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A fundamental limitation to the ability to transport sessile droplets is frictional forces arising from
surface adhesion. This can be overcome by using the Leidenfrost effect on a heated substrate to levitate
the droplet on a cushion of vapor. By structuring the surface under the droplet, the flow of vapor below
the droplet can be controlled and this can be used to induce preferential droplet propulsion in a particular
direction. However, while propulsion can be induced, the dramatic reduction in frictional forces leads to
instability and it is difficult to control droplet motion when transporting droplets along a defined path. Here,
we present a self-propulsion and self-centering concept using the principles of negative feedback to enable
a droplet to be transported along a defined path. In our implementation, we use a combined herringbone
and ratchet design, which provides the ability to control droplet position without compromising on speed.
This intrinsic self-centering and correction via negative feedback offers the potential to design paths and
tracks for droplets to follow, without the need for walls.
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I. INTRODUCTION

The Leidenfrost effect, discovered in 1756 [1], occurs
when a liquid droplet is placed on a substrate at a temper-
ature significantly higher than the liquid’s boiling point.
The droplet then levitates (Fig. 1), on a cushion of its
own vapor, which insulates the droplet and significantly
reduces the evaporation rate [2,3]. Recently, there has been
a substantial amount of interest in frictionless transport,
using the Leidenfrost effect to levitate and propel droplets
[4-13]. However, these previous works do not simulta-
neously control the position of the droplet or allow the
droplet to change direction without the need for physical
barriers.

Various different methods of controlling droplet motion
using the Leidenfrost effect have been attempted [4-8],
including structuring the substrate to encourage propul-
sion [13]. In 2006, Linke et al. were the first to show
a self-propelled Leidenfrost droplet on a ratchet surface
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[9]. Dupeux et al. discuss the mechanism involved in
ratchet propulsion [10] and Cousins et al. have success-
fully trapped a droplet in a circular ratchet structure [11].
In 2016, D. Soto et al. showed that propulsion can occur
on a herringbone-structured surface [12].

One serious limitation of all of these previous stud-
ies is that droplets do not stay on the intended paths
without the use of barriers. This is because the extreme
reduction in friction caused by levitating the droplet on a
cushion of vapor allows small perturbations to create insta-
bility in directional motion. In our work, self-centering
droplet motion is created by texturing the substrate and so
removing the need for physical boundaries. Guided by the
principles of negative feedback, we implement substrate
designs that enable the self-correction of motion and have
the potential to transform the use of the Leidenfrost effect
for droplet control. Once self-centering has been achieved,
the direction of droplet motion can be varied and controlled
as required for any given application.

A pure ratchet structure provides high acceleration and
terminal velocity, but the droplets are not confined to the
surface and so often travel off the edges of the block.
The effect is enhanced if temperature variations occur or if
the sizes of the droplet and of the ratchets are comparable
[14]. To achieve propulsion on a herringbone surface, the
droplet must be on the center-line herringbone [12]. The
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FIG.1. A droplet levitating on its vapor layout on a superheated
surface due to the Leidenfrost effect.

centered propulsion of a herringbone design and the direc-
tional flow of a ratchet surface are combined in our work
to create self-centered droplet propulsion without com-
promising on the droplet velocity. Our specific designs
illustrate the general principle of using negative feedback
and Leidenfrost levitation to achieve stable low-friction
motion along user-defined pathways.

II. METHODS

A. Ratchet and herringbone-ratchet fabrication details

CZ121 brass blocks were machined with fixed-angle
tools to provide right-angled triangles of differing heights
and therefore ratchet angles (8), 1 mm wide, which were
repeated to create a sawtooth pattern at 90° to the long
edge for the ratchet block, as seen in Fig. 2(a), and at a
45° angle () to the long edge for the herringbone ratchet.
For the herringbone ratchet, the patterns were reproduced
in mirror image so that when two blocks were brought into
contact, the herringbone-ratchet shape was created, as seen
in Fig. 2(c).

