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Fundamental understanding of the wettability of curved substrates is crucial for the applications of microdroplets in
colloidal science, microfluidics, and heat exchanger technologies. Here we report via lattice Boltzmann simulations and
energetic analysis that microdroplets show an ability of transporting selectively to appropriate substrates solely according
to substrate shape (curvature), which is called the substrate-curvature-dependent droplet targeting because of its similarity
to protein targeting by which proteins are transported to the appropriate destinations in the cell. Two dynamic pathways of
droplet targeting are identified: one is the Ostwald ripening-like liquid transport between separated droplets via evaporating
droplets on more curved convex (or less curved concave) surfaces and growing droplets on less curved convex (or more
curved concave) surfaces, and the other is the directional motion of a droplet through contacting simultaneously substrates
of different curvatures. Then we demonstrate analytically that droplet targeting is a thermodynamically driven process. The
driving force for directional motion of droplets is the surface-curvature-induced modulation of the work of adhesion, while
the Ostwald ripening-like transport is ascribed to the substrate-curvature-induced change of droplet curvature radius. Our
findings of droplet targeting are potentially useful for a tremendous range of applications, such as microfluidics, thermal
control, and microfabrication.

Keywords: droplet targeting, substrate curvature, lattice Boltzmann simulation.
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1. Introduction

The directional motion[1] of sessile droplets on solid sur-
faces has been an active topic for both experimental and the-
oretical investigations. In nature, surfaces that are capable of
transporting liquid droplets are ubiquitous, such as butterfly
wings,[2,3] rice leaves,[4,5] and feathers of ducks and geese.[6]

Inspired by these surfaces, various methods have been devel-
oped to prepare surfaces with similar directional liquid trans-
port ability,[7,8] which shows potential for a tremendous range
of applications from anti-icing,[9,10] dip-pen nanolithography,
to oil/water separation. On the one hand, solid surfaces with a
specific curvature gradient are designed to collect the droplet
through directional movement of droplets.[11–15] On the other
hand, spontaneous motion of droplets has also been found on
the heterogeneous substrates with wettability gradients.[16–21]

In this paper, we report via lattice Boltzmann simulations
and energetic analysis that depending on their curvature, vari-
ous substrates show different abilities for sorting droplets, i.e.,
droplets are capable of directional transportation targeting cer-
tain substrates with the appropriate shape (curvature). For the
substrate-curvature-dependent droplet targeting, two dynamic
pathways of droplet targeting are identified in this work: Ost-
wald ripening-like liquid transport between droplets without
direct contact, and directional motion of droplets through con-
tacting substrates of different curvatures simultaneously. Then
we interpret the behaviors of droplet targeting as a result of

free energy change due to the difference of substrate curva-
tures.

2. Model and simulation method
In the present work, the lattice Boltzmann (LB) method,

a numerically robust technique[22,23] for simulating interfacial
phenomena, was used to reveal the behaviors of the droplet tar-
geting according to substrate curvature. We applied the three
dimensional multicomponent and multiphase Shan–Chen (SC)
type LB method[24,25] based on the D3Q19 lattice,[26] which
has particularly been successfully used to study droplets wet-
ting on spherical substrates.[27] In this model, a pseudopo-
tential was employed to represent different interactions with
the potential function of Vkk̄(x,x

′) = Gkk̄(|x− x′|)ψk(x)ψ(x′),
where ψk represents the effective density of component k and
the Green function Gkk′ determines the interaction strength be-
tween component k and k̄ for neighboring lattice sites x and x′.
For the version of the LB method used here, the density ratio
and viscosity ratio for liquid and gas are both about 15. The
details of the applied method can be found in our previous
work.[28,29]

In this work, simulation boxes range from 100×100×70
to 100×100×130, in which one or two droplets interact selec-
tively with substrates of different curvatures. All the quantities
are reported here in dimensionless LB units. To simplify the
description, we sometimes called the convex spherical sub-
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strates as colloids. Our extensive LB simulations reveal that
microdroplets have the ability to select the substrates having
an appropriate shape according to substrate curvature. The
droplet selectivity of substrates is called droplet targeting or
droplet sorting here, because of its similarity to protein tar-
geting, by which proteins are transported to the appropriate
destinations in the cell.

