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Abstract

Overcoming friction while generating useful torque is a challenge for micro engines. Here
we report the development of a microscale engine that utilizes transition boiling as a mode
of propulsion and the Leidenfrost effect as a friction-less bearing. The transition boiling
micro engine shows significantly improved performance compared to a Leidenfrost engine,
which uses vapor entrainment as a propulsion mechanism (up to 3 orders of magnitude
higher efficiency). We characterise the performance of the transition boiling engine with
temperature and develop an analytical model to model and compare the engine performance
with experimental observations. Our results provide a new approach to generating torque
with a virtually frictionless bearing in micro-engines unlocking applications in, e.g., remote
sensing and low-grade energy harvesting.

Keywords: Leidenfrost, transition boiling, vapor bearing, heat engine, thin-film boiling

1 Introduction

Thermal energy harvesting at microscales is promising for applications in remote sensing, space
exploration and low grade energy harvesting [1, 2]. Advancements in micromachining and 3D
printing have provided opportunities to scale down macro-scale gas and vapor cycle-based rotary
and reciprocatory thermo-mechanical engines [3, 4]. A low inertia favours the development of
such millimetric and micro-scale engines, but an increased surface area to volume ratio increases
energy losses and component wear due to solid friction [5, 6]. However, new mechanisms that
exploit this increased surface area to volume ratio have been explored to induce motion such as
using drop impact [7] and micro-bubbles [8, 9]. Friction on moving components at these small
scales can be overcome by removing direct contact between a stator and a rotor via levitation
using electrostatic [10] and magnetic [11] fields or through gas or liquid hydrodynamic bearings
[12, 13]. Primarily developed for driving micromotors, the application of these technologies is
limited as they involve multi-component design and complex machining processes.

Recently, the Leidenfrost effect has been exploited to provide simultaneous self-propulsion
and hydrodynamic lubrication, working as a virtually frictionless heat engine [14–16]. Here, a
liquid drop levitates on a cushion of its own vapor on a superheated substrate [17], and undergoes
self-propulsion in the presence of asymmetric substrate textures [18–24] or asymmetries in the
levitating mass [25–27]. Such a self propulsion can also be obtained at temperatures lower than
the Leidenfrost temperature on superhydrophobic surfaces due to reduced heat transfer [28–30].
Although this mechanism provides a simplified operational design for in-situ lubrication and
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energy conversion, the viscous drag driven propulsion [31] results in low propulsion torque and
power outputs.

In this work, a heat engine is presented where the virtually frictionless properties of Lei-
denfrost levitation is integrated with the dynamics of transition boiling. The short time scale
dynamics of bubble growth has been widely used in inkjet printing [32, 33] and, more recently,
for micro-propulsion in micro-thrusters [34, 35] and micro-motors [36, 37]. This work employs
these millisecond time dynamics of bubble nucleation to rapidly propel a solid coupled to a
liquid rotor in a Leidenfrost state on a heated substrate. These two states are simultaneously
achieved by radially positioning bubble nucleation sites, via machined rough features, on a
smooth substrate. A simple analytical model is proposed to understand the dynamics of this
engine and compare the rotation outputs with a Leidenfrost engine [14] of the same system size.
By eliminating solid friction, this millimetric scale bubble powered engine is able to generate
power outputs of the order of 10 µW, significantly higher than previously developed bubble
powered devices [38, 39]. Apart from converting heat to mechanical energy, such controlled
bubble-powered propulsion devices can also be used for mixing bio-reagents in lab-on-a-chip
devices [40] and electronic coolants in microgravity conditions [41].