The water used in the experiments was preheated to just
below the boiling point prior to deposition on the ratchet or
herringbone-ratchet surface. The droplets were deposited

(a)

by dispensing the droplet on the surface and then being
held briefly, prior to the syringe tip being released, to
ensure that no momentum was added to the experiment
from the dispensing procedure and to minimize any jetting
effects. Wider syringe tips were used for the larger droplet
volumes.

A typical ratchet design can be seen in Fig. 3. Prelim-
inary ratchet-structure analysis involved testing droplets
on ratchet structures with different heights of right-angled
sawtooth triangles, including 0.26, 0.47, 1.0, and 2.0 mm
heights, all with a 1 mm width, to provide different ratchet
tooth angles (8 = 15°, 25°, 42°, and 63°, respectively).
These experiments showed that the highest-speed ratchet
geometry was the 0.26 mm high (or 15°) ratchet, with a
40 wl droplet, tested at 250 °C, as can be seen in Table I.
Furthermore, for droplet sizes above 100 ul, both the 15°
and 25° ratchets provide comparable droplet speeds, with
the 25° ratchet providing droplet speeds that are inde-
pendent of volume within the range 100600 wl. Droplet
propulsion was unsuccessful on the 2-mm-high ratchet.

B. The model for droplet motion driven by the ratchet
portion of the herringbone ratchet

To understand how the self-centering motion works, it
is necessary to characterize the motion of droplets on the
ratchet portion of the herringbone ratchet and to under-
stand how the driving force depends on the design of
the ratchet angle. The motion of a given liquid droplet
depends on the substrate design, the substrate tempera-
ture, and the size of the droplet. It is also sensitive to local
temperature variations of the substrate and the deforma-
tion of the droplet over the substrate. Here, we provide
an approach that (i) quantitatively describes the motion
of a droplet when deposited off-center, (ii) provides an
understanding of key design features on the ratchet por-
tion of the structure, and (iii) can then be used to establish
design principles for self-centering droplet movement on
the herringbone ratchet.

In the literature, several mechanisms have been sug-
gested to explain the self-propulsion of droplets due
to substrate asymmetry, such as a jet-thrust effect [13],

FIG. 2. Renderings of (a) a typical ratchet structure, (b) a typical herringbone structure, and (c) a proposed herringbone-ratchet
structure with a ratchet pattern rotated at an angle of « = 45° from the center line.
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FIG. 3. The profile of a typical ratchet design, measured
using an optical profiler (Bruker ContourGT): (a) the three-
dimensional (3D) profile; (b) the two-dimensional (2D) cross
section, showing the dimensions of the ratchet structure.

thermal creep flows [15], temperature-difference-induced
Marangoni flows [16], and vapor rectification by the sub-
strate geometry [9,10,12]. However, previous experimen-
tal [12,17,18] and numerical [10-12,17,18] works have
demonstrated that the viscous-stress-induced propulsion
due to vapor rectification is dominant. Most notable is the
work by Soto et al. [12], which employs rectangular cross-
section grooves to evacuate vapor asymmetrically when
arranged in a herringbone pattern. The use of such locally
symmetric tooth profile negates the effect of any gradi-
ents induced due to thermal creep or Marangoni flows.
Although Marangoni-driven flows have also been high-
lighted as a possible self-propulsion mechanism [16,19],
recent studies have shown that internal flows homogenize
the temperature in the drop [20]. Therefore, rotation due to
Marangoni flows might be present but has a marginal role
in self-propulsion. We therefore believe it is reasonable to
assume that shear stress induced due to vapor rectification
is the dominant propulsion mechanism.

A droplet moving on the ratchet portion of the sub-
strate is driven by a propulsion force originating from the
vapor and an inertial resistance acting on the liquid-vapor
interface that originates from the minor shocks from the
textured substrate [13]. The viscous resistance from the
vapor flow is negligible compared to the inertial resistance
[13]. As a result, for a droplet far from the center line on
the substrate at a given temperature and of specific ratchet
angle design, its equation of motion in the direction of the
ratchet slope can be written as follows:

mi = F, — cpv?, (1)

where, F), is the propulsion force on the droplet, m is the
mass of the droplet, v is the droplet’s velocity, and ¢; is
a numerical coefficient representing the inertial resistance
offered by the ratchet. The parameter ¢; will depend on
the ratchet design, the temperature, the droplet’s volume
and shape, and the deformation of the droplet over the
ratchet grooves. By using Fig. 1, we assume that the iner-
tial resistance for drop movement parallel to the ratchets is
relatively small [12]. For a droplet released from rest, the
solution to Fig. 1 is as follows:

v = v tanh(¢/7). 2)