3. Results and analysis
3.1. Substrate-curvature-induced droplet targeting

through the Ostwald ripening mechanism

Our simulations show that there exist at least two differ-
ent pathways for droplet targeting. The first one resembles
Ostwald ripening that refers to, e.g., in an emulsion system,
the growth of large emulsions from those of smaller size be-
cause the larger emulsions are more energetically favorable
than smaller ones. Different from emulsion coalescence for
which neighboring emulsions come into direct contact and co-
alesce, Ostwald ripening occurs with the external environment
(solvent) serving as the transfer medium. In our study, we also
found similar behavior for sessile droplets without direct con-
tact.

At the beginning of our simulations, for example, we
placed two droplets of the same initial radius of rS = 15
close to respectively the spherical colloid of a curvature ra-
dius R = 30 and a flat substrate (Fig. 1(a)). Note that the ini-
tial radius of a spherical droplet rS, which was used here to
represent the volume of sessile droplets, is different from the
stable curvature radius for the same droplet when it sits on
a substrate r. Since the material inherent hydrophobicities for
the two substrates are the same, the only difference in Fig. 1(a)

is the substrate curvature. Our simulation shows that although
the two droplets are located far from each other, the droplets
are transported through an Ostwald ripening-like manner so
that the droplet on the flat substrate grows while the droplet
on the convex colloid shrinks, indicating a net flux of liquid
flowing between the two droplets without direct contact. As
the simulation proceeded, the droplet on the convex colloid
with a smaller curvature radius would finally disappear after
a stage of continuous evaporation, and in contrast, the droplet
on the flat substrate would keep stable after the growth stage
(Fig. 1(a)).

The Ostwald ripening-like droplet targeting also occurs
between two droplets placed respectively on a flat substrate
and a concave spherical substrate (see Fig. 1(b)). Different
from the droplet transport from more curved convex substrate
to less curved ones (Fig. 1(a)), in this case the droplet on the
flat substrate shrinks while the droplet on the concave sub-
strate grows. This indicates that for concave substrates droplet
stability increases as the curvature of concave substrates in-
creases.

As a particular example, we simulated a vapor condensa-
tion process near a rough substrate having regions of different
(convex, flat, and concave) local curvatures (see Fig. 1(c)). It
is observed that initially the condensation took place both in-
side the concave part and near the corner where the convex part
and the flat part join. However, as the simulation proceeded,
the droplet on the flat region gradually disappeared and the
droplet inside the cavity grew, confirming the droplet target-
ing via an Ostwald ripening-like mechanism (Fig. 1(c)). This
observation also demonstrates that droplets show different sta-
bility depending on the local curvature of substrate on which
the droplet sits.

Fig. 1. (color online) Droplets on spherical substrates of different curvature radii showing curvature selectivity through Ostwald ripening-like transport.
(a) The droplet of rS = 15 on the flat substrate and the convex colloid (R = 30). The snapshots, from left to right, correspond to the time steps of 0, 6000,
14000, 19000, 21000, and 21800. (b) The droplet of rS = 15 inside the spherical cavity (R =40) and on the flat substrate. The snapshots correspond to
the time steps of 0, 900, 18000, 28000, 37000, and 40000. (c) During a condensation process, the transport between condensing droplets on a rough
substrate having parts of different local curvature (the flat region and the convex and concave regions with a curvature radius of 40). The snapshots
correspond to the time steps of 0, 2200, 7400, and 13800. In the figure, the solid surface has a wettability of θY = 11π/18.
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Fig. 2. (color online) (a) Liquid transport between the droplet of rS = 20 on a convex colloid (R = 30) and the droplet of rS = 10 on a flat
substrate. The snapshots correspond to the time steps of 0, 2500, and 4000. (b) Liquid transport between the droplet of rS = 10 inside a
spherical cavity (R = 40) and the droplet of rS = 20 on a flat substrate. The snapshots correspond to the time steps of 0, 3000, and 5000. In
panels (a) and (b), the solid surfaces have a wettability of θY = 11π/18. Phase diagram for the direction of liquid transport via the Ostwald
ripening-like pathway for two droplets on (c) a flat substrate and a convex substrate (R = 30) or (e) a flat substrate and a concave substrate
(R = 40). The symbol � denotes the corresponding simulation results for the liquid transferring toward the flat substrate, while the symbol©
for liquid transferring towards the curved substrate. To summarize the simulation results, the regions colored in light gray denote the simulated
direction for liquid transferring from smaller droplets to larger droplets, while the shaded regions denote a reverse direction from larger droplets
to smaller droplets. Note that the reverse transport towards the droplet of a smaller rS does not mean the liquid transport towards the sessile
droplet with a smaller curvature radius r. The symbol • shows the simulation results without apparent liquid transport during the simulation
runs. (d) The radius of curvature for droplets on the curved substrates (measured before the transport begins), r, as a function of rS, which was
used to represent the droplet volume: (top) for droplets on concave substrates that are denoted in panel (e) and (bottom) for the droplets on
convex substrates that are denoted in panel (c). As a comparison, solid lines in panel (d) show the curvature radii for the corresponding droplets
on flat substrates. The solid substrates in panels (c)–(e) have a wettability of θY = π/2.

