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a b s t r a c t

Condensates are extremely easy to be trapped in micro/nano-gaps of surfaces and stay in the sticky
Wenzel wetting state due to the nucleation. Rather than avoiding the unexpected Wenzel state, an effi-
cient detachment of Wenzel condensates is targeted in present work. A bionic lubricant-impregnated
wedge-groove surface is proposed inspired by a combination of the conical cactus spines and the oil-
immersion structure of pitcher plants. The dynamic behaviours of a single nanodroplet and condensates
are investigated using molecular dynamics simulations. By taking advantage of the conical structure and
the thoroughly wetted liquid–solid interface in the groove, droplets trapped in the Wenzel state are
observed to move spontaneously on the proposed patterned surface, while droplets in the Cassie state
are found immobile. Moreover, the nucleation sites can be controlled and the nucleation energy barriers
are also reduced by the proposed surface. The present work can pave a new path to manipulate the dro-
plets in the sticky Wenzel state with higher nucleation and drainage rate, which is desired to provide an
energy-efficient method for efficient condensation.

� 2021 Elsevier B.V. All rights reserved.
1. Introduction

Vapour condensation is widely applied and of large potential in
many situations, including electronic cooling, desalination, and
fog-harvesting [1–6]. Dropwise condensation is preferred than
filmwise condensation, due to its high efficiency in heat transfer
[7]. Moreover, the wetting of initially-formed nanodroplets has sig-
nificant effects on the growth, coalescence and sliding of micro-
droplets [8,9]. So how to enhance the sliding of condensing
nanodroplets is a critical question, compared with the stable ses-
sile microdroplets.

In dropwise condensation, as we know, wetting in slippery Cas-
sie mode can present a small sliding angle due to underlying air
pockets at liquid–solid interfaces [10] on certain functional
micro/nano-structured surfaces [11–13], while it is easy for con-
densing droplets to be trapped in micro/nano-gaps, leading to a
sticky Wenzel wetting state [14,15]. Hierarchical structured sur-
faces are developed for this issue. For instance, nanowires with a
high height-to-diameter ratio are usually adopted to avoid the
unexpected Wenzel state [16] or to guide the existing Wenzel con-
densates to transit to the Cassie state [17–19]. Then the conden-
sates can be removed by gravity or coalescence-induced jumping
[20–23]. Actually, a huge of efforts have been devoted to how to
avoid unexpected Wenzel state, although these efforts may suffer
from problems like the narrow range of subcooling degree or sec-
ondary flooding [24,25].

Here, the present work would like to turn to a different direc-
tion for possible solution. In the community of micro/nano fluids,
directional self-propulsion of droplets is extensively investigated
due to its high energy efficiency compared with external forces-
based methods [26]. In addition, this idea may not require a Cassie
mode wetting, and actually it encourages to take advantage of the
sticky Wenzel state to drive droplets [27,28]. The manipulation of
Wenzel condensates can also improve the surface stability as well
as the applicable subcooling degree [29,30].

However, even though the self-transportation of Wenzel dro-
plets remains a significant challenge, many advances have been
obtained under the inspiration of nature world [31]. Similarly,
micro/nano-structures is also employed for an optimization of
the solid–liquid interfacial tension [32]. For example, Ju et al. found
that the conical structure of cactus spines can make the droplet
move spontaneously from the tip to the base of the spine under
the combined action of Laplace pressure difference and wetting
gradient difference [33,34]. Wong et al. analyzed the oil-
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immersion interface of pitcher plants [35]. The water–solid inter-
face is changed to water-lubricant-solid interface by the lubricant,
so the friction force is greatly reduced and the droplets can slide
rapidly [36].