Here, v, = ,/F,/c; is the terminal velocity of the droplet
and T = m/,/c;F", is the relaxation time and gives an esti-
mate of the droplet’s acceleration; the time taken by the
droplet to achieve 99% terminal velocity is given as ¢t =
2.64t. Equation (2) describes the motion of a droplet that,
at time ¢ = 0, initially accelerates with v;/t and then even-
tually achieves a constant velocity of v,. For a given droplet
volume, the motion of the droplet can be characterized by
deducing F, and ¢; from experimental droplet motion data.
To do so, the displacement (s) of the droplet with time is
obtained for the desired droplet volume and substrate tem-
perature on the design of interest and fitted to the integral
of Eq. (2), i.e.:

s = v,T In[cosh(¢/7)]. 3)

Figure 4 shows the droplet displacement data for different
droplet volumes on the ratchet-only substrate with § = 25°
at a substrate temperature of 250°C. As seen by the fit
curves in Fig. 4, Eq. (3) accurately describes each set
of displacement data curves and provides estimates of v,
and 7, and hence the propulsion force F), and the coef-
ficient ¢; representing the inertial resistance offered by
the ratchet, for each case. The inset of Fig. 4 shows the
droplet speeds, using v; and 7 in Eq. (2), deduced from the
experimental data.

C. Simulations of the viscous propulsion force due to
the ratchet portion of the herringbone ratchet

To better understand the design of the herringbone
ratchet, we use numerical simulations of the vapor flow
over a ratchet to calculate the viscous propulsion force and
its dependence on the ratchet geometry. The propulsion
force obtained from the simulations is denoted as F and
is assumed to provide an approximation to F), as defined in
the previous section.

A 3D single-phase laminar-flow incompressible numer-
ical model (using Ansys 17.1) is employed, to simulate
the flow of vapor from a stationary evaporating droplet
(with a circular base) over the ratchet, as depicted in
Fig. 5(b). The simulation domain models the vapor phase
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TABLE I. A summary of the features and speeds of different propulsion structures.
Droplet Experimental Fitted terminal Fitted
Design Feature Ratchet angle, Temperature volume droplet maximum velocity, v, relaxation
structure height (mm) B (degrees) (£5°C) (ml) velocity (mm s~!) (mms~h) time, 7 (s)
Ratchet 0.26 15 250 0.04 350 £+ 10 350 £ 10 0.33 £ 0.04
0.26 15 250 0.10 31545 340 £ 20 0.62 +0.04
0.26 15 250 0.20 240 £ 10 300 £+ 20 0.83 +0.07
0.26 15 250 0.40 250 £+ 30 220 £ 40 0.70 £ 0.20
0.26 15 250 0.60 180 £+ 20 140 £ 40 1.10 £ 0.50
0.47 25 250 0.04 180 £+ 30 160 £+ 20 0.27 £ 0.08
0.47 25 250 0.10 250 £+ 20 260 £ 30 0.50+0.10
0.47 25 250 0.20 250 £+ 30 260 £ 20 0.46 + 0.06
0.47 25 250 0.40 270 £+ 20 270 £ 20 0.56 +0.08
0.47 25 250 0.60 250 £+ 40 270 + 30 0.60 +0.20
1.00 45 250 0.04 120 £+ 20 127+£6 0.29 £ 0.03
1.00 45 250 0.10 130 £ 30 200 £+ 20 0.90+0.10
1.00 45 250 0.20 160 + 30 250 £40 1.10 £0.20
1.00 45 250 0.40 180 £+ 20 250 £ 20 0.90 +0.20
1.00 45 250 0.60 180+ 10 240 + 40 1.00 £ 0.20
Herringbone ratchet 0.26 15 250 0.04 330+ 20 290 £ 20 0.21+£0.02
0.26 15 250 0.10 330 £+ 20 280 £+ 20 0.27 £0.02
0.26 15 250 0.20 300 £+ 10 290 + 10 0.46 +0.02
0.26 15 250 0.40 250+ 20 200 £ 20 0.20 +£0.02
0.26 15 250 0.60 240 £ 10 200 £ 10 0.35+0.02
0.26 15 320 0.04 220+ 10 210 £ 10 0.59 +£0.03
0.26 15 320 0.10 200 £+ 10 173 £ 10 0.45+0.03
0.26 15 320 0.20 210 £ 10 190 £ 10 0.56 £ 0.03
0.26 15 320 0.40 180 £ 10 153 £10 0.68 +0.03
0.26 15 320 0.60 150 + 20 130 £ 20 0.8£0.1
0.90 42 250 0.04 200 £+ 20 190 £+ 20 0.42 +0.05
0.90 42 250 0.10 210+ 20 190 + 20 0.46 +0.05
0.90 42 250 0.20 220 +20 200 £ 20 0.38 £0.04
0.90 42 250 0.40 220 £+ 20 180 £+ 20 0.17 £ 0.02
0.90 42 250 0.60 250 £+ 20 220+ 20 0.314+0.03
0.90 42 320 0.04 240 £+ 10 190 + 10 0.29 +0.02
0.90 42 320 0.10 240 £+ 20 220 £+ 20 0.38 +0.04
0.90 42 320 0.20 280 + 20 240 £ 20 0.314+0.03
0.90 42 320 0.40 290 £+ 10 260 + 10 0.29 +0.02
0.90 42 320 0.60 300 £20 280 £+ 20 0.41 £0.03

