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Recently, there is much interest in droplet condensation on soft or liquid or liquidlike substrates.
Droplets can deform soft and liquid interfaces resulting in a wealth of phenomena not observed on hard,
solid surfaces (e.g., increased nucleation, interdroplet attraction). Here, we describe a unique collective
motion of condensate water droplets that emerges spontaneously when a solid substrate is covered with a
thin oil film. Droplets move first in a serpentine, self-avoiding fashion before transitioning to circular
motions. We show that this self-propulsion (with speeds in the 0.1–1 mms−1 range) is fueled by the
interfacial energy release upon merging with newly condensed but much smaller droplets. The resultant
collective motion spans multiple length scales from submillimeter to several centimeters, with potentially
important heat-transfer and water-harvesting applications.
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With its long and illustrious history, the study of con-
densate droplets (sometimes called breath figures) has
captured the imaginations of many scientists, including
Lord Rayleigh and C.V. Raman [1–5]. Optimizing the
condensation process has important heat-transfer and
water-harvesting applications [6,7], and the ability to control
the size of condensate droplets is useful when templating
micro- or nanostructured materials [8] and producing
structural colors [2,9].
Recently, there is much interest in understanding droplet

condensation on lubricated surfaces [10–14] for enhanced
heat-transfer and water-collection applications [10,15–17].
Water droplets are highly mobile on lubricated surfaces
[18–20] because the lubricant film (typically silicone or
fluorinated oils) prevents direct contact of the droplet with
the underlying solid substrate [21,22]. The lubricant also
tends to wrap around droplets forming menisci or wetting
ridges around them, which can overlap and give rise to
interdroplet capillary attraction (akin to the Cheerios effect
[23]) and faster droplet coalescence [13,24,25]. This
process frees up new areas for droplet renucleation and
therefore increases heat-transfer rate. Previous reports of
interdroplet attraction is confined to neighboring droplets

with droplet displacement limited to a millimeter or less
with no long-range collective motion [10,13,24,26].
Here, we report the spontaneous emergence of complex

collective motion of condensate droplets whose displace-
ments span several centimeters or more, i.e., many times the
droplet diameters. Droplets ranging from tens of microns to
several millimeters in size move laterally in a serpentine,
self-avoiding fashion. At a later stage when the local
lubricant film is depleted, the serpentine motion transitions
to circular motions. As the lubricant film is being redistrib-
uted by the moving droplets, the droplets continually switch
between serpentine and circular motions in a collective
fashion—a classic example of emergencewhere complexity
arises from interactions of its parts [27,28]. The phenome-
non described here is an interesting example of activematter
[29–31] whereby autonomous droplet motions are fueled by
the energy release from condensation [32], as opposed to the
typical chemical reactions or Marangoni effects [31,33–37].
We start by cooling amicropillar surface (hexagonal array

with diameter d ¼ 2 μm, pitch p ¼ 10 μm, and height
hp ¼ 9 μm) lubricated with a thin film of fluorinated oil
(overlayer thicknessho ¼ 5 μm, viscosity η ¼ 53 mPa:s) to
a temperature of T ¼ 4 °C. Throughout the experiments
described here, the ambient temperature was kept at 22 °C
and the room humidity between 40% and 60%. Within the
first minute, water started to condense on the surface, andwe
observed capillary attraction between neighboring droplets
(submillimetric and similarly sized) [Figs. 1(a) and 1(b)].
This occurs when their wetting ridges overlap resulting in a
nonaxisymmetric meniscus around each droplet and hence a
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net attractive force akin to the Cheerios effect [13,23,24].
The deformation to the lubricant interface can be visualized
by shining monochromatic light with wavelength λ ¼
561 nm from below, a technique known as reflection
interference contrast microscopy [Fig. 1(c)] [21,38]; the
bright and dark fringes correspond to different lubricant
heights,with a step height jΔhj ¼ λ=4no ≈ 100 nmbetween
neighboring bright and dark fringes (no ¼ 1.3 is the refrac-
tive index of the lubricant). The size of wetting ridge (dark
region around the droplet outline) is comparable to that of
the droplet [see Supplemental Material (SM), Fig. S1 [39] ].
Hence, droplets that are several diameters apart can move
toward each other before coalescing [Figs. 1(d) and 1(e); SM
Video S1 [39] ]. The details of this interdroplet attraction
have been described by many others [13,24,41]. Here, we
would like to emphasize that this process naturally leads to
polydisperse droplet sizes [Fig. 1(b)], which is key to
understanding the mechanism behind the collective droplet
motion described below.
After 27 m of cooling, one droplet becomes much larger