Except for pure nanostructures, lubricant is paving a new path
to adjust the droplet interfacial dynamics. For example, it is found
in our previous work [37] that a droplet on a lubricant-
impregnated surface can present three type of interfaces and their
combinations of eight types [38]. In that work, Molecular Dynam-
ics (MD) method [37] successfully captures the complex morphol-
ogy of droplets in a multi-phase system of water, lubricant and
solid. When we revisit the previous results, we realize that a type
of wetting state, where the droplet is not clocked by the lubricant
but encapsulated on the lubricant-impregnated surface, can be of
great potential for the present problem, to drive condensing nan-
odroplets for condensation enhancement.

Coincidentally, the authors ever carried experimental work on
both the above two topics. In 2015, Guo and Tang carried experi-
mental and theoretical investigation on the self-driven process of
a single droplet on cactus spines, presenting a speed of as high as
1.17 m/s, and exhibiting the high efficiency of self-propulsion
[34]. In 2018, they prepared a copper-based hydrophilic-slippery
surface by depositing a lubricant onto the micro-structured copper
substrate and obtained an efficient dropwise condensation on
hydrophilic surface [39]. Thus, inspired by both the conical cactus
spines and the oil-immersion structured surface, a bionic
lubricant-impregnated wedge-groove surface is proposed in the
present work.

We are aiming to examine a novel concept of surface design,
where the droplet can be in a slippery Wenzel state if sinking into
the gaps of micro/nano-structures, whose sliding angle is extre-
mely small [40]. Water molecules will nucleate at the liquid-
lubricant interface and grow and merge during condensation
[41]. Thus, it is possible for the condensates to move spontaneously
and efficiently due to the lubricant-impregnated wedge-groove
structures. Prior to dynamics of condensing droplets, the beha-
viours of existing droplets are firstly investigated. The dependence
of their self-propulsion on surface conditions is explored, including
the wetting state, lubricant thickness, cone angle, and groove
depth. Then, the coupling of condensation and self-propulsion is
examined on five types of solid surfaces for comparisons.

2. Methodology

2.1. MD modelling basics

To explore the self-driven transport on the proposed lubricant-
impregnated wedge-groove surface (Wedge-groove LIS), the MD
simulation is performed using the LAMMPS platform. The pat-
terned surfaces, shown in Fig. 1, are constructed with platinum
(Pt) atoms. To reduce the computational cost and extend the time
and length scales compared to the all-atom model, we apply a
coarse-grained model for water molecules where four water mole-
cules are represented by one coarse-grained bead (W). The hexane-
like structure has been validated to be able to predict the mor-
phologies and dynamic characters of the lubricant-impregnated
surface in our previous studies [37,41]. Concretely, hexane is con-
sidered as the lubricant with two coarse-grained particles (CT-CT)
represent one hexane molecule and each particle (CT) contains
three CH2/CH3 groups. The bond type of hexane particles is har-
monic with the coefficient of 5.9725 kcal�mol�1 Å�2, and the bond
length of 3.6 Å.

Morse potential is used for particle–particle interactions of
water (W-W) and hexane (CT-CT), which has the form

EW�W;CT�CT ¼ D0 e�2a r�r0ð Þ � 2e�2a r�r0ð Þ� �
; r < rc; ð1Þ
2

where rc is the cutoff.
The standard 12/6 Lennard-Jones potential is used for the inter-

action of platinum/platinum (Pt-Pt), water/platinum (W-Pt), and
hexane/platinum (CT-Pt), which can be given by
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where r is calculated from the arithmetic average between the
particles following Lorentz-Berthelot mixing rules. Different wet-
tabilities for water and hexane can be obtained by changing e.

The Lennard-Jones potential 12/4 LJ is used for the water and
hexane interactions (W-CT), given by

EW�CT ¼ 3
ffiffiffi
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where r is calculated from the arithmetic average between the
particles. e can be obtained based on interfacial tensions between
water and hexane. The verification and more details of the present
computational model can be found in Ref. [41]. Pair styles and pair
coefficients applied in the present work are listed in Table. 1.

