub-micron ratchet fabrication

Two different types of ratchets were fabricated: (1) brass
ratchets with periods from millimeter down to 15 pum
directly milled by a micromilling machine and (2) sub-
micron period nickel (Ni) ratchets replicated by electro-
plating from a polymer optical grating. Figure 1 shows the
fabrication step of brass ratchets which consists of three
steps: tapered milling, step micromilling, and backside
planarization. Brass was selected as the ratchet material
due to its large thermal conductivity required for the film-
boiling droplet experiments as well as its excellent
machinability for micromilling. First, a brass bar
G x2x1 inch3, Alloy 353, McMaster-Carr, Atlanta,
GA) was milled using a CNC milling machine (CNC Hass
VF-2YT, CA) to have a tapered angle that was determined
by the aspect ratio of designed ratchets to fabricate. A
tapered angle was 11.3° in order to achieve aspect ratio of
0.2. This step is needed to reduce process time for the
subsequent micromilling process. The second step is to
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l Tapered milling

‘

lStep micromilling

l Backside planarization

Brass ratchets

Fig. 1 Process scheme for the fabrication of miniaturized ratchets in
brass by micromilling

produce micro- to millimeter scale steps in the CNC-mil-
led, tapered brass bar using a micro milling machine
(KERN MMP2522, KERN Micro- und Feinwerktechnik
GmbH & Co. KG, Germany). The micro milling bit (radius
100-1500 pm) was carried on a spindle at a maximum rpm
of 40,000 and the resolution of position and repetition was
41 um. The spindle speed used for micro milling was
3,500 rpm. The root mean square roughness for the sur-
faces produced by the micro milling technique was typi-
cally ~300 nm (Kim et al. 2008). As the last step,
backside planarization was done with the conventional
milling process, while protecting the micro-milled step
surface with a piece of thick (1/2 inch) silicone rubber
sheet (NSF-certified silicone rubber sheet, Mcmaster-Carr,
Atlanta, GA). The areas of the brass-ratcheted surfaces
fabricated were 5 x 10 cm®, while the replicated Ni
ratchets have the patterned area of 5.2 x 5.2 cm”. All the
fabricated ratchets were inspected using profilometer,
optical microscope, scanning electron microscope (SEM),
and atomic force microscope (AFM) prior to use for
droplet motion experiments.

2.2 Droplet motion experiments

Figure 2 shows the experimental setup used to investigate
droplet motion on heated ratchet surfaces. It consists of
three parts: a hot plate for heating ratchet samples, a
micropipette for injection of droplets, and a video camera

for recording the droplet motion. The micro-manufactured
brass or Ni ratchets were placed on a digital ceramic hot
plate (Isotemp, Fisher Scientific). After reaching a constant
temperature from the display in the hot plate, we waited for
an hour to reach a thermal equilibrium and then measured
ratchet surface temperatures at four corners and the center
with a K-type thermocouple (TP 873/TP 882, EXTECH)
and thermometer (ML720, EXTECH). The accuracy of
temperature measurements with the thermocouple and
thermometer was £0.3% according to the specification
provided by the manufacturer. The averaged temperature
was used as ratchet surface temperature. Usually the dif-
ference for temperatures measured at the four corners is in
the range of 0-15°C. Then, droplets of constant volume
were dispensed using a commercial micropipette (Eppen-
dorf) with the volume (V) in the range of 3—6 pul with a
delay of 4-5 s imposed between the releases of successive
droplets. In this range of volume, the droplet diameter is
smaller than the capillary length of water which is 2.5 mm
at 100°C. Thus, the shape of droplets is close to a sphere
except for the bottom surface which may be deformed
along the ratcheted topology. In spite of manual dispense,
the height of the pipette tip (H},) was controlled to be in the
range of 2-5 mm from the ratchet surface, which corre-
sponds to Weber numbers of 0-1.9 for the droplet volume

of 5 pl. The Weber number is defined as (We = L;’V‘Z’)

where p and y are the density and surface tension of water
droplet at its boiling temperature (p = 960 kg/m® and
7y = 59 mN/m at T, = 100°C). The impact velocity was
determined by the released height H, and initial droplet