around the droplet and the substrate, as shown in Fig. 5(b)
and 5(¢).

The evaporating liquid-vapor interface (boundary 1) is
modeled as an air inlet supplying vapor at constant velocity
(in the z direction) over the substrate. The air-flow veloc-
ity is obtained from experiments using the evaporation rate
of a droplet of given volume. Given the droplet volumes
used in the experiments (the drop size is greater than the
capillary length /.), the droplet radius near the substrate
is estimated by assuming a puddle shape with height 2/,
[21]. The substrate boundary (boundary 4) is assigned a
no-slip stationary-wall condition. The distance between the
liquid-vapor interface of the droplet and the substrate (%) is
taken as 50 um, which is representative of the scale of the
vapor-layer thickness of droplets in the Leidenfrost state
[3]. This thickness is also a computational constraint with

regard to the large computation time needed for smaller
thicknesses. The boundaries representing the liquid-vapor
interface around the droplet (boundary 3) are set as free-
slip boundaries, which neglects any shear forces due to
the flow inside the droplet. The other boundaries are set
at zero relative pressure, which simulates the surrounding
atmosphere (boundary 2). The flow properties of the vapor
are taken for steam at 100 °C. The propulsion force on the
droplet is calculated by integrating the shear stress on the
liquid-vapor interface of the droplet (near the substrate)
over its base area 4:

Uy 0
FSZ/M( u +—”y)dA. )
4 0z dz
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Here, p is the dynamic viscosity of the vapor, u, is the
vapor velocity in the x direction, and u, is the vapor
velocity in the y direction, as defined in Fig. 5. The mesh
convergence analysis of the simulations is discussed in
Appendix.

Figure 6 shows simulation results comparing the propul-
sion force (F§) on a stationary droplet (V= 600 wl) for
different ratchet geometries. The asymmetry in the tooth
geometry gives rise to a pressure gradient in the generated
vapor layer. This pressure gradient leads to a viscosity-
dominated propulsion force on the levitating droplet, in
the x direction [9,10]. As a consequence, the viscous
propulsion force depends on the pressure gradient and the
vapor-film thickness. As the tooth angle increases, the
pressure difference between the tip and the tooth base
increases, which implies an increase in the propulsion
force. However, a decrease in the average vapor-layer
thickness introduces a competing factor that decreases the

(@) (b) Boundary 3:

Free slip

Boundary 1: ’
u#0,v=v, w=y0.~""

Z
k}-’(’ Boundary 2:

propulsion force. Numerical simulations shown in Fig. 6
agree with the above explanation where, for smaller tooth
angles, the increase in propulsion force with tooth angle,
proportional to tan® B, agrees with analytical formulations
for B < 10° [17,18]. We also note that a cotf depen-
dence appears to fit the higher angles, although there is no
analytical model for this limit.