2.2. Nano-structured surface

Parallel-groove refers to the surface with a groove that is paral-
lel while wedge-groove refers to the surface with a groove in
wedge shape, see Fig. 1a. Wedge-groove LIS refers to the wedge-
groove surface with lubricant impregnated. Its construction con-
tains two steps, as shown in Fig. 2a. Step 1: the wedge-groove
structure is built as the substrate; Step 2: the hexane beads are
placed on the top of the substrate; Step 3: the whole system is
equilibrated at 300 K using a Nose/Hoover thermostat with a time
step of 10 fs for 1 ns. The hexane beads will fully wet and form a
film on the surface, thus the lubricant-impregnated state is
obtained. The geometry is controlled by the following four param-
eters: the groove length L, the conical angle a, the spacing s when
y = L, and the groove depth h. The hexane number applied in this
section is 2244. In this case, the hexane can completely wet and
form a thin layer on the solid substrate. Therefore, considering
effects of the lubricant thickness, the spacing and the groove depth
of the wedge-groove LIS are set to be slightly larger than the
wedge-groove surface. Surface geometrical parameters are shown
in Fig. 1b and listed in Table. 2.

2.3. Sessile droplets on patterned surfaces

For a static droplet on patterned surfaces, a water droplet con-
taining 4200 water beads is built and placed on the constructed
patterned surface with the y-coordinate of the center of L, as
shown in Fig. 2a. The computational box size is 156.8 � 274.4 � 2
50.8 Å3, and the periodic boundary condition is applied to all the
three directions. The y-coordinate of the nanodroplet is fixed and
the whole system is equilibrated at 300 K using a Nose/Hoover
thermostat with a time step of 10 fs for 1 ns. Snapshots of the dro-
plet morphologies are collected and the static states are obtained.
After the simulation of the static state of the single nanodroplet,
the y-coordinate of the droplet is unfixed. The entire system is
equilibrated in an NVE ensemble for 10 ns with a time step of
10 fs, shown as Step 4 in Fig. 2a. The droplet movement is tracked
every 0.1 ns and the average velocity is calculated.

2.4. Vapor condensation modelling

The condensation system is built and shown in Fig. 2b, with the
settings of simulation configuration. The liquid film at the top of
the simulation box is used as a vapor source, and the solid surface



Fig. 1. Geometry structures. (a) Illustration of the patterned surfaces. Parallel-groove refers to surface with groove that is parallel; Wedge-groove refers to surface with
groove that is in wedge shape; Wedge-groove LIS refers to wedge-groove surface with lubricant impregnated. (b) Geometrical parameters presented in the x-y section and x-z
section. L refers to the groove length, a refers to the conical angle of the groove, s refers to the spacing when y = L, and h refers to the groove depth.

Table 1
Parameter settings of molecular potential functions.

Interaction site Pair style Pair coefficients

D0 / eV a /Å�1 r0 / Å rc /Å

W-W Morse 0.0351 0.556 6.29 16
CT-CT Morse 0.0304 1.139 5.27 16

e / eV r / Å rc / Å
Pt-Pt 12/6 LJ 0.6969 2.471 13
W-Pt 12/6 LJ 3.586 13
CT-Pt 12/6 LJ 0.02 3.528 13

e / eV r / Å rc / Å
W-CT 12/4 LJ 0.0152 4.642 15
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on top of this film is treated as the heat source (Ptup). The solid sur-
face on the bottom of the simulation box is treated as the surface
for condensation (Ptdown) with lubricant on top of it. There are
two steps of the simulation procedure. The hexane-Ptdown system
and the water-Ptup system are firstly separately equilibrated in
an NVT ensemble at 300 K and 550 K with a time step of 10 fs
for 2 ns. A Hose/Hoover thermostat is utilized to maintain the tem-
perature of the liquid film and the solid surfaces during the equili-
bration. Then the water and hexane system is equilibrated in an
NVE ensemble. Ptup and Ptdown are equilibrated in an NVT ensem-
ble at 550 K and 300 K, respectively. The condensation process is
simulated and data are collected at interval of 1 ns.
3. Results and discussion