2¢(Hy, — Do),
where g is gravity, which gives the impact velocities of
0-0.26 m/s. The Weber number is a dimensionless number
showing relative importance of the kinetic energy of a fluid
to its surface tension. Thus, a low Weber number in a
similar range implies that initial impact of droplet on the
ratcheted surface will contribute to the mean velocity in a
similar way for all experiments and thus comparison of
mean velocities for different samples is meaningful.
Droplet trajectory was captured using a video camera
(Sony DSC-V1, 16 frames per second) and the Windows
Movie Maker (Microsoft) software was used for tracking
and processing the captured videos. Since the acceleration

diameter Dy using the equation v, =

-
o " Micropipette
c = ———> Direction of motion
e ~.. & Ratchets
Hotplate Thermometer

Fig. 2 Schematic diagram of the experimental setup to investigate
motion of Leidenfrost droplets on ratchets
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of the droplet could not be properly monitored with the
video camera used due to its resolution limit and an equi-
librium velocity was not reached within the length of the
fabricated ratchets, we simply took the mean velocity for
data analysis, which was obtained by the distance travelled
by the droplet before it escaped from the ratchet surface
divided by time. At least the motion of 10 droplets was
captured for each ratchet surface temperature and the
velocity values were averaged to obtain a single data point.

2.3 Fluorinated silane coating on ratchet surfaces

In order to investigate the effect of the surface wettability
on the droplet motion, the ratchet surfaces were coated
with a hydrophobic fluorinated silane, 1H,1H,2H,2H-per-
fluorodecyltrichlorosilane. Prior to the coating, the ratchet
surface was exposed to O, plasma for 3 min with 150 W,
75 mTorr. The coating with a hydrophobic fluorinated
silane was performed for 10 min in the vapor phase in a
custom-designed chemical vapor deposition chamber.

Fig. 3 a Definition of period
and depth of miniaturized
ratchets and steps,

b a photograph of large area
brass ratchets with 750 pm

3 Results and discussion
3.1 Micro- and sub-micron ratchet fabrication

One critical requirement for the fabrication of ratchets is
that the ratcheted surface area has to be large enough to
enable observation of the development of rectified droplet
motion in a direction after initial impact on the surface. In
addition, since we are interested in studying the effect of
the ratchet period, the ratchet aspect ratio, defined as the
ratio of depth-to-period, needs to be kept similar to each
other. Even though it is expected that all ratchet parameters
will have effects on the droplet motion separately, this
work is limited to the study of ratchets with one aspect
ratio, mostly because it is time-consuming to produce large
area ratchet samples. Figure 3a shows definitions of ratchet
dimensions used in this study. Since it is miniaturized
steps, not ratchets, that were directly milled by the mi-
cromilling process, two different sets of period and depth
are defined in the fabrication of a ratchet surface: / and

period produced by
micromilling, c—e scanning
electron micrographs and
atomic force microscopy image
of various miniaturized ratchets

Period; 75\um)\
\Depth: 15 pm |
B\

50 ym
Z axis 17,5° G ngr—
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h represent the period and step height for miniaturized
steps in the micromilling process, while p and d are the
period and depth for the final ratchets after backside
planarization. For convenience, we will use the designed
step period to indicate the period of a ratchet in this article,
since the deviation between the two is small.