than its neighbors and starts moving in a serpentine, self-
avoiding fashion, as imaged using an infrared (IR) camera
[Figs. 2(a) and 2(b); SM Videos S2,S3 [39] ]. Unlike the
droplet propulsion described previously, which is limited to
submillimetric distances, the serpentine motion here can
cover much larger distances. For example, droplet A in
Fig. 2(b)–1 traversed a distance of 6 cm within 12 m with
an average lateral velocity of UL ¼ 0.1 mms−1 [Fig. 2(c)];
as the droplet swept through its much smaller neighbors, its
radius Rmore than triples from less than 0.4 mm to 1.3 mm

[Fig. 2(d)]. In contrast, the stationary droplets indicated by
arrows in Fig. 2(b) hardly grow in size.
The self-propelled droplets also preferentially avoid their

own and each other’s paths, i.e., self-avoiding [see how
droplet B avoids the path of droplet A in Fig. 2(b)–3]. The
droplets can only intersect their own paths once there is
sufficient recondensation (which consequently turn from
white to gray). The self-propelled droplets can collide into
each other and coalesce into a larger droplet that starts its
own serpentine motion [Fig. 2(b)–4]. Since we positioned
our surface horizontally (unlike in previous studies
[10,43]), gravity plays little role as long as R ≪ lc, where
lc ¼

ffiffiffiffiffiffiffiffiffiffi
γ=ρg

p ¼ 2.7 mm is the capillary length.
The origin of this serpentine motion is once again

capillary attraction—between one large droplet and multi-
ple smaller droplets—mediated by overlapping wetting
ridges [Fig. 2(a) inset; SM Fig. S2 [39] ]. The capillary
force arising from the nonaxisymmetric menisci is noto-
riously difficult to model mathematically with analytic
solutions only when droplets are far apart [23,44,45]. Here,
we derive a simple expression for UL by using energy
balance arguments. As the large droplet of radius R gobbles

FIG. 1. (a) Initial interdroplet attraction and coalescence on a
cooled lubricated surface. (b) Coalescence and subsequent
recondensation results in polydisperse droplet sizes. Scale bar
is 2 mm. (c) Nonaxisymmetric menisci (dark regions around each
droplet) as observed using reflection interference contrast micro-
scopy. Scale bar is 0.1 mm. (d),(e) Time series for the two boxed
regions in (b). Scale bars are 0.15 mm.

FIG. 2. (a) Schematic and (b) IR imaging (2 mm scale bars)
showing the self-propelled serpentine motion of condensate
droplets on a cooled lubricated micropillar surface. Droplet size
and position are tracked automatically using Hough transform
[42]. Increase in (c) displacement and (d) radius with time for
droplet A for the first 12 m of motion. t ¼ 0 m corresponds to the
start of droplet A motion which occurs after 27 m of cooling.
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up its neighboring droplets of mean radius hri ≪ R and
number density (per unit area) n, the interfacial energy of
the smaller droplets Eγ is released at a rate of

dEγ

dt
¼ ð2RULÞð2nπhr2iÞγ
¼ 4nπhr2iRULγ

¼ 4ϕlRULγ; ð1Þ

where γ is the droplet’s surface tension, ϕl ¼ nπhri2 is the
local surface coverage of the smaller droplets approximated
here as hemispheres with surface areas 2πhr2i and pro-
jected areas πhr2i. In our experiments, the lubricant oil
(silicone or fluorinated) tends to wrap around the water
droplet. Hence, γ is the effective surface tension whose
magnitude varies between 60 and 70 mNm−1 depending
on the choice of lubricant (see Table III in [46]).
A fraction α < 1 of this interfacial energy is converted to

translational kinetic energy, which is in turn balanced by
viscous dissipation. Previously, we and others showed that
the viscous force for a droplet moving on lubricated surface
is given by Fη ¼ 16γRCa2=3, where Ca ¼ ηUL=γ is the
capillary number [21,22] and η the lubricant viscosity.
Hence, we expect FηUL ¼ 4αϕlRULγ and therefore