To reveal the mechanism of microdroplets targeting via a
pathway of Ostwald ripening, we performed extensive simu-
lations for different sized droplets on, respectively, a curved
and a flat substrate (see, e.g., Figs. 2(a) and 2(b)). The sum-
marized droplet transport directions are given in Figs. 2(c) and
2(e). The figures show that if their sizes differ significantly,
liquid transport in a direction from the small droplets to the
larger ones occurs. This clearly demonstrates the generality

of droplet targeting. However, the figures also indicate that
there exists a small regime of liquid transport showing a re-
verse direction from larger droplets to smaller droplets: a rel-
atively larger droplet on the convex substrates transferring to
the smaller droplet on flat substrates (Fig. 2(c)), or a relatively
larger droplet on flat substrates transferring to the smaller
droplet on concave substrates (Fig. 2(e)). Note that a sim-
ilar phenomenon was found before for two-dimensional liq-
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uid foams,[30] which was called the reverse Ostwald ripening
that a large deformed bubble being adsorbed by the adjacent
smaller bubble. We demonstrate here that although in the nar-
row regime (Figs. 2(c) and 2(e)) liquid transport can evolve be-
yond Ostwald ripening, or along a direction of reverse Ostwald
ripening, the transport is indeed driven by droplet curvature.
Figure 2(d), in which the initial curvature radii for droplets on
curved substrates were measured before liquid transport be-
gan, demonstrates that the liquid transports are always along
the direction towards the droplet with a larger radius of cur-
vature, even in the regime with the reverse Ostwald ripening
shown in Figs. 2(c) and 2(e). Therefore, the liquid is always
transferred to the droplets with a larger curvature radius, but
not necessarily the ones with a larger volume. As we will in-
terpret below, the particular behavior of droplet targeting is
ascribed to the substrate-curvature-induced change of droplet
curvature, namely, the droplets of the same volume on sub-
strates of different curvatures exhibit different curvature radii,
causing the reverse Ostwald ripening-like transport.

We also investigated the dynamic characteristics of the
processes, and the time evolution of free energy, contact angle,
and curvature radius is shown in Figs. s1–s4 in the support-
ing information. As expected, during the processes of sponta-
neous transport, the free energy decreases with time, and the
contact angle remains constant and is nearly equal to Young’s
contact angle θY.

3.2. Substrate-curvature-induced droplet targeting
through direct droplet movement

We also identified another pathway for droplet targeting
the specific substrate according to substrate curvature: direc-
tional motion of a droplet that contacts simultaneously differ-
ent substrates. For example, we initially placed a droplet with
a radius rS = 15 in between two spherical colloids having a
radius of 10 and 30 (Fig. 3(a)). Again, the material inher-

ent hydrophobicities for the two substrates were set to be the
same (the same Young contact angle). For the initial config-
uration with an intermediate inter-colloid spacing, the droplet
initially came into contact with both colloids, forming a liquid
bridge. However, the two colloids having different curvatures
exert different effects on the bridge, rendering a directional
move of the liquid towards the colloid with a larger curva-
ture radius (R = 30). As the simulation proceeded, the bridge
changed its shape continuously, until the droplet completely
left the smaller colloid and stuck to the larger one (Fig. 3(a)).