Figure 3b shows an example photograph of a large area
brass ratchet sample with 750 pm period after completing
the entire milling procedures described in Fig. 1. The size
of the ratchets is 5 x 2 x 1/4 inch® and the measured
period and depth of the ratchets were 768.1 £ 3.0 um
period and 127.6 £ 2.6 pum, respectively. Figure 3c—e
shows example micrographs of miniaturized ratchets with
different dimensions: nickel ratchets with 800 nm period
and brass ratchets with 75 and 1500 pm periods. For all
samples, saw-tooth like asymmetric topological structures
are clearly visible. The dimensions of fabricated ratchets
were obtained using surface profiles measured with a stylus
profilometer and atomic force microscope for respective
microscale and submicron ratchets, which are summarized
in Table 1. Each value in the table was obtained by aver-
aging from at least three different measurements. Four
different ratchets with designed step periods of 15, 75, 150,
and 1500 pm were fabricated via micromilling, which
leads to actual ratchet periods of 15.3 £ 0.2, 76.7 £ 1.1,
150.4 £ 1.8 and 1499 + 15.7 um after fabrication. The
root mean square roughness for the surfaces produced by
the micromilling technique was typically ~300 nm (Kim
et al. 2008).

It is important to keep the aspect ratio in a similar range
in order to investigate the effect of ratchet period. The
designed aspect ratio for microratchets was 0.2 (1:5). After
fabrication, the measured aspect ratio values also deviated
slightly from the designed values, showing 0.25, 0.16, 0.16,
0.16 and 0.15 for the ratchet periods of 0.8, 15, 75, 150,
and 1500 um, respectively. But they were still in the
similar range of 0.2. Maximum vertical variations for the
sample surfaces (Az) generated by series of milling process
including backside planarization, was low, in the range of

40-220 pm over 8 cm scan length. Thus, the influence of
the surface slope on the droplet motion can be neglected.

3.2 Effect of ratchet periods on droplet velocity

Motion of water droplets dispensed on the ratchets with
different periods was investigated while the ratchets were
heated on a hot plate. The volume of the de-ionized (DI)
water droplet used was 5 pl. At ratchet surface temperature
below the boiling point of water, droplets put on ratchet
surfaces immediately spread and form a certain contact
angle at the three phase interface depending on the tem-
perature. When the temperature exceeds the boiling point,
droplets start to boil vehemently via nucleation boiling and
disappear rapidly due to evaporation. As the ratchet surface
temperature increases further and reaches a certain tem-
perature, rectified motion of droplets starts to occur, with
no noticeable change in the droplet volume until the
droplet escapes from the ratcheted surface. We define this
temperature as threshold temperature (77,) for droplet
motion for a specific ratchet surface and, practically, Ty,
was taken as the temperature which clearly shows unidi-
rectional motion of droplets. Ty, is close to the Leidenfrost
temperature (71) of water. However, the two temperatures
(T, and Ty) are not the same, as will be discussed later. In
the Leidenfrost regime, a liquid droplet on a hot surface
produces an insulating vapor layer around it, being sepa-
rated from the surface. The vapor layer keeps the droplet
from boiling rapidly. For water, 71 was reported to be in
the range of 155-515°C, depending on types of surface,
surface cleanness and roughness (Bernardin and Mudawar
1999). In the presence of surface ratchets, asymmetric
potential for unidirectional motion is given by a saw-tooth-
shaped surface topology, while the vapor layer provides
fluctuating force vertical to the ratchet surface to help
overcome pinning of the droplet to the surface. The motion
was observed perpendicular to the ratcheted grooves and in
the direction toward the slowly inclined side from ratchet
peaks, which is in agreement with the direction of droplet

Table 1 Designed and fabricated dimensions of miniaturized ratchets used in this study

Sample name  Designed Measured

I(um) h(pm) p(pm) d(um) dp I (pm) h (pm) p (pm) d (um) dlp Az (um)
800 nm - - 0.8 0.2 0.25 — — 0.8 0.2 0.25 ~85
15 pm 15 3 15.3 2.9 0.19 153 £ 04 27+£01 153+£02 24 +£02 0.16 ~60
75 pm 75 15 76.5 14.7 0.19 754 £0.0 129 £02 76.7 £ 1.1 120 £ 0.1 0.16 ~50
150 um 150 30 153 29.4 0.19 146.0 £ 0.6 277+£0.1 1504 +18 243+16 016 ~220
1.5 mm 1500 300 1529.7 2942 0.19 1486 £ 13.1 2815 +8.1 1499 £ 157 2305+23 0.15 ~40