3.1. Wetting of sessile droplets

Prior to investigating the dynamics of droplets, their static
states on the patterned surface without lubricant are analyzed first,
which is fundamental physics. The results are depicted in Fig. 3a
and 3b. We can see two wetting state modes, the Cassie state with
air-pocket formed between liquid and solid, and the Wenzel state
with liquid fully sunk into gaps between solid surfaces. These two
wetting states can be determined by the energy parameter eW-Pt:
3

the droplet in the Cassie state here corresponds to eW-

Pt = 0.01 eV while the other one in the Wenzel state corresponds
to eW-Pt = 0.02 eV.

As shown in Fig. 3c, three types of interfaces can be observed
when the same structure is impregnated with lubricants, including
the water–vapor-lubricant, solid-water-lubricant, and solid–
vapor-lubricant interfaces. Our previous work [37] found that eight
types of these interfaces can form for nanodroplets on lubricant-
impregnated surfaces. And three modes can be observed including
the non-cloaking state, encapsulated, and encapsulated-rough
states. However, in the present work, only the droplet in the slip-
pery Wenzel state on the lubricant-impregnated wedge-groove
surface is applied, as it is typical and able to elucidate the basics
of our target question.
3.2. Self-driven transport

To investigate the effect of surface structures, the dynamics of
existing droplets are examined on two types of surface structure:
parallel-grooves and wedge-grooves. The droplets on wedge-
grooves can present two wetting status, here named as wedge-
groove Cassie and wedge-groove Wenzel. In addition, the wedge-
groove with lubricant can lead to a special wetting status, named
as wedge-groove LIS. Totally, four types of wetting modes are used



Fig. 2. Simulation procedures. (a) Simulation of the single droplet dynamics on patterned surfaces. Step 1: the wedge-groove structure is built as the substrate; Step 2: the
hexane beads are placed on top of the substrate; Step 3: the whole system is equilibrated at 300 K using a Nose/Hoover thermostat with a time step of 10 fs for 1 ns; Step 4:
the whole system is equilibrated in an NVE ensemble and runs for 10 ns with a time step of 10 fs. (b) Condensation simulation configurations. The liquid film at the top of the
simulation box is used as a vapor source, and the solid surface on top of the film is treated as the heat source (Ptup). The solid surface on the bottom of the simulation box is
treated as the surface for condensation (Ptdown) with lubricant on top of it.

Table 2
Surface geometry parameters.

Parameters Parallel-groove Wedge-groove Wedge-groove LIS

Conical angle a / � 0 9.5 9.5
Groove length L / Å 274.4 274.4 274.4
Spacing s / Å 31.36 16.98 24.82
Groove depth h / Å 15.68 15.68 23.52
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and the dynamics of droplets are summarized in Fig. 4. The wedge-
groove Cassie (see Fig. 4b) refers to the case for which the droplet is
in the Cassie state while the wedge-groove Wenzel (see Fig. 4c)
refers to the case for which the droplet is in the Wenzel state on
the wedge-groove substrate.

Note firstly that droplets remain static on the parallel-groove
and wedge-groove Cassie surfaces (see Fig. 4a and b). In contrast,
a spontaneous movement is observed for the droplets of wedge-
Fig. 3. Static states. The surface wetting state can be controlled by the energy parameter.
color) and in (b) the Wenzel state when eW-Pt = 0.02 eV. (c) There are three interfaces for a
lubricant (B), and solid-vapor-lubricant (C). By using parameters in Table 1, these thre
respectively. The droplet is in the slippery Wenzel state.