2 Experimental setup

Figure 1 (a) and (b) show a schematic and an experimental view of the transition boiling engine.
A key component of the engine is the thin-sheet containing three indents (1mm x 0.3mm x
0.2mm), positioned radially at the centre of the engine (Figure 1 (c) and (d)), to create localised
bubble nucleation sites. The indents are angled away from the substrate as shown in Fig. 1 (e)
and (f). This thin sheet is sandwiched between the heated substrate and a confinement well
(Figure 1 (a)). The smooth surface of the confinement well contains the liquid drop, coupled
to an aluminium rotor (diameter dp =7mm and thickness hp =1mm) via surface tension, and
ensures the liquid is in a Leidenfrost state with the walls of the well. A black line is marked on
the rotor for tracking its rotation speed.

The setup is placed on hotplate (Stuart UC-150) and the temperature at the base of the
well is recorded via a thermocouple placed by the side of the engine (Figure 1 (b)). A fixed
volume of water is inserted in the well and the aluminium rotor is lowered on the drop within 5
seconds of depositing the water. The temperature is recorded before injecting the liquid, during
the operation of the engine and after the rotation has stopped. The temperatures reported in
this study are an average of these three temperatures, which provides a maximum standard
deviation of ±5 °C. The rotation of the rotor is recorded at 500 fps (IDS UI-3130CP) for a
maximum recording time of 15 seconds.
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Figure 1: (a) 3D render of the different components of a transition boiling engine; (b) Experi-
mental view of the engine with the liquid and the solid rotor; (c) Schematic view of the indent
dimensions after planar fabrication; θx is the angle between the x-axis and the r-axis; (d) 3D
render of the planar fabricated indents indicating the angle θx; (e) Experimental view of the
indents after bending away from the substrate (about the y-axis); (f) 3D render of the indents
bent away from the substrate after rotation by θi about the y-axis.

3 Results

Figure 2 shows a typical rotation sequence of the solid-liquid rotor, starting from rest. During
its operation, the water remains in the Leidenfrost state over the heated substrate but undergoes
transition boiling on the indents. The rotation is driven by the bubbles generated from these
nucleation sites, identified by an audible bubbling sound during operation. If the bubbling sound
is absent, the rotor either does not rotate or rotates randomly, which indicates a Leidenfrost
state on the indents; this random rotation is because of internal flows generated in a random
directions in a Leidenfrost drops [25]. The rotation direction is opposite to the orientation of the
indents, i.e, the rotor rotates in the clockwise direction for counter-clockwise pointing indents
(as in Figure 2 (a)) and vice-versa (Figure 2 and Supplementary video SV1).
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(a)

(b)

Figure 2: Controlling rotation direction of rotor in a transition boiling engine: (a) Counter-
clockwise pointing indents; (b) Clockwise pointing indents. For both experiments Vd = 50 µL
and Tw =285 °C. Supplementary video SV1.

Figure 3 shows typical evolution of the angular speed of the rotor (ω) over time for different
liquid volumes (Vd) and substrate temperatures (Tw). The rotor accelerates from rest and rotates
at a constant terminal angular speed (ωt) till either the solid rotor collides with the well or the
liquid is exhausted. The rotation can be sustained by replenishing the liquid, as can be observed
in Fig. 3, represented by green circles (Vd =50 µL, Tw =245 °C) and Supplementary video SV3.
The terminal rotation speeds are strongly dependent on the deposited volume (Figure 4 (a)).
A larger deposited droplet volume equates to lower terminal speed (comparing the 50 µL and
100 µL), however the 140 µL droplet demonstrates a larger speed than the 100 µL. This is likely
because the drop is large enough to interact with the top of the side walls of the well where there
are bubbles being formed and creating stronger flows inside. There are only two temperatures
reported for these experiments with Vd=140 µL as at lower temperatures there was vigorous
boiling and no stable rotation could be observed, while at higher temperatures, the liquid is
in a Leidenfrost state with the side walls completely, therefore no additional bubbles from the
top of the side walls was observed. Additionally, it also likely that the flows generated from
the bubbles on the indents dissipate in this larger liquid volume before reaching the solid rotor,
therefore, no consistent rotation was observed. By restricting the height of the liquid volume,
either naturally to twice the capillary length [19] by altering the geometry of the side walls or
by manually controlling the position of the solid rotor [16], the operating temperature range of
the engine can be increased at higher drop volumes.
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Figure 3: Typical evolution of rotation speeds at different deposited volumes of the liquid (Vd)
and substrate temperatures (Tw). Supplementary video SV2.