Az is maximum vertical variation over the scan length. The scan lengths were 4 cm for sub-micron ratchets with 800 nm period and 8 cm for all

other micromilled brass samples
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l 10 cm |

At=60-70 ms

Fig. 4 A sequence of video images for droplet motion on 1.5 mm
period ratchets. The droplet moves perpendicular to ratchet grooves
along the slowly inclined side from ratchet peaks

motion observed by Linke et al. (2006). Figure 4 presents a
sequence of video images showing an example of droplet
motion of de-ionized water on brass ratchets with 1500 pm
period and 230 pm depth at a surface temperature of
254°C.

Figure 5a shows the mean droplet velocity as a function
of surface temperature for different ratchet periods. As the
surface temperature increases beyond Ty, for droplet
motion, the velocity first increases rapidly and reaches
a maximum, and then decreases. Two temperature
regimes can be identified. At temperatures just above Ty
(L regime), a dramatic increase in the droplet velocity was
observed with decreasing ratchet period. It even reached
over 40 cm/s for 0.8 pum ratchet period. Considering that
the velocity used in this study was obtained by taking a
mean value from the beginning of droplet motion to droplet
escape from the ratcheted surface, not an equilibrium
velocity, the instantaneous velocity at the droplet escape
would be larger than the average velocity. To our knowl-
edge such propulsion is unprecedented with any droplet
motion achieved by a surface tension gradient and topo-
logical ratchets without an external device such as syringe
pumps and electrodes. The droplet velocity achieved with
such surfaces with a surface tension gradient and topolog-
ical ratchets was in the range from a few mm/s (Chaudhury
and Whitesides 1992; Daniel et al. 2001; Buguin et al. 2002)
to a few cm/s (Dos Santos et al. 1995; Linke et al. 2006). In
the second temperature regime much higher than 77y,
(H regime), the droplet velocity slightly decreases with
increasing temperature around values of a few cm/s without
dependence on the ratchet period. These two regimes were
also observed for other liquids including acetone
(T, = 132°C) and R134a (T, = 20°C).
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Fig. 5 a Mean droplet velocity as a function of ratchet surface
temperature for ratchets with different periods. At temperatures just
above T, (L regime), the mean droplet velocity significantly
increases with decreasing ratchet period, while in the higher
temperature regime the velocity remains constant at a few cm/s,
and b maximum mean droplet velocity as a function of ratchet period.
A best logarithmic fit is also included

The strong dependence of ratchet period observed in the
first temperature regime can be understood by assuming
that the droplet is still in contact with top edges of the
ratchets, which is different from the Leidenfrost droplet
case where the droplet is fully separated from the surface
by a thin vapor layer and the heat transfer between the
droplet and ratchets are reduced by the presence of the
vapor layer. This is justified because the vapor layer in this
temperature regime would be relatively thin. According to
a 2-D model for Leidenfrost droplets, the vapor layer
thickness is proportional to (AT)"?, where AT is denoted as
the temperature with respect to the boiling temperature of
the liquid (Biance et al. 2003). The measured value of the
vapor layer thickness is typically 10-100 pm on flat sur-
faces (Biance et al. 2003; Linke et al. 2006). Due to the
enhanced heat transfer through the direct local contacts
between the ratchet top peaks and the liquid drop, the
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liquid drop evaporates mainly right above the peaks of the
ratchets. The evaporated vapor is then split by the peak,
flows down the two sides into the trenches, and then
escapes along the trenches. The vapor on the less inclined
side exerts more shear stress on the droplet bottom than
that at the steeply inclined side (Linke et al. 2006).
Therefore, a single ratchet generates a net driving force on
the droplet and the total driving force will depend on the
number of ratchets beneath the droplet. This explanation is
corroborated with the behavior of droplet motion on ratchet
surface with different surface energies, which will be dis-
cussed later.