Similarly, when a droplet was initially placed into the
confined space between a flat substrate and a spherical colloid
with a curvature radius of R = 30, it would slowly leave the
colloid and move to wet the flat substrate having an infinite
large curvature radius (Fig. 3(b)). Again, the directional liq-
uid transport is a result of the curvature difference between
the two substrates, which changes the shape of the formed
bridge continuously. Different from Fig. 3(a), the formed liq-
uid bridge would rupture before the complete liquid transfer
because the bridge reaches its mechanical instability, leaving
a much smaller droplet on the convex substrate. The smaller
droplet continued to transport to the larger one via Ostwald
ripening. In comparison with R = 10 in Fig. 3(a), we ascribed
the appearance of bridge rupture to the stronger adhesion from
the less curved convex substrate (R = 30) in Fig. 3(b), which
will be in detail discussed below. Then we simulated the
movement of a droplet that initially contacted with both a flat
substrate and a concave spherical substrate (Fig. 3(c)). The
simulation results show that the droplet would finally leave the
flat substrate and move to the concave substrate. All the simu-
lation results demonstrate that the droplets can spontaneously
transport to the substrate of appropriate curvature when it con-
tacts simultaneously with two substrates having different cur-
vatures.

Fig. 3. (color online) Droplets on substrates of different radii showing curvature selectivity through direct liquid flow. (a) The movement of a
droplet of rS = 15 between two spherical colloids (R = 10 and R = 30). The snapshots, from left to right, correspond to the time steps of 0,
400, 800, 1200, 1500, and 2000. (b) The movement of a droplet between a flat substrate and a spherical colloid with a radius of R = 30. The
snapshots correspond to the time steps of 0, 500, 1000, 1500, 1800, and 2400. (c) The movement of a droplet between a flat substrate and a
spherical cavity with a radius of R = 40. The snapshots correspond to the time steps of 0, 200, 900, 1500, 1700, and 2200. In the figure, the
solid surfaces have a wettability of θY = π/3.

096801-4



Chin. Phys. B Vol. 27, No. 9 (2018) 096801

3.3. Geometric relation and viability of Young’s equation
for droplets on spherical substrates

To interpret how the substrate geometry affects droplet
targeting, we considered firstly whether Young’s equation is
affected by the curvature of spherical substrates. In fact, Wu et
al.[31] have proved theoretically that Young’s equation works
for droplets on the convex and concave spherical surfaces, i.e.,
the contact angle of a sessile droplet on spherical surfaces sat-
isfies cosθY = γsv−γsl

γlv
, with γlv, γsl, and γsv the interfacial ten-

sions for the liquid–vapor, solid–liquid, and solid–vapor inter-
faces. For microdroplets we considered here that have a size of
∼ micrometers, the influences of gravity[28] and line tension
can be safely ignored.[32] The viability of Young’s equation
makes it possible to analyze theoretically the driving force for
droplet targeting.

To distinguish the driving force for the Ostwald ripening-
like transport and the surface-curvature-induced droplet move-
ment observed in our simulations, we need to determine theo-
retically the geometric features of different sessile droplets on
substrates with various curvatures as well as the correspond-
ing free energy. As usual, we assumed that the sessile droplets
considered have a constant volume and their vapor–liquid in-
terfaces are of spherical shape. The volume V for a droplet
having an apparent contact angle θ and a curvature radius r is
given by

V =
1
3

πr3[2+3cosβ − (cosβ )3]

− 1
3

πR3[2−3cosα +(cos(α)3], (1)

where R is colloid radius and θ 0 = θ +α with α the cone an-
gle for the colloid surface covered by the droplet (see Fig. 4).
From the geometric relationships shown in Fig. 4, we have
cosα = (R2+c2−r2)

2Rc , Rsinα = r sinβ , and cosβ = (r2+c2−R2)
2rc

with c =
√

r2 +R2−2rRcosθ and β +θ 0 = π. By substitut-
ing the geometric relationships into Eq. (1), the droplet volume
can be determined as a function of r and θ .