D. Drop movement on a herringbone ratchet

To simulate the movement of an off-center droplet, Egs.
(5) and (6) are used to track the x and y positions of the
droplet at each time 7 (using Matlab):

2 .
) . c;vzsin(a — 6,)
mv, = F, sina — e %)
sin o

FIG. 5. (a) A pictorial repre-
sentation of a ratchet substrate.

\ (b) The simulation domain of the

vapor above the substrate and
the boundary conditions employed
for simulating vapor flow from
an evaporating droplet over the
ratchet substrate. (c) The side
view of the simulation domain and
the boundary conditions.

p=0 Boundary 2
B@dary 2 Boundary 3 Boundary 3
i Boundary 1 N I yn
VA i *
]_?.f Boundary 4: No slip wall
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FIG. 6. Simulation results of vapor flow showing comparison
of the propulsion force (F§) on a stationary droplet (V' = 600 1)
for different ratchet geometries. The propulsion shear force has
been normalized by the maximum shear force, which occurs at a
ratchet angle of approximately 19° (Fy = 690 uN).

. c;v} sin(o — 6g)
mi, = F,cosqg — ——————

(6)

cos o

where, in this coordinate system, x is along the center
line of the herringbone ratchet, y is perpendicular to x,
and « is the herringbone angle, which is the angle of the
ratchet grooves with x. Here, v, is the droplet velocity in
the x direction, v, is the droplet velocity in the y direc-
tion, and 6; = atan(v, /v,); o — 6, represents the angle at
which the droplet travels relative to the ratchet grooves.
As the droplet is propelled by the ratchet part of the sub-
strate, F, and c; represent the propulsion force and the
inertial damping coefficient of the ratchet only, obtained
from characterizing the motion on the ratchet portion of
the substrate as described previously (Sec. 1I B).

The motion along the center line of the herringbone
ratchet can be described by an equation of the form given
by Eq. (1), with a solution in the form of Eq. (2) [and
Eq. (3)]. This motion will be characterized by an inertial
damping coefficient for droplet movement along the cen-
ter line, c.;, different to that obtained for motion purely on
the ratchet portion of the substrate c.; ~ ¢; sin® o [12]. By
describing droplet motion using Eq. (2), we develop a com-
mon method for comparing the propulsion characteristics
of different ratchet and herringbone-ratchet designs. Fur-
thermore, by using numerical simulations in conjunction
with experimental data, we are able to qualitatively under-
stand the centering characteristics of herringbone ratchets,
which aids in establishing their design principles.

II1. RESULTS AND DISCUSSION

As mentioned in Sec. IID, to explore droplet move-
ment on a herringbone-ratchet substrate, droplet motion
on ratchet-only substrates are analyzed. These studies on
the ratchets provide information about the propulsion char-
acteristics of the ratchet (Sec. II), which, combined with

the previously studied herringbone design [12], informs
the implementation of a self-centering herringbone-ratchet
design. The self-centering characteristics of a herringbone-
ratchet design illustrate the concept of negative-feedback
control of the droplet position in Leidenfrost levitation and
transportation.

As described in Sec. II A, we find that the highest-speed
experimental ratchet geometry results occur for g = 25°:
this structure is shown in Fig. 3. Video evaluation of
ratchet structures has shown that the droplets travel at a
terminal velocity of approximately 300 mms~', as can be
seen in Fig. 4. As expected, the droplets move in the direc-
tion of the downward slope of the sawtooth triangles. Over
the volume range that we consider, the droplets’ termi-
nal velocity shows a weak dependence on droplet volume.
There is no centering of the droplets on this configura-
tion of block. Furthermore, they reach a terminal velocity
within approximately 0.4 s, with smaller droplets accel-
erating to their terminal velocities more quickly than the
larger droplets.