The lifetime of a droplet on a heated surface is longest
when the insulating vapor layer entirely covers the droplet
bottom. The droplet lifetime on ratchet surfaces could not
be measured due to the droplet motion. However, it can be
deduced from the presence of direct contacts between
ratchet peaks and droplet bottom that droplet motion on the
miniaturized ratchet surfaces occurs before 7} is reached.
Thus, T, < Tr. The enhanced heat transfer through the
ratchet peaks may also enhance thermocapillary flow along
the bottom surface of the droplet, which will reduce shear
stress at the droplet/vapor interface. However, the ther-
mocapillary effect is expected to be much less pronounced
for smaller ratchet periods because the temperature gradi-
ent along the bottom surface of the droplet also decreases.

According to theoretical studies (Bernardin and Muda-
war 1999; Bernardin and Mudawar 2002; Prat et al. 1995),
the presence of surface roughness significantly affects the
flow field of vapor underneath a fully levitating droplet
mainly in three ways: first, the vapor flow penetrates into
the roughness cavities and recirculation develops at the
bottom of each cavity; second, as the size of the droplet
relative to the size of the roughness increases or as the size
of the roughness decreases, while keeping the droplet
volume constant, the thickness of the vapor layer above the
roughness increases; and third, 71 increases. In H regime
where the dependence of ratchet period on the mean
velocity disappeared, the droplet can be considered fully
levitating from the surface due to a relatively thick vapor
layer. Thus, the heat transfer is expected to be more
homogenous over the droplet bottom surface. There can
still be local fluctuation in heat transfer along the ratcheted
surface topology if the vapor layer thickness above the
ratchet peaks is not sufficiently large compared to the
ratchet depth. However, even in this case, as the ratchet
period decreases, the positive effect from the increased
number of ratchets on droplet propulsion will be cancelled
by the negative effect of increasing vapor layer thickness.
Our discussion remained qualitative due to the difficulty in
directly measuring the vapor layer thickness underneath
droplets. A quantitative description relating the droplet
motion to ratchet dimensions and vapor layer thickness

may be possible through modeling this phenomenon by
balancing the drag force and the Stoke’s drag from the air
on the droplet.

Figure 5b plots the maximum mean velocity that is found
in the L temperature regime as a function of ratchet period.
The maximum mean velocity fits well to the logarithm of
ratchet period, vy,x(cm/s) = 41.0-8.30 log;o(p(um)). The
contribution of each ratchet to the droplet motion was
estimated by simply normalizing the maximum mean
velocity by the effective number of ratchets underneath a
droplet, which is shown in Fig. 6. While in our explanation
every single ratchet is supposed to generate a net driving
force, the contribution of a single ratchet may not be same
for different ratchet periods. The contribution of each
ratchet to the overall droplet motion decreases linearly with
decreasing the ratchet period from millimeter to sub-micron
scales. Two different explanations on this behavior are
possible. The first explanation involves the vapor layer
thickness which increases with decreasing size of surface
roughness for a constant droplet volume (Prat et al. 1995).
Thus, with smaller ratchets the actual contact area for heat
transfer between ratchet peaks and droplet bottom would be
smaller due to increased vapor layer thickness, leading to a
reduced heat transfer through each ratchet. The other pos-
sible explanation is an increased resistance (or friction)
against vapor flow with smaller ratchets, which occurs
while the vapor escapes from the bottom of the drop-
let along the ratchet trenches. This is because the area for
the triangle formed between the ratchet trenches and the
droplet bottom surface through which the vapor escapes
decreases with decreased ratchet period, resulting in an
increase in friction (Ornatskii 1965). The schematics
describing the droplet/vapor layer/ratchet interfaces for two
different temperature regimes as well as different ratchet
periods are shown in Fig. 7. Nevertheless, the significant
increase in the overall droplet mean velocity with
decreasing ratchet period suggests that a decrease in the
ratchet period to the real nanoscale (sub-100 nm) may
further increase propulsion of the droplet motion until the
droplet sees the ratchets as a flat surface. Thus, it will be an
interesting research topic to investigate the minimum
ratchet period that still shows the propulsion of liquid
droplets, which may depend on the aspect ratio, surface
roughness, and wetting behavior of the ratchets as well as
the types of droplets. However, production of large area,
nanoscale ratchets with defined geometries is still a great
challenge and needs to be developed.