Due to the nature of propulsion, the engine operates in a narrow temperature range. The
minimum operating temperature limit is determined by the Leidenfrost temperature on the
walls and the substrate to allow reduced friction due to levitation. For example, in the present
experiments with Aluminum as the substrate and water as the liquid, the Leidenfrost tempera-
ture is around 225 °C. By lowering the Leidenfrost temperature, either by using a highly volatile
liquid [42, 43], low pressure environment [44] or superhydrophobic coatings [28], this minimum
operating temperature can be lowered.

The maximum operating temperature limit is determined by the Leidenfrost temperature
on the indents and their geometry, which indicates a termination of bubble nucleation driving
the rotation. To increase the maximum operating temperature, the indents can be selectively
roughened to increase the Leidenfrost temperature relative to the substrate and the walls. The
indents should also penetrate the liquid volume to induce bubble nucleation. Therefore, their
shape and length would also affect the onset of the Leidenfrost state.
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(b)

(a)

Figure 4: Variation of (a) Terminal angular speed (ωt) and (b) Initial torque (Γ0) with substrate
temperature (Tw). Dashed lines are fit curves corresponding to q′′ ∝ ∆T−1.28 [45], derived via
equation 1 and 7.

4 Discussion

The underlying mechanism driving the rotation can be attributed to the evaporation momentum
force [46]. When a liquid undergoes phase change at the liquid-vapor interface (Figure 5 (a)),
the velocity of the vapor is higher than that of the liquid (proportional to the ratio of density
of the liquid to that of the vapor). This sudden ejection of vapor from the interface produces
a reaction force which pulls the interface into the liquid, i.e. the bubble expands. For a 2D
geometry, the evaporative momentum force (FM ) can be written as [46,47]:

FM =
q′′I
hlv

2Asf

ρv
. (1)
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Figure 5: (a) Rendered image of an indent after planar fabrication where the x-axis (along the
indent) is at an angle of θx with the r-axis; (b) Depiction of the evaporative momentum force
on the planar indent; (c) 3D render image of the indent rotated about the y-axis by an angle
θi; (d) Depiction of the evaporative momentum force on the rotated indent indicating a net
evaporative momentum force along the z′ axis. This net force has a component perpendicular
to r-axis (∝ sin(θi) sin(θx)), , which drives the rotation of the liquid and the solid rotor. The
blue dashed arrows indicate the movement of vapor from the interface into the bubble that
produces an outward evaporative momentum force on the interface.

Here, q′′I is the heat flux across the liquid vapor interface, ρv is the vapor density, hlv is the
latent heat of vaporization and Asf is the surface area of the bubble (Asf ∝ D2, where D is the
bubble diameter). For a flat surface, a net evaporative momentum force in the z-direction (Fz

in Figure 5 (b)) detaches the bubble from the surface (coupled with buoyancy forces). On our
inclined indents (Figure 5 (c)), the bubble, or the surrounding liquid, experiences a net force in
the z′ direction (Fz′ in Figure 5 (d)), which propels the liquid volume in a direction opposite
to the orientation of the protrusions. This net force has a component perpendicular to r-axis
(∝ sin(θi) sin(θx)).