To achieve centering capabilities, we now consider
the ability of the combined herringbone-ratchet struc-
ture [Fig. 2(c)], inspired by the herringbone structure
previously investigated by Soto et al. [12], to provide neg-
ative feedback and Leidenfrost levitation to achieve stable
low-friction motion along user-defined pathways.

A. Droplet centering on a herringbone ratchet

Video 1 shows droplets centering on a herringbone
ratchet with a herringbone angle of @ = 45° and a ratchet
angle of B = 42°. It can be seen that a droplet deposited
off center is propelled toward the center line. After a
few underdamped oscillations about the center line, it
self-centers and travels along the center line until reach-
ing the end of the substrate. This experiment verifies the
self-centering characteristics of the herringbone ratchet.

Another herringbone-ratchet design with o = 42° and
a ratchet angle of 8 = 15° is considered (Fig. 7). Based
on simulations and experiments, this reduced ratchet angle
provides a relatively higher propulsion force, as seen in

VIDEO 1. A video showing 1-mm-high by 1-mm-wide saw-
tooth triangles (ratchet angle 8 = 45°) in a herringbone-ratchet
structure.
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FIG. 7. The profile analysis of the reduced-height ratchet in a

herringbone-ratchet design.

Fig. 6. Although a ratchet with the highest propulsion
force is expected at a higher ratchet angle (8 = 19°), the
aim is to provide a slight increase in velocity, but as a
compromise with centering capability.

As seen in Videos 1 and 2, droplets deposited off cen-
ter tend to overshoot and then correct repeatedly, due to
negative feedback, resulting in an underdamped oscillation
about the center line. The videos also show that the center-
ing strength of the herringbone ratchet with ratchet angle
B = 15° is lower than that of a herringbone ratchet with
B =42°.

The difference in centering characteristics of the above-
mentioned designs can be understood by looking at the

VIDEO 2. A video showing 0.26-mm-high by 1-mm-wide
sawtooth triangles (ratchet angle § = 15°) in a herringbone-
ratchet structure.

0 <( ______@_ J-

FIG. 8. A pictorial representation of droplet movement on
a herringbone-ratchet structure, showing the air-flow direction
(blue arrows), the force due to the ratchet geometry (red dot-
ted arrows), and the velocity vector of the droplet (black solid
arrow).

forces on a droplet at different instances on the herringbone
ratchet. Consider a droplet deposited at position |y| < R
(where R is the droplet radius) on a herringbone ratchet,
as depicted in Fig. 8. At this position, the droplet move-
ment is decided solely by the ratchet structure, through the
propulsion force (£),) and the time to reach terminal veloc-
ity (indicated by 7). As it crosses the center, the direction of
the propulsion force changes and the droplet decelerates in
y, i.e., the propulsion force now provides a restoring force
along with the inertial resistance (c;). The distance the
droplet travels before reversing toward the center depends
on the droplet’s inertia (pR?v?) while crossing the center,
the propulsion force (F),), and the inertial resistance from
the ratchet (c;v?). As the droplet spends a relatively short
time near the center, the herringbone element of the design
does not contribute to the centering capabilities. Once the
droplet stabilizes in the region |y| < R, the herringbone
element also contributes toward the propulsion in the x
direction.

Assuming that the droplet attains its terminal veloc-
ity before reaching the center line, the distance in x at
which the droplet centers, from its point of deposition, is
termed the “centering distance” d.. and can be expressed as
follows:

R2 2
dooc =0 7
Fp + CiV;
On rearranging, Eq. (7) becomes
1
X ———. 8
F,/ vt2 + ¢ ®)

Equation (8) assumes that the droplet reaches its termi-
nal velocity associated with motion on the ratchet portion
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VIDEO 3. A video showing 0.47-mm-high by 1-mm-wide
sawtooth triangles (ratchet angle § = 25°) in a herringbone-
ratchet structure manufactured into an octagon shape.

of the substrate as it approaches the center line. A com-
parative estimate of the centering distance of a droplet on
different herringbone-ratchet geometries can be made from
the ratio F,/v?. Although the propulsion force on a g =
15° ratchet is larger than the § = 42° ratchet, the accel-
eration and terminal velocity of the droplet are also larger.
Considering that the terminal velocity and propulsion force
are larger on the 8 = 15° compared to the B = 42° ratchet
by a factor of approximately 2 (Fig. 6 and Table 1), a
droplet on a B = 15° ratchet would have a larger centering
distance d,. from Eq. (8), as can be seen in Videos 1 and 2.