UL ¼ γ

η

�
αϕl

4

�
3=2

; ð2Þ

with γ=η being the characteristic viscocapillary speed,
which is temperature-dependent (see SM Figs. S3–S5 for
a rigorous justification [39]). Self-avoiding motion arises
because its previous path contains little to no water content
to fuel self-propulsion (i.e., ϕl ¼ 0 and hence appears
white), and droplets continually seek areas with locally
higher ϕl (darker regions) (SM Fig. S4, SM Video S4, and
SM “Materials and Methods” section [39]).
The role of micropillars is to retain the lubricant, and

UL is insensitive to the exact texture geometries. Our
model also predicts thatUL is independent of droplet radius
R, which is consistent with the experimental results in
Figs. 2(c) and 2(d): the droplet moves at relatively constant
speed despite tripling its size. This is in sharp contrast to the
vertical velocity of jumping droplets on superhydrophobic
surfaces UV ∼

ffiffiffiffiffiffiffiffiffiffiffi
γ=ρR

p
, which is highly dependent on R

[7]. The prediction that UL increases with ϕl is also borne
out qualitatively in experiments (SM Fig. S4 [39]).
However, with IR imaging in Fig. 2(b) (and SM Fig. S4
[39]), ϕl value can only be deduced qualitatively.
To accurately quantify ϕl, we imaged the droplets using

a microscope objective and a high resolution camera
[Figs. 3(a), 3(b), and SM Video S5 [39] ]. We observed
a large droplet (R ¼ 1.2 mm, circled blue) moving in a
serpentine fashion, sweeping through much smaller drop-
lets with hri ¼ 18 μm and local ϕl ¼ 0.2 [boxed green in

Fig. 3(a)]. Immediately after an area is swept through,
ϕl ¼ 0 but returns to its original value within minutes of
recondensation [Fig. 3(b)]. Experimentally, ϕl remains
relatively constant at 0.15–0.30 over 4 h of continuous
cooling; this saturation value is significantly lower than 0.55
typically encountered on solid surfaces [4] and results froma
complex interplay between the sweeping droplet motions
and the recondensation rates (SM Figs. S6,S7) [39].
We measured UL for droplets of various R ¼

0.075–1.5 mm on two surfaces with different fluorinated
oils cooled to T ¼ 4 °C [blue open and filled markers in
Fig. 3(c)]. We found that UL remained constant at
0.09�0.03, 0.04�0.01mms−1 for the two cases (η¼53,
73 mPa.s or cP, respectively) over 4 h of continuous
cooling; more importantly, UL is independent of R as
predicted by Eq. (2). When hot vapor from a heated beaker
of water condenses on a lubricated nanotextured sur-
face (water and substrate temperatures Tw ¼ 55 °C and
T ¼ 40 °C, respectively), the condensate droplets also

FIG. 3. (a),(b) Enlarged view of droplet with radius R sweeping
through neighboring droplets of much smaller mean radius hri
and local area coverage ϕl. Scale bar is 1 mm. t ¼ 0 m
corresponds to start of the droplet serpentine motion. (c) Velocity
UL and (d) normalized velocityUL=ðγ=ηÞ as a function of droplet
radius R on lubricated surfaces with different viscosities. Circles
and squares represent fluorinated and silicone oils, respectively.
We used nanotextured and micropillar surfaces for hot and cooled
experiments, respectively.
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perform serpentine motion (SM Figs. S8,S9 and Video S6
[39]). The resulting propulsion speeds UL ¼ 0.20� 0.05
and 0.63� 0.17 mms−1 are similarly independent of R
[red markers in Fig. 3(c)], but their magnitudes are higher
because of the lower lubricant viscosities (η ¼ 28 and
2 mPa:s−1, respectively).
When scaled by the viscocapillary speed γ=η, all the