3.3 Effect of droplet volume

The influence of droplet volume on the motion of
Leidenfrost droplets was investigated with microscale
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Fig. 6 Maximum mean velocity normalized by the effective number
of ratchets underneath a droplet as a function of ratchet period, which
indicates contribution of each ratchet to maximum mean velocity

ratchet samples. According to the observation on Leiden-
frost droplets on a flat surface, the shape of droplets and the
vapor layer thickness are dependent on the size of droplets
(Biance et al. 2003; Linke et al. 2006). Droplet volumes in
the range of 3-6 pl, could be manipulated with the
micropipette used, which correspond to droplet radii R of
0.89-1.13 mm, still smaller than the capillary length of
water of 2.5 mm at 100°C. When the droplet radius is
smaller than the capillary length, the lateral shape of the
droplet is almost spherical except at the bottom because
surface tension of the droplet governs (Biance et al. 2003).
Then, evaporation occurs through the entire droplet surface
and the vapor layer thickness was reported to increase

proportional to R** (Biance et al. 2003; Linke et al. 2006).
Another factor is that the droplet volume should be large
enough, so that the droplet bottom covers at least one entire
ratchet in order to induce unidirectional motion. This
condition is met because the diameter for the smallest
droplet volume used (2 x 0.89 mm for 3 pl volume) is still
larger than the largest ratchet period of 1.5 mm. When the
droplet diameter was comparable to or smaller than ratchet
period, then droplets motion along the ratcheted groove
was observed.

Figure 8 shows mean droplet velocities of DI water with
different volumes (3-6 ul) as a function of surface tem-
perature for brass ratchet samples with 75 pm and 1.5 mm
period. The mean droplet velocities show a similar
behavior to that described in Sect. 3.2. As the surface
temperature increases, the increased vapor layer thickness
underneath a droplet relative to the dimensions of ratchets
increases, reducing the vapor pressure gradient and heat
transfer between the ratchet peak and the droplet bottom.
The temperature corresponding to the maximum mean
velocities is the temperature when the heat transfer
between the ratchet peaks and the droplet bottom is max-
imum. Since the droplet is not fully levitating from the
surface, this temperature is still lower than 77. In all
temperature regimes, the droplet volume has a negligible
effect on the mean velocity within the accuracy of the
measurement. Intuitively, one could think that the mean
velocity should increase with the increase of droplet vol-
ume because of the increased effective number of ratchets

- <> Heat transfer through direct contacts between ratchet peaks and droplet bottom
N, Vaporlayer thickness above ratchet peaks

mmp Droplet motion

T just above T,

— Vapor flow

T far above T,

Small [——————13 Droplet [——1 ,
ma -
ratchet period - & A A RS A ™

Ratchet

A A Droplet — h,

Large : :

ratchet period i \-—-_: # - Vapor / i ‘y S~

Fig. 7 Schematics describing the droplet/vapor layer/ratchet inter-
faces for two different temperature regimes as well as different ratchet
periods. At temperatures just above Ty, there are local contacts
between the bottom of the droplet and the peaks of the ratchets, which
enhance the heat transfer through the contacts. As a result, the total
driving force depends on the number of ratchets beneath the droplet.
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Ratchet

In the higher temperature regime where the droplet is fully levitating
from the surface, the positive effect from the increased number of
ratchets on droplet propulsion is cancelled by the negative effect of
increasing vapor layer thickness above the ratchet peaks, showing no
dependence on the ratchet period
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within the effective length. However, this accelerating
factor of increased effective number of ratchets with larger
droplet volume seems to be cancelled out by the increase in
the mass of the droplet to levitate and the increase in the
vapor layer thickness (Biance et al. 2003).