The simulation of a 40 w1 droplet on these designs [using
Egs. (5) and (6)] agrees with the aforementioned travel
and the centering and damped oscillation characteristics of
motion on a herringbone ratchet are shown in Fig. 9. A
droplet deposited off center on a 8 = 42° ratchet demon-
strates a better centering capability at the cost of travel
speed.
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To further demonstrate the ability to control the droplet
direction, we create an octagon consisting of 16 angled,
0.4-mm-high by 1-mm-wide ratchet (8 = 22°) triangles
on blocks, configured to form a herringbone-ratchet ring.
Video 3 shows the octagon shape heated, with droplets dis-
pensed on the surface. As can be seen, the droplet path can
be controlled by changes in the center line of the combined
herringbone-ratchet octagonal shape.

B. Centered droplet movement

The displacement profiles for droplets of different vol-
umes released on the center line of the B = 42° struc-
ture can be seen in Fig. 10. The droplets, once centered,
travel at 200250 mms~! along the center line, depend-
ing on the droplet volume. Larger droplets accelerate more
quickly than smaller droplets and the maximum velocity
appears to increase slightly with increasing droplet vol-
ume. The droplets are tested at both 250°C and 320 °C,
with the droplets traveling at higher speeds for the higher
temperature. The terminal velocity of a droplet on this
herringbone-ratchet design is larger compared to the equiv-
alent ratchet-only design, which provides speeds of up to
150mms~'. The ability to better control the position of
the droplets at high velocities is a major advantage of the
herringbone-ratchet design.

In the case of the B = 15° structure, the lower ratchet
height results in higher velocities (as can be seen in
Fig. 11 and Video 2). Droplets travel with maximum
experimental velocities of 240-330 mms~' depending on
the droplet volume, compared to 200250 mms~! for
the higher ratchet angles. However, in this case the
trend for the droplet volume and the terminal velocity is
opposite to that observed in the 8 = 42° structure, with
larger-volume droplets traveling more slowly than smaller
ones.

FIG. 9. A comparison of the
simulated movement of 40 ul
droplets on different designs.
x is the travel direction and
y is the direction across the
herringbone-ratchet structure.
The droplet is released from
(x,y) =0 mm,—25 mm) at
t =0 s. The shaded blue region
shows the droplet diameter.

— 3 = 15°: Simulation
— (3 = 42°: Simulation
o (=15 Experiment
* (3 =42°: Experiment
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FIG. 10. Experimentally
observed average-x-displacement
(center-line) profiles of water
droplets of different volumes
released on the center line of
L a B =42° herringbone ratchet
at 250°C. The dotted lines are
the fit curves of Eq. (3) on the
experimental data, which are
§ 10041 used to obtain v, and t for each
1 droplet volume. The inset shows
the velocity vs time curves,
represented by Eq. (2), using
the values of v, and t. For more
information, see Table 1.
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To investigate the trends of the terminal velocity
(vi = \/F,/c; against the droplet volume, we observe the
variation of F, with droplet radius R, considering c¢;
R? [12]. The shear force from the vapor flow is given
as F, o« R*/h® [13]. In the case of lower ratchet heights
[Fig. 12(a)], the vapor-layer thickness can be assumed to
be uniform across the entire liquid-vapor interface [13].
In such a case, the average vapor-layer thickness is esti-
mated from two equations. The first is an energy-balance
equation, where the heat transfer across the vapor layer is
converted into the latent heat of vaporization. The second
equation balances the pressure from the exiting vapor with
the weight of the levitating droplet. These equations result
in i = /bR, where b = \/3knAT/(4Lp.pugl.) [13]. The
above expressions give F,, o« R*/2, resulting in v, o« R™1/4;
for the B = 15° ratchet v; o« R=%!3 from the experiments.
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In the case of larger ratchet heights, the liquid-vapor
interface does not interact significantly with the ratchet
surface, as shown in Fig. 12(b). In this case, the vapor-
layer thickness providing the shear force is predominantly
identified by the ratchet height and the deformation of the
liquid-vapor interface. Both of these factors remain mostly
independent of the vapor flow velocity and are identified
by the surface tension and the geometry of the ratchet.
Therefore, as /4 remains independent of R, F}, o R3, result-