For a droplet placed on a spherical surface, the total free
energy G reads

G = γlvAlv +(γsl− γsv)Asl. (2)

Note that the equation is valid for finite surfaces. In the
equation, Alv and Asl denote the areas for liquid–vapor and
solid–liquid interfaces, which can be determined as Alv =

2πr2(1− cosθ 0) and Asl = 2πR2[1− cos(θ 0 − θ)]. In fact,
dG(r,θ) = 0 under the constraint of dV (r,θ) = 0 can give the
Young equation, as demonstrated by Wu et al.[31] Therefore,
in the case of ignoring line tension, the curvature of spher-
ical substrates does not change the contact angle of sessile
droplets, θ = θY.[31] Similarly, for a spherical concave sub-
strate (spherical cavity as shown in Fig. 4(b)), it can be proved
in a similar way that Young’s equation holds again.

For a droplet with a given volume V , we can determine
the unknown variables α and r according to Eq. (1) because
of θ = θY. Hence, the total free energy G for the droplet on a
spherical colloid can be determined with

G = γlv(Alv− cosθAsl)

= 2πγlv[r2(1− cosα cosθ + sinα sinθ)

− cosθR2(1− cosα)]. (3)

We also considered another situation of curved substrates:
spherical cavity. Similarly, the total free energy for the droplet
with the given volume that sits inside the cavity can be deter-
mined because of the known contact angle θ = θY.

r

R
c

R

V

c

r

α

α

θ

θ β

β

θ0 θ0

solid

solid

liquid

liquid

(a) (b)

Fig. 4. Schematic illustration of the wetting of a liquid droplet on (a)
the outer surface of a spherical colloid and (b) the inner surface of a
spherical cavity.

3.4. Theoretical analysis of the driving force for droplet
targeting

To interpret the substrate-curvature-induced droplet tar-
geting, we calculated the free energy of a droplet on various
colloids of different curvatures. As a comparison, the free en-
ergy for a droplet sitting on a flat surface can be obtained[15]

from Gf =
3V γlv

rf
, with rf the radius of the droplet on a flat sur-

face that has a relationship with the radius of the fully spherical
droplet of the same volume, rS, according to

rS

rf
=

[
(1− cosθY)

2 (2+ cosθY)

4

]1/3

.

Figure 5(a) gives the reduced free energy G/Gf of ses-
sile droplets as a function of the curvature radius of convex
substrates on which droplets sit. The figure indicates that for
the droplet of the same volume on colloids having the same
wettability (the same θY), the surface free energy G decreases
with the increase of substrate curvature radius. This observa-
tion demonstrates that droplet stability is enhanced with the in-
crease of the curvature radius of substrates, and therefore this
finding can interpret the LB simulation results that droplets
can spontaneously target convex surfaces having a larger cur-
vature radius (Fig. 1(a), Figs. 2(a) and 2(c), and Figs. 3(a)
and 3(b) ). For concave substrates, figure 5(b) shows that the
surface free energy G increases with the increase of substrate
curvature radius, meaning the decrease of droplet stability as
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the curvature radius of the concave substrates increases. This
again agrees with LB observations (Fig. 1(b), Figs. 2(b) and
2(e), and Fig. 3(c)).

1 2 3 4 5

1

2

3

4
(a)

G
/
G
f

G
/
G
f

R/rf

R/rf

convex

3.0 3.5 4.0 4.5 5.0

0.4

0.6

0.8

1.0

(b)

θ=π/3

θ=π/2

θ=2π/3

concave

θ=π/3

θ=π/2

θ=2π/3

Fig. 5. (color online) The dimensionless G/Gf as a function of reduced
colloid radius R/rf of (a) spherical colloid and (b) spherical cavity. Here
rf and Gf are the curvature radius and free energy for the droplet with
the same volume on the flat substrate.