4

groove Wenzel and wedge-groove LIS, from the narrower side to
the wider side (see Fig. 4c and d). The droplet dynamic characters
are described by the average velocity, which is plotted in Fig. 4e.
The velocity of the self-driven droplet on the wedge-groove LIS
reaches 5.28 m/s, which is twice that of the wedge-groove Wenzel,
indicating a large potential in driving droplets on the proposed
structure.

To decipher the underlying principle of the different droplet
dynamics, a theoretical analysis is conducted for a droplet placed
on the wedge-groove surface, as shown in Fig. 5. The droplet is
in the Wenzel state on the wedge-groove surface, so the bottom
of the droplet can completely wet the conical groove walls; a
three-dimensional shape is shown in red in Fig. 5a. The spacing
of the conical groove changes along the y-direction, leading to a
gradient of the base radius and thus a Laplace pressure difference.
A component Fiy in the y-direction is formed because of the unbal-
anced interface tensions, as shown in Fig. 5b. The driving force is
The droplet is in (a) the Cassie state when eW-Pt = 0.01 eV (distinguished by the blue
droplet on a lubricantimpregnated surface: water–vapor-lubricant (A), solid-water-
e interfaces are in the non-cloaking, encapsulated, and encapsulated-rough states,



Fig. 4. Time-lapsed images of droplet moving process on (a) parallel-groove surface, (b) wedge-groove Cassie surface, (c) wedge-groove Wenzel surface, and (d) wedge-
groove LIS surface. (e) The average velocity v of different surfaces. Droplets that cannot move are marked by red cross.

Fig. 5. Theoretical analysis of droplet self-driven behavior. (a) The interface
squeezed by the wedge groove; (b) Force analysis for a droplet on the wedge
groove. Fiy refers to component in the y-coordinate of the driving force. f refers to
frictional force during droplet movement.
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able to overcome the frictional force f generated against the direc-
tion of movement, which eventually drives the droplet to move on
the wedge-groove substrate. Moreover, the frictional force is
decreased by the lubricant on the wedge-groove LIS because the
liquid–solid interface is replaced by the solid-water-lubricant
interface. There is no driving force formed on the parallel-groove
because the spacing of the groove keeps unchanged. So, the droplet
keeps still on the parallel-groove surface. A liquid–vapor interface
is formed at the bottom of the Cassie droplet due to the air pocket.
Despite the conical shape, the driving force generated by the
uneven interface tension is not large enough to overcome the fric-
tion force and move the droplet. It is interesting to note that the
‘‘sticky” Wenzel droplet can move spontaneously while the ‘‘slid-
ing” Cassie state remains still on wedge-groove surfaces. This phe-
nomenon is of great potential for condensate manipulation and
heat transfer enhancement during condensation on the wedge-
groove structure.
3.3. Self-propulsion dependence on surface

The self-driven transport on the wedge-groove LIS exhibits
great potential of manipulating droplets without external energy
5

and enriches the detachment strategy of condensates. There are
three parameters determining the structure of the wedge-groove
LIS: the conical angle, the groove depth, and the lubricant thick-
ness. In addition, the interaction force between water and sub-
strates also affects the droplet movement. Therefore, the effects
of these parameters on the droplets dynamic behaviours are
explored and the optimizations are conducted in this section.

(1) Effect of conical angle

The self-driven process and velocity of droplets under different
conical angles are shown in Fig. 6. When the conical angle is as
small as 3.3�, the gradient of base radius is not large enough and
the driving force is not sufficient to move the droplet. The droplet
starts to move and the velocity increases as the conical angle
increases. However, when the conical angle is too large
(a = 16.0�), the droplet can only move halfway and then sink into
the groove. The driving force is not large enough to overcome the
increased frictional force. Therefore, it is necessary to consider
the combined effect of conical angle on the driving force and the
frictional force.