3.4 Effect of surface energy of ratchet surface

We also investigated the influence of a hydrophobic silane
coating on the ratchet surface on the droplet motion. Sig-
nificant increase in hydrophobicity on the ratchet surface
was achieved after the coating with almost uniform
increase of the room temperature contact angles from
(88-112) &+ 2° to (111-128) 4+ 2° by ~20° for all the
ratchets. However, the actual contact mode at 77 regime
may be determined by the contact angle at the boiling
temperature. Figure 9 shows the mean droplet velocity as a
function of ratchet surface temperature for ratchets with
800 nm and 1.5 mm period. The hydrophobic coating of
the ratchet surface significantly affects the droplet motion
in the L temperature regime, decreasing Ty, and increasing
the maximum velocity. The result is in contrast to a theo-
retical study by Prat et al. (1995) for fully levitating
droplets, where the round-off of the droplet due to surface
tension does not seriously affect the flow field of the vapor.
This in turn corroborates with our explanation for the
droplet behavior in the L regime stating that there are local
contacts between the peaks of the ratchets and the bottom
of the droplet. In the presence of the direct contacts, a
hydrophobic coating of ratchet surfaces seems to reduce
the pinning force of droplets onto the ratcheted surface by
reducing the contact area. The results indicate that T, can
further be lowered by combining ratchets with superhy-
drophobic treatment chemically, topologically or the
combination thereof.

4 Conclusions

We have shown the effect of ratchet period down to sub-
micrometer on the motion of water droplets dispensed on
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Fig. 9 Mean droplet velocity as a function of ratchet surface
temperature with and without a fluorinated silane coating a for brass
1.5 mm period and b Ni 800 nm period of ratchet surface

heated ratchet surfaces in the Leidenfrost regime. The
maximum mean droplet velocity significantly increased as
the ratchet period decreased, reaching ~40 cm/s for sub-
micron ratchets, which is attributed to the enhanced heat
transfer through the ratchet peaks to the bottom of the
droplet. The results suggest that even higher propulsion can
be achieved with nanoscale ratchets and that micro- and
nanoscale ratchets can potentially be used as a mechanism

@ Springer
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to enhance film-boiling heat transfer associated with
droplets and spray. Our results also show that driving
levitating droplets using ratchets may be more effective in
micro- and nanofluidic environments because droplets are
usually squeezed by and thus touch the walls of micro- and
nanochannels, enhancing the heat transfer between the
droplet and the ratchets. Thus, micro- and nanoscale
ratchets have a potential to be used as a component for
droplet-based micro- and nanofluidic devices. In order to
be able to provide a design rule for ratchet dimensions
leading to the maximum droplet velocity, further system-
atic studies with different ratchet aspect ratios need to be
performed. An application with high operation temperature
is envisioned in microscale heat pipes incorporated with
nanoratchets as closed loop, two-phase cooling systems
with no moving parts and no external power for micro-
processors. Use of low boiling point materials such as
R134 will allow room temperature operation for this
cooling application. Broader applications with micro- and
nanoratchets can also be envisioned as a means of
increasing efficiencies for film-boiling heat transfer asso-
ciated with droplets and spray. One critical, but common
problem in film-boiling heat transfer systems is that the
presence of droplets bounced from the surface hinders a
continuous heat transfer between injected droplets and hot
surface, which can be avoided by using micro- and nan-
oratcheted surfaces. Those applications include fuel injec-
tion for combustion technology, stream generation for
energy conversion in nuclear power energy converters,
cooling systems for nuclear reactors, and spray quenching
of heat treatable alloys.

Acknowledgments This research was supported by the National
Science Foundation CAREER Award (CMMI-0643455). We also
thank staff from the Center for Advanced Microstructures and
Devices (CAMD) at Louisiana State University for the help in using
microfabrication facilities in their cleanroom.