Above we show that the droplet targeting is a
thermodynamically-driven process. More specifically, here we
ascribed the difference of the work of adhesion to the driv-
ing force for the surface-curvature-induced directional droplet
motion (Fig. 3). We calculated the work of adhesion on differ-
ent curved surfaces, given as

W = γlvAsl (1+ cosθ) . (4)

On a convex spherical substrate, the work of adhesion of
droplets is given by W = γlv2πR2(1− cosα)(1+ cosθ). As
a comparison, the corresponding work of adhesion on a flat
substrate is determined as Wf = γlvπr2 sin2

θ(1+ cosθ). The
change of adhesion work with substrate curvature radius is
shown in Fig. 6(a), from which we can find that the work of
adhesion increases with the curvature radius of convex sub-
strates. Consequently, the liquid will migrate along the direc-
tion for increasing the work of adhesion. Consistently, the sim-
ulation results show that the liquid will gradually migrate to

the convex substrate with a larger curvature radius (Figs. 3(a)
and 3(b)). Similarly, for a droplet on concave substrates, the
work of adhesion decreases as the increase of substrate curva-
ture radius (Fig. 6(b)). This agrees with the simulation obser-
vation in Fig. 3(c). Therefore, the simulation results and the
theoretical analysis agree well with each other.

For the driving force of the Ostwald ripening-like trans-
port, we ascribed the increase of stability of the sessile droplets
to the increase of droplet curvature radius on less curved
convex (or more curved concave) substrates (Figs. 6(c) and
6(d)), which results in the decrease in Laplace pressure since
∆P ∼ 1/r. In detail, on a convex substrate, the droplet shows
an increase in curvature radius as the substrate becomes less
curved (Fig. 6(c)). Therefore, it is the difference of curva-
ture radii between droplets that causes the droplet on the more
curved convex substrate to dissolve and the one on the less
curved substrate to grow (Figs. 1(a) and 2(c)). In contrast, on
concave substrates, the curvature radius of a droplet increases
as the substrate becomes more curved (Fig. 6(d)), which in-
duces the growth of the droplet on the more curved substrate
and the gradual disappearance of the droplet on a less curved
substrate (Figs. 1(b) and 2(e)). Thus the same droplet on sub-
strates of different curvatures exhibits different curvature radii,
and therefore different effective pressures for vapor around the
droplet. More interestingly, this sometimes causes the trans-
port of liquid from a larger sessile droplet to a smaller sessile
droplet, namely, the reverse Ostwald ripening as shown in the
shaded regions of Figs. 2(c) and 2(e), because the curvature ra-
dius of the larger droplet may become relatively smaller than
that for the smaller droplet when they sit respectively on sub-
strates of different curvature (Fig. 2(d)).

The Ostwald ripening-like transport found here, including
the reverse Ostwald ripening, originates from different curva-
ture radii among droplets, or equivalently, the different pres-
sures of vapor around the droplets of different curvatures since
the Laplace pressure ∆P ∼ 1/r, which means that the pres-
sure of the surrounding vapor in equilibrium with a droplet
of larger curvature radius is lower than that for a droplet of
smaller curvature radius. Therefore, the liquid is always trans-
ferred to the droplets with a larger curvature radius, but not
necessarily the ones with a larger volume, because the droplets
of the same volume on substrates of different curvatures could
exhibit different curvature radii. This is why the reverse Os-
wald ripening occurs. For droplets sitting respectively on sub-
strates of different curvatures, in some cases the curvature radii
of larger droplets may become relatively smaller than those
for the smaller droplets, which leads to the reverse Ostwald
ripening-like transport.
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Fig. 6. (color online) (a), (b) The work of adhesion W and (c), (d) curvature radius r of droplets as a function of the radius of the
convex and concave spherical substrates. Here, Wf is the adhesion work for a droplet of the same volume at the flat substrate, and rS
is the corresponding radius of a spherical droplet that has the same volume.

4. Conclusion
We report via lattice Boltzmann simulations that droplets

show an ability of selectively targeting the substrate with ap-
propriate curvature. Simulation results show that there ex-
ist at least two pathways for the behavior of droplet target-
ing: Ostwald ripening-like liquid transport between separated
droplets and directional motion of droplets via simultaneously
contacting substrates of different curvatures. Then we demon-
strate through theoretical analysis that droplet targeting is a
thermodynamically-driven process. The directional motion of
droplets is ascribed to the difference of the work of adhesion
for the droplet contacting with substrates of different curva-
ture, while the Ostwald ripening-like transport is ascribed to
the change of droplet curvature radius depending on substrate
curvature.
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