velocity data overlap with one another with a mean value of
UL=ðγ=ηÞ ¼ ð5� 3Þ × 10−5 [Fig. 3(d)]; the scatter in the
data can be attributed to variations in local lubricant film
thickness and wetting ridge geometries, which can influ-
ence viscous dissipation and are not accounted for by our
model. If we compare the UL=ðγ=ηÞ value with predictions
of Eq. (2) and use the fact that ϕl ¼ 0.2, we conclude that
α ≈ 0.03, i.e., about 3% of the interfacial energy is
converted to translational motion, with the rest likely to
be converted into flow inside the droplet. Similarly low
α ∼ 1% was reported for jumping droplets on superhydro-
phobic surfaces [47,48].
As the system polydispersity increased, we observed

multiple droplets of different sizes (R ¼ 0.05–1 mm)
performing serpentine motions [Fig. 4(a) and SM
Video S7 [39] ]. The resulting breath figure exhibits self-
similarity (at least over 1 order of magnitude), and the
droplet motions look roughly similar irrespective of scale
[compare inset and main image in Fig. 4(a)]. This self-
similarity is a direct result of the lack of a natural length
scale in the problem [49]: UL is independent of R and
depends only indirectly on hri. In contrast, there is no self-
similarity in jumping droplets where UV ∝ 1=R1=2: only
small submillimetric but not large millimetric droplets jump
off superhydrophic surfaces.

As time progresses, the sweeping droplet motions locally
deplete the lubricant film [46] such that wetting ridges can
no longer overlap to drive capillary attraction; in such
lubricant-depleted regions, the droplets are immobile and
are more uniform in size [compare left and right portions
in Fig. 4(b)]. However, there are small pockets in the
lubricant-depleted region with thicker lubricant overlayer
where droplets (R ¼ 0.1–0.5 mm) remain mobile and
move in circular motions, with both clockwise and anti-
clockwise directions occurring with equal probability (SM
Video S8 [39]). Figure 4(c) is a close-up of one such
(clockwise) circular motion. The droplet (R ¼ 0.5 mm)
continually seeks areas with higher ϕl but excluding
lubricant-depleted regions; the higher ϕl regions (indicated
by asterisk) appear fuzzy because of the newly formed
condensates (compare this to the clear trail left behind by
the moving droplet where ϕl ¼ 0). The circular motion,
which can be maintained over many cycles, is therefore
similarly fueled by the same release of interfacial energy
and can be thought of as a special case of serpentine motion
constrained to areas with sufficient lubricant overlayer (SM
Figs. S10, S11 [39]).
These circular motions can coexist with the self-similar

serpentine motions on different areas of the same surface.
As the lubricant is continually being redistributed across
the substrate by the moving droplets, the various droplets
continually switch between serpentine and circular motions
in a highly collective fashion (SM Videos S6–S8 [39]). The
collective motion will eventually stop when ho becomes too
thin for the wetting ridges of neighboring droplets to over-
lap (SM Fig. S11) [39]. For Figs. 3(a) and 3(b), droplet self-
propulsion eventually stops after 250 m of continuous
cooling (SM Fig. S12 and Video S9 [39]).

FIG. 4. Self-similar serpentine and circular motions of condensate droplets. (a) IR imaging of self-similar serpentine droplet motions
on cooled substrate. Scale bars are 2 mm and 1 mm for main figure and inset. (b) Multiple circular motions coexist with serpentine
motions for hot vapor condensates on nanotextured surface lubricated with silicone oil (η ¼ 2 mPa:s). Clockwise and anticlockwise
motions (indicated by full and dashed circles, respectively) appear with equal probability. Scale bar is 2 mm. (c) Clockwise circular
motion for one droplet (R ¼ 0.5 mm) in (b).
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To conclude, we have described how interfacial energy
release can fuel the collective motion of condensate
droplets on lubricated surfaces—an interesting example
of emergent behavior in active matter driven by condensa-
tion. The phenomenon described in this Letter is general
and applies to different substrates (micropillars vs nano-
textures) and experimental conditions (cooled substrate vs
hot vapor). Different modes of droplet motion from self-
similar serpentine to circular motions were observed, and
we propose a simple physical model to account for the
observed droplet speeds based on energy balance. Our
work has potentially important heat-transfer and water-
harvesting applications.
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