References

Bernardin JD, Mudawar I (1999) The Leidenfrost point: experimental
study and assessment of existing models. J Heat Transf
121:894-903

Bernardin JD, Mudawar I (2002) A cavity activation and bubble
growth model of the Leidenfrost point. J Heat Transf
124:864-874

@ Springer

Biance AL, Clanet C, Quere D (2003) Leidenfrost drops. Phys Fluids
15:1632-1637

Brochard F (1989) motions of droplets on solid-surfaces induced by
chemical or thermal-gradients. Langmuir 5:432-438

Brzoska JB, Brochardwyart F, Rondelez F (1993) Motions of droplets
on hydrophobic model surfaces induced by thermal-gradients.
Langmuir 9:2220-2224

Buguin A, Talini L, Silberzan P (2002) Ratchet-like topological
structures for the control of microdrops. Appl Phys 75:207-212

Chaudhury MK, Whitesides GM (1992) How to make water run
uphill. Science 256:1539-1541

Daniel S, Chaudhury MK, Chen JC (2001) Past drop movements
resulting from the phase change on a gradient surface. Science
291:633-636

Darhuber AA, Valentino JP, Davis JM, Troian SM, Wagner S (2003)
Microfluidic actuation by modulation of surface stresses. Appl
Phys Lett 82:657-659

Ding Z, Song W-B, Ziaie B (2007) Time-multiplexed droplet
manipulation via vibrating ratcheted micro-channels. IEEE
MEMS ‘07. Kobe, Japan

Ding Z, Song W-B, Ziaie B (2009) Sequential droplet manipulation
via vibrating ratcheted microchannels. Sens Actuators B
142:362-368

Dos Santos DF, Ondarchu T (1995) Free-running droplets. Phys Rev
Lett 75:2972-2975

Hughes MP (2004) Numerical simulation of dielectrophoretic ratchet
structures. J Phys D 37:1275-1280

John K, Bar M, Thiele U (2005) Self-propelled running droplets on
solid substrates driven by chemical reactions. Eur Phys J 18:
183-199

Julicher F, Ajdari A, Prost J (1997) Modeling molecular motors. Rev
Mod Phys 69:1269-1281

Kim N, Murphy MC, Soper SA, Nikitopoulos DE (2008) Investiga-
tion of two-phase flow in rectangular micro-channels. ASME
FEDSM, Jacksonville

Kulic IM, Thaokar R, Schiessel H (2005) A DNA ring acting as a
thermal ratchet. J Phys 17:5S3965-S3978

Linke H, Humphrey TE, Lofgren A, Sushkov AO, Newbury R, Taylor
RP, Omling P (1999) Experimental tunneling ratchets. Science
286:2314-2317

Linke H, Humphrey TE, Lindelof PE, Lofgren A, Newbury R,
Omling P, Sushkov AO, Taylor RP, Xu H (2002) Quantum
ratchets and quantum heat pumps. Appl Phys 75:237-246

Linke H, Aleman BJ, Melling LD, Taormina MJ, Francis MJ, Dow-
Hygelund CC, Narayanan V, Taylor RP, Stout A (2006) Self-
propelled Leidenfrost droplets. Phys Rev Lett 96:154502

Ornatskii AP (1965) Generalization of experimental data on flow
friction in surface boiling. J Appl Mech 6:80-82

Prat M, Schmitz P, Poulikakos D (1995) On the effect of surface
roughness on the vapor flow under Leidenfrost-levitated drop-
lets. J Fluids Eng 117:519-525

Thiele U, John K, Bar M (2004) Dynamical model for chemically
driven running droplets. Phys Rev Lett 93:166602



	Propulsion of droplets on micro- and sub-micron ratchet surfaces in the Leidenfrost temperature regime
	Abstract
	Introduction
	Experimental
	Micro and sub-micron ratchet fabrication
	Droplet motion experiments
	Fluorinated silane coating on ratchet surfaces

	Results and discussion
	Micro- and sub-micron ratchet fabrication
	Effect of ratchet periods on droplet velocity
	Effect of droplet volume
	Effect of surface energy of ratchet surface

	Conclusions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