4.1 Analytical model

The angular acceleration of the rotor can be expressed as the difference of the driving torque
from bubble nucleation Γb(∝ RFM , R is the droplet radius, assumed equal to the radial position
of the indents) and the resistance to the rotor rotation. The main sources of resistance to the
rotation of the solid rotor are friction due to contact line dynamics at the bubble nucleation
sites, viscous losses in the droplet and aerodynamic drag from the surrounding air. Due to the
significantly small contact area of the liquid with the bubble nucleation sites, we have assumed
that the contact line dynamics do not provide a significant resistance to the flow. The resisting
torque due to aerodynamic drag on the rotor can be written as Γa ∼ ρaω

2R5/Rerot, where
Rerot = ρaR

2ω/µa, R is the radius of the solid rotor, ρa and µa are the density and viscosity of
the air, respectively [48]. For the experimental conditions, Γa scales as approximately 10-10 Nm.
Therefore, only viscous drag due to the droplet on the solid rotor is considered as the dominant
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resistance to flow, which scales linearly with the rotation velocity. Assuming the torque from
the bubble nucleation as a pulsed input, a simplistic lumped equation of motion of the solid
rotor and liquid rotation can be written as (assuming same angular speed of the solid rotor and
the liquid):

(Ip + Il)ω̇p + cvω = Γbf(t), (2)

where, ω is the instantaneous angular speed of the rotor, Ip and Il is the moment of inertia
of the solid rotor and water, respectively, cv is the coefficient of viscous damping, Γb is the
amplitude of the torque produced by the bubble nucleation and f(t) is the pulsed torque input
function:

f(t) =
τ

tp
+

∞∑
n=1

2

nπ
sin

(
πnτ

tp

)
cos

[
2πn

tp
(t− τ/2)

]
. (3)

Here, τ is the pulse width and tp is the time-period of the pulse. We solve equation 2 using
superposition (ω = ω1 + ω2) by solving the following equations:

ω̇1 + cIω1 = cG
τ

tp
, (4)

and,

ω̇2 + cIω2 = cG

∞∑
n=1

g(n) cos

(
2πn

tp
t

)
, (5)

where, cI = cv/(Ip + Il), cG = Γb/(Ip + Il) and,

g(n) =
2

nπ
sin

(
πnτ

tp

)
. (6)

Solving equation 4 and equation 5, and using the initial conditions, ω = 0 at t = 0, the speed
of the rotor is obtained as:

ω =
Γbτ

cvtp
(1− e−cI t) + cG

∞∑
n=1

g(n)

r

[
cos

(
2πn

tp
t− k

)
− cos

(
πnτ

tp
+ k

)
e−cI t

]
. (7)

Here, r =
√
c2I + (2πn/tp)2 and k = tan−1[2πn/(cItp)]. From equation 7 the terminal speed can

be approximated as ωt = Γbτ/(cvtp) and the starting torque on the disk as Γ0 = IpΓbτ/tp(Ip+Il).
Both these values depend on the pulse width via the ratio τ/tp. In the transition boiling engine
this ratio τ/tp corresponds to the ratio of bubble growth time (tg) and the sum of bubble growth
time, departure time (td) and wait time for liquid re-wetting (tw), i.e. cycle time, which varies
between 0.2-0.25 [49, 50]. However, in the Leidenfrost state the concept of cycle time does not
exist as there is a continuous production of vapor between the liquid and the hot surface. As
there is no liquid re-wetting and instantaneous bubble (vapor) production and departure, we
can consider the cycle time is equal to the bubble growth time, i.e., τ/tp = 1. By inserting
τ/tp = 1 in equation 7, the dynamics of the Leidenfrost engine are obtained, as the rotation
is powered continuously by the viscous drag from the rectified vapor [14, 15]. It is important
to note here that in the reported mm-scale Leidenfrost engines the presence of grooves provide
an inertial resistance (ω = ωt tanh(ct)), as opposed to the almost featureless viscous resistance
from the substrate in the transition boiling engine (ω = ωt(1− e−ct)); c is a constant.