ing in v; o¢ ~/R. The above explanation indicates a terminal
velocity that increases with the droplet volume, similar to
what is observed experimentally for the 8 = 15° structure.
However, it is important to note that the scaling observed
from the experiments does not agree with the 0.5 exponent;
from experiments, the exponent is approximately 0.1. This
difference in scaling might be because of interaction of the

FIG. 11. Experimentally
observed average-x-displacement
(center-line) profiles of water
droplets of different volumes
released on the center line of
a f =15° herringbone ratchet
at 250°C. The dotted lines are
the fit curves of Eq. (3) on the
experimental data, which are
used to obtain v, and t for each
droplet volume. The inset shows
the velocity vs time curves,
represented by Eq. (2), using
the values of v, and t. For more
information, see Table 1.
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(@) (b)

Z
Lx
FIG. 12. A pictorial representation of the liquid-vapor interface

over (a) a 0.25 mm x 1 mm ratchet and (b) a 1 mm x 1 mm
ratchet.

vapor layer with the ratchet tip, which is not considered in
the aforementioned scaling.

IV. CONCLUSION

In this work, we introduce the concept of negative
feedback to enable Leidenfrost levitation and stable low-
friction droplet transportation along user-defined paths. In
our implementation, we design a structure with a small-
length-scale ratchet on a macroscale herringbone structure.
The herringbone defines a center-line direction and the
ratchet provides propulsion and a feedback force stabiliz-
ing motion along the center line. The herringbone-ratchet
design is optimized for droplet centering or droplet speed,
with speeds of up to 330 mms~! on a herringbone ratchet
with a ratchet angle of 15°, compared to the fastest speed
on a ratchet of 350 mms~! on a ratchet with an angle of
15°. The greater droplet control of a herringbone ratchet
leads to the ability to maneuver droplets around more com-
plex paths. This means that the Leidenfrost effect can now
provide a viable droplet-control mechanism.
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APPENDIX: SIMULATION MESH
CONVERGENCE

The optimum mesh size for the simulations (detailed
in Sec. I B) is identified by performing a mesh conver-
gence analysis. The simulation domain shown in Fig. 5(c)
is meshed with different mesh sizes and a relative-
convergence parameter is calculated as follows on the

10°
1072 ¢
O 107 ¢
1075
10-8 ‘ ‘ ‘ .
0 20 40 60 80 100
Mesh size (um)
FIG. 13. The mesh convergence plot for the pressure field, the

velocity field, and the u velocity field gradient in the y direction
(0u/dy). The filled markers represent the C values for the chosen
mesh size.

obtained velocity field:

C= Z(V_rref)z.
z:rfef

Here, r refers to the pressure and velocity field variables
(», u, v, w, and du/dy) and rr refers to the correspond-
ing variable for the reference mesh with maximum element
size of 5 um. It is important to note that this smallest mesh
size is an order of magnitude smaller than the assumed
vapor-layer thickness of 50 um. The variation of C with
the different mesh sizes is shown in Fig. 13.

The simulation domain is meshed such that the corre-
sponding value of C lies below the 1 x 1073 threshold
marked in Fig. 13. This threshold value ensures accuracy
of the obtained solution while reducing the computational
time of the simulation. The chosen mesh has different ele-
ment sizes on different boundaries of the domain (Fig. 5):
boundary 1 with 10 um and boundaries 2 and 3 with
100 um—the rest of the domain is meshed with 50-um-
sized tetrahedral elements. The C values of the flow-field
variables for this mesh size are indicated with filled mark-
ers in Fig. 13.
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