(2) Effect of the groove depth

Fig. 7 shows the effects of the groove depth on the droplet
movement. It can be observed that the droplet can move direction-
ally with a velocity of 4.3 m/s when the depth of the groove is only
7.84 Å. The droplet velocity increases as the depth of the groove
increases to 31.36 Å. But the droplet is observed immobile when
the depth increases to 54.88 Å. The reason is that the droplet can
completely wet the groove when the depth is small and stays in
the slippery Wenzel state. An air pocket is formed when the depth
is higher than 31.36 Å. The slippery Wenzel state is transferred to
the unexpected slippery Cassie state, as shown in Fig. 7b. The
groove depth should not be too large to avoid the formation of
the Cassie state.

(3) Effect of the lubricant thickness



Fig. 6. Effects of the conical angle on the droplet self-driven movement. (a) Time-lapsed images and (b) average velocities under different conical angles a. Droplets that
cannot move are marked by red cross.

Fig. 7. Effects of the groove depth on the droplet self-driven movement. (a) Time-lapsed images and (b) average velocities under different groove h. Droplet that cannot move
is marked by red cross.
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The effect of the lubricant thickness on the droplet dynamic
behaviour is investigated. Fig. 8 shows the droplet moving pro-
cesses and corresponding velocities under different hexane num-
bers of N. It can be seen from Fig. 8(a) that the droplet can move
spontaneously at various lubricant thicknesses, but with different
speeds. The velocity of the droplet increases at first as the lubricant
thickness increases, as shown in Fig. 8(b). When the hexane num-
ber increases to 2244, the lubricant can completely cover the solid
wedge-groove. The friction force decreases significantly due to the
fully replaced liquid–solid interface, resulting in a faster movement
of the droplet. However, as the lubricant thickness keeps on
increasing, the driving force decreases due to the reduced groove
height as a consequence of the increased lubricant thickness. Fur-
thermore, the friction force is enlarged by the over-thick lubricant.
The droplet velocity begins to decrease as a result. When the thick-
6

ness of lubricant increases appropriately, it could be beneficial for
the droplet movement. When the thickness of lubricant is too
large, it will hinder droplet movement instead. The lubricant
should be carefully impregnated to reach the best performance.

(4) Effect of the water-substrate interaction

The interaction force between water and substrates is con-
trolled by the energy parameter eW-Pt. Therefore, droplet dynamic
behaviours under different eW-Pt are studied and shown in Fig. 9.
Note firstly that the droplet will not move when eW-Pt = 0.015 eV.
The reason is that the droplet would be in Cassie state if the energy
parameter was too small. With the increase of eW-Pt, droplets can
form Wenzel state and move spontaneously to the wider side of
the groove. The velocity increases first but decreases as the energy



Fig. 8. Effects of the lubricant thickness on the droplet self-driven movement. (a) Time-lapsed images and (b) average velocities under different hexane numbers N.

Fig. 9. Effects of the energy parameter eW-Pt on the droplet self-driven movement. (a) Time-lapsed images and (b) average velocities.
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parameter keeps enlarging, and fails to move when eW-Pt reaches
0.03 eV. The increased eW-Pt enlarges the interaction force between
water and substrate, which leads to a larger moving resistance dur-
ing droplet motion.
3.4. Coupling of condensation and propulsion

Above the dynamics of an existing nanodroplet are examined,
and now we turn to investigate the dynamics of condensing dro-
plets. To understand the effects of lubricant, a set of simulations
are performed for comparisons, including five cases of the
wedge-groove LIS surface, normal smooth surface, parallel-
groove surface and two types of wedge-groove surfaces with dif-
7

ferent wettability. Time-lapsed snapshots during condensations
are collected and shown in Fig. 10. Vapor nucleation and cluster
formation are observed on all the cases, expect for Case C. It can
be observed first that no cluster is formed on the wedge-groove
Cassie surface (see Fig. 10c), which is attributed to the higher
energy barrier for nucleation on a hydrophobic surface and thus
a lower nucleation rate. The nanodroplets can form and continue
to grow by condensation and/or coalescence with other nan-
odroplets. Fig. 11a presented the time evolutions of the molecular
number in condensate, where only a slight difference can be
observed among the cases of the smooth, the parallel-groove, and
the wedge-groove Wenzel. Correspondingly, the condensation
rates are shown in Fig. 11b. The details are discussed as below.