Although the bubble frequency increases at higher superheats [51], the ratio τ/tp remains
mostly invariant in the transition boiling regime [49,50,52], while to the best of our knowledge,
no such data exists in the transition boiling regime. Therefore, to explain the observations
in Figure 4, we look at the variation of Γb with the wall superheat (Tw − Tsat), where Tsat

is the saturation temperature of the liquid. Typical bubble sizes generated in our experiment
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are of the order of the indent size, i.e., D =300 µm in diameter (Supplementary information,
Figure S1). Due to a limited visual access to the nucleation site, it is difficult to determine the
dependence of bubble nucleation on wall superheat. Therefore, we use analytical expressions,
such as that proposed by Zhao et al [53]:

D =
4kl(Tw − Tsat)

ρvhlv
√
0.64Pr αl

√
t, (8)

where, kl is the thermal conductivity of the liquid, ρv is the density of vapor, Pr is the
Prandtl number, αl is the thermal diffusivity of the liquid and t is time. Equation 8 is derived
using a microlayer heat transfer model. In this model a hemispherical growing bubble is assumed
to trap a thin microlayer of liquid between the bubble and the surface. The thickness of this
microlayer is expressed by δ0 =

√
0.64Pr αlt [54]. The bubble grows due to the evaporation

of this thin microlayer. It is assumed that the latent heat of evaporation of the microlayer
is balanced by the heat conduction from the wall through the microlayer. Another model for
determining bubble growth characteristics is the contact line heat transfer model, which assumes
that evaporative heat transfer at the contact line is the main source of heat transfer/bubble
growth [55–57]. It is important to note that these models also provide a similar relationship of
D ∝ (Tw − Tsat).

Previous experiments in the transition boiling regime have shown that q′′I ∝ (Tw−Tsat)
−1.28

[45]. Therefore, the variation of the boiling torque Γb with wall superheat is obtained as Γb ∝
(Tw − Tsat)

−0.56. The terminal angular speed, ωt = Γbτ/(cvtp), also follows a similar variation
with temperature. Figure 4 demonstrates an agreement of these trends with the experimental
data for the two deposited drop volumes. However, the predictions disagree with the torque
data for Vd=50 µL. These might be due to variation in the time delay between when the
water is deposited on the substrate and when the solid rotor is lowered on the water volume.
During this time, the water volume (which determines the the rotation) changes depending on
the temperature. At such low volumes, these volume changes can affect the torques obtained
significantly. With an increase in the deposited volume the liquid inertia (Il) and viscous
damping coefficient cv increase, which decreases the terminal speed and starting torque, as
observed with the data for Vd =100 µL in Figure 4. As explained earlier, for Vd=140 µL, the
higher torque and angular speed obtained is likely due to additional nucleation sites created
due to the water volume interacting with the side walls.

4.2 Propulsion efficiency

To calculate and compare the efficiencies of the transition and Leidenfrost engines, a microheater
is used as a heat source in a thermally insulated experimental rig (shown in Supplementary
Figure S2). A micro-grooved turbine-like substrate is used (with channels of width W = 100 µm
and depth D = 90 µm) to calculate efficiency of a Leidenfrost engine at a similar device scale [15]
(Supplementary Figure S2). The torque in a Leidenfrost engine scales significantly with the
system size: Γp ∝ R3W/D3, where R is the radius of the rotor, W is the width of the channels
and D is the depth of the channels, where, for (R, W , D) = (15mm, 1mm, 100 µm), the torque
on the rotor is of the order of 1 × 10−7Nm [15]. Using these scalings for the present system
size i.e. (R, W , D) = (3mm, 100 µm, 90 µm) the torque is of the order of 1× 10−10Nm, which
is comparable to the torque obtained experimentally at 280 °C: 3.94× 10−10Nm.

The transition boiling engine consumes a power of 20W for a substrate temperature of 280 °C
and provides an efficiency of 3.3× 10−5% (Output power: 1.56× 10−5W). The output power
obtained here is equal to lighting approximately 125 LEDs, considering one LED consumes
almost 0.12 µW. Whereas, the Leidenfrost engine, consumes a power of 12 W at the same
temperature giving an efficiency of 4.7× 10−8% (Output power: 5.64× 10−9W). Compared to
the typical torques obtained from the transition boiling engine (Figure 4 (b)), the Leidenfrost
engine provides a much lower torque and power output.
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Assuming that the energy spent in replenishing the evaporating liquid is neglected, the
efficiency of the transition boiling engine is calculated by η = nPo/Q̇in, where Po = Γbωt/

√
3

is the output power, n is the number of indents or bubble nucleation site and Q̇in is the
input heat energy. Considering that bubble generation is highly localised to just the indents,
we assume that a significant heat energy input is spend in levitating the liquid, therefore,
Q̇in = ρvhlvv0πR

2, where v0 = kv(Tw − Tsat)/(ρvhlvh), kv is the thermal conductivity of the
vapor and h is the Leidenfrost vapor layer thickness [16]. As ωt = Γbτ/(cvtp), Po ∝ Γ2

b/cv, where
cv = 2πµlR

4/4H, where µl is the viscosity of the liquid and H is the height of the liquid droplet;
the derivation of cv assumes a Couette flow in the liquid volume [15]. Cnsidering n ∝ R. we
find that the power output does not depend on the device scale R, which implies that η ∝ 1/R2,
i.e., the efficiency of the engine should increase with reduced system scales.

In the transition boiling engine a significant amount of heat is spent in providing lubrication
via the Leidenfrost effect. However, superhydrophobic coatings on the base and the confining
walls can be used to provide sufficient lubrication without the need of a Leidenfrost state [28].
This coating based lubrication significantly reduces the energy requirement for inducing propul-
sion and can be used to waste heat energy recovery or remote sensing applications [41], where
the rotation can be converted to electrical energy using magnetic nanoparticles suspended in
the liquid or magnets coupled to the rotor [14]. Through a coating based lubrication, propulsion
can also be driven by bubbles generated through localised heating either using lasers [58, 59]
or patterned electrodes [24] for mixing biological fluids in lab-on-a-chip devices for healthcare
diagnostics [40].

5 Conclusion

In this work we demonstrate a new type of micro-engine utilising two types of boiling mech-
anisms: controlled local bubble nucleation due to transition boiling is used to propel a solid
coupled to a liquid rotor via surface tension, while the Leidenfrost effect is used as an almost fric-
tionless vapor bearing. The propulsion mechanism is attributed to the evaporative momentum
force produced on the liquid-vapor interface of the nucleating bubbles. The terminal rotation
speed decreases with increasing temperature, which is attributed to the decrease in heat flux
with increasing wall superheat. The transition boiling engine shows an efficiency enhancement
of almost three orders of magnitude compared to a Leidenfrost engine which uses vapor en-
trainment as a propulsion mechanism. By focusing on further integration of the engine for
continuous operation and electricity generation and employing surface wettability modifications
to lower operating temperatures, our work offers potential for autonomous remote sensing based
on waste energy harvesting. The concept of boiling induced controlled bubble-based propulsion
offers potential for mixing application in lab-on-a-chip systems and coolants in microgravity via
controlled heating through lasers or selective electrode patterning.
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Clanet, and David Quéré. Leidenfrost wheels. Nature Physics, 14:1188–1192, 2018.

[26] Guillaume Dupeux, Tobias Baier, Vincent Bacot, Steffen Hardt, Christophe Clanet, and
David Quéré. Self-propelling uneven Leidenfrost solids. Physics of Fluids, 25(051704),
2013.

[27] Hao Xu, Antoine Thissandier, Ruijie Zhao, Peng Tao, Chengyi Song, Jianbo Wu, Wen
Shang, and Tao Deng. Self-propelled rotation of paper-based Leidenfrost rotor. Applied
Physics Letters, 114(113703), 2019.

[28] Guillaume Dupeux, Philippe Bourrianne, Quentin Magdelaine, Christophe Clanet, and
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