Fig. 10. Time-lapsed images during condensation on surfaces with different patterns. Clusters prefer to form at the narrow side of the wedge groove and are marked with
dashed circles in case d. More clusters are found on case marked with dashed circles. Clusters in wedge grooves can move in the direction indicated by the arrow.
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(1) Nucleation site

A random and discrete cluster formation is observed on the
smooth surface, as shown in Fig. 10a. At t = 2.6 ns, four nuclei
are seen although their shape is not strictly hemispherical, and
then they merge with each other, leading to a roughly stable con-
tact angle until t = 10 ns. Additionally, it is found that no wonder-
ing is observed for these nanodroplets unless a coalescence occurs.
This is different from the vapour nucleation on super-hydrophobic
surfaces, where initially-formed nanodroplets can present
nucleation-induced wondering randomly [42]. Even though the
wettability of the present smooth surface is not measured, its
hydrophilicity can be inferred according to not only the snapshot
8

in Fig. 10a, but also the contact angle of a droplet in Wenzel mode
(see Fig. 3). The uncontrolled and immobile nucleation here is not
preferred as it means a small potential for sliding or shedding off.

On the location of nucleation, as shown in Fig. 10b and 10d, the
grooves show the potential of controlling the nucleation site. Clus-
ters prefer to form in the grooves other than the top parts. The
clusters are randomly formed in the parallel groove, see Fig. 10b.
Water molecules condense continuously with time going on. Three
clusters are found in the parallel groove and then merge into a
large one. As for surfaces with wedge groove, water clusters prefer
to form at the narrow side of the wedge groove at first, see Fig. 10d.
For a condensation process, the nucleation free energy barrier DGr

for a cluster derived by Liu and Cheng can be expressed as [43]



Fig. 11. (a) Condensate water numbers along with time; (b) Condensation rate.
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DGr ¼ qc

Z
Hfg Tl r;uð Þ � Tsð Þ

Tsat
dV þ rlv 2� 3coshþ cos3h

	 

pr2: ð4Þ

For a cluster formed on a surface with grooves, the cluster vol-
ume on a narrower groove will be smaller than that on a wider
groove. The radius of clusters on the narrower groove is accord-
ingly smaller. As a result, the cluster on the narrower groove has
a smaller nucleation free energy barrier based on Eq. (4). Moreover,
with the constrains of the narrow space, the cluster is more stable,
which is in favor of the following nucleating and growing process.
As shown in Fig. 10e, with the introduction of lubricant, t = 2.0 ns
four discrete nuclei are observed near the groove while one is
found within the narrow side, which presents the highest nucle-
ation rate among these cases. Moreover, the contact angles of these
initially-formed nuclei are slightly larger those on the smooth sur-
face. Thus, the wetting of initial nuclei is consistent with that of
stable nanodroplets as shown in Fig. 3. Furthermore, it should be
noted that the condensation rate is different from the nucleation
rate, which will be discussed in the next section.

(2) Condensation rate

Although the noticeable differences are observed in nucleation
sites, it is interesting to see small differences in condensation rate
among the three cases in Fig. 10a, b, d. In contrast, the wedge-
groove LIS surface has the largest condensation number, indicating
a larger nucleation rate. The reason is that the energy barrier of
condensation is primarily reduced by the lubricant by replacing
the liquid–solid interface with the water-lubricant-solid interface.
The condensation rate of the wedge-groove LIS is larger than the
other three cases at the beginning of the condensation, but
decreases after 4 ns and becomes almost the same as the other
three cases, see Fig. 11b. Discrete clusters merge to one large clus-
ter at 4 ns. Then the vapor prefers to condense on the cluster sur-
face instead of the substrate, leading to a decreased condensation
rate.

(3) Condensing and self-driving

Instead of the immobile condensing droplets, an interaction
between condensing and self-driving is observed on the surfaces
of wedge-groove Wenzel and wedge-groove LIS due to the Laplace
pressure difference. In details, clusters on the top side merge with
the cluster in the groove and move directionally towards the wider
side with the action of the wedge-shaped groove. After coales-
cences, one large nanoscale droplet is observed. This droplet con-
tinues growing up by collecting condensing water molecules.
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The wedge-groove LIS structure can not only control the nucle-
ation site but also present a high efficiency in self-driving of con-
densing droplets. In details, it takes about 7 ns for the merged
cluster to reach the wide side on the wedge-groove Wenzel sur-
face, while it takes only 4 ns on the wedge-groove LIS surface.
Moreover, the high efficiency can deserve more credits considering
that the size of the final droplet is almost one time larger than that
on the wedge-groove Wenzel surface.
3.5. Discussion

It is still necessary to contextualize the impacts of the results
above, rather than just present interesting but independent MD
simulation results. A discussion is briefly conducted on the connec-
tion between the present work and relevant experimental work. In
the work by Guo and Tang in 2018, a copper-based hydrophilic-
slippery surface to explore a possibility of both enhanced nucle-
ation rates and efficient droplet sliding [39]. A stable dropwise con-
densation is realized on a hydrophilic surface, which was
confirmed by an experimental work by Cha et al. in 2020 [44].
The ground-breaking effects of these advances encourage more
exploration along this direction.

The present work may provide some response on the nucleation
rate, droplet mobility and overall condensation rate, each of which
will be given with an example. On the nucleation, as shown in
Fig. 8 in Ref. [37], it takes about 16 s and 7 s for droplets to be
observed on superhydrophobic (SHPO) and hydrophobic (HPO)
surfaces, respectively. However, on two types of lubricant-
impregnated surface, it just takes less than 1 s for droplets to
nucleate and increase up to sufficient size to be visible. On the
mobility, it was experimentally found that nucleation is facilitated
on the hydrophilic untreated copper surface, but the micro-droplet
strongly pins on the surface. This is consistent with the present
simulation results for nanodroplets on smooth surface (see
Fig. 10a). In the experimental work, lubricant-impregnated sur-
faces present an enhanced condensation rate, as shown by the
enhanced surface coverage, droplet density and heat transfer per-
formance. Correspondingly, an enhancement in the number of
molecules in condensation is also observed as shown in Fig. 11a.
Overall, although the present results are obtained by MD simula-
tion at nanoscale, it is still helpful and meaningful to provide the
details of underlying physics, which are invisible for experimental
measurement and observation, and are also supplementary infor-
mation of macroscopic process.
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4. Conclusions.

In summary, a bionic lubricant-impregnated wedge-groove sur-
face is proposed in present work to manipulate condensates in the
Wenzel state. The self-driven transport of a single nanodroplet and
condensate is achieved using the molecular dynamics simulation.
The effects of the wetting states, lubricant thickness, groove depth
and cone angle on droplet dynamic characteristics are systemati-
cally studied. The results show that the proposed surface can drive
droplets in the Wenzel state to move spontaneously by taking
advantage of the wedge shape and the thoroughly wetted liquid–
solid interface in the groove. The nucleation site is also observed
to be controlled by the wedge-groove structure. In addition, the
impregnated lubricant can reduce the frictional force as well as
the energy barriers of nucleation. By manipulating condensates
in the Wenzel state, both the nucleation rate and the refresh rate
of condensed surfaces are improved, which can expand the appli-
cation range of the subcooling degree and the surface durability.
We envision that the present work enriches the strategy of conden-
sate manipulations and enhancement of condensation heat
transfer.
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