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Abstract
This work investigates nanodroplets impacting wettability-controlled surfaces via MD simulations. In comparison with 
fluid transportation of droplets at the macroscale, which is effective on hydrophilic/superhydrophobic surfaces, the one at 
the nanoscale is only achieved for nanodroplets on hydrophobic/hydrophobic or hydrophobic/superhydrophobic surfaces. 
This difference lies in the different transportation mechanism that breakup can take place for the former with the part on the 
superhydrophobic side being tossed, whereas, the droplets in the latter process always forms as an intact one owing to the 
enhanced viscous force at the nanoscale, indicating the transportation by bouncing instead of tossing. More quantitatively, 
the normalized transportation velocity, V* = Vt/V0, is extracted from MD simulation results, where Vt is the transportation 
velocity and V0 is the impact velocity. This feature parameter is controlled by the difference of contact angles (∆θ) and impact 
velocity and our simulations show two kinds of conditions are found to have a good performance of fluid transportation at the 
nanoscale, i.e., high V0 with high ∆θ and low V0 with ∆θ. Finally, a simple energy conversion model with a fitting parameter 
is established for quantifying the relationship between V* and ∆θ, attesting that the mechanism of fluid transportation at the 
nanoscale stems from the difference surface energy of the liquid–gas interface on wettability-controlled surfaces.

Keywords Nanodroplet impact · Molecular dynamics simulation · Fluid transportation · Wettability-controlled surface

1 Introduction

The phenomenon of a droplet impacting a surface is ubiq-
uitous not only in natural life, for example, rain droplets 
impacting solid surfaces, but also in industrial processes, 
such as aircraft icing (Mishchenko et  al. 2010), water 

harvesting (Wang et al. 2019a) and so forth (Wang et al. 
2022). After impacting surfaces, droplets have rich out-
comes, such as spreading, retraction, sticky, splashing, 
break-up, and bouncing (Josserand and Thoroddsen 2016). 
Among these outcomes, bouncing reached increasing atten-
tion owing to its potential in many applications, such as 
the design of anti-icing (Kreder et al. 2016) and self-clean 
surfaces (Hassan et al. 2020), the control of droplets (Hao 
et al. 2018), and so forth. Many studies have been devoted 
to revealing the mechanism of bouncing droplets via experi-
ments (Bertola 2009; Bird et al. 2013; Caviezel et al. 2008; 
Chantelot et al. 2018; Chen and Li 2010; Gilet and Bush 
2012; Gomaa et al. 2020; Hao et al. 2015; Jung and Bhushan 
2008; Liu et al. 2014; Okumura et al. 2003; Richard et al. 
2002; Richard and Quéré 2000; Wang et al. 2019b), numeri-
cal simulations (Caviezel et al. 2008; Xie et al. 2020), and 
theoretical analysis (Chantelot et al. 2018; Okumura et al. 
2003; Richard et al. 2002; Richard and Quéré 2000; Xie 
et al. 2020).

At the macroscale, the contact time is one of the 
most concerned parameters which has been investi-
gated in two decades. Richard et al. (2002) first reported 
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a breakthrough by proposing a scaling law of the contact 
time, i.e., τc ~  We1/2R0/V0 with the prefactor of 2.6, where 
We(= ρD0V0

2/γ) is the Weber number representing the ratio 
of inertial to capillary forces, τc is the contact time, ρ is the 
density of liquids, R0 is the radius of impacting droplet, V0 
is the impact velocity, and γ is the surface tension of liquids. 
They indicated that viscosity is not important in the bounc-
ing of low-viscosity droplets. Bird et al. (2013) collected 
data on the contact time of droplets impacting hydropho-
bic or superhydrophobic surfaces and further confirmed the 
scaling law. Subsequently, they indicated that there exist 
experimental and theoretical limits to the contact time of 
bouncing droplets. In experiments, no matter how superhy-
drophobic the surface is, even the contact angle approaching 
180°, the prefactor of the scaling law could not be lower than 
2.6; furthermore, despite viscous effects being neglected by 
considering the impact of droplets as a perfectly elastic col-
lision, the prefactor is limited to 2.2. For further reducing 
the contact time, Bird et al. (2013) decorated a surface with 
a rigid for inducing non-axisymmetric retraction of impact-
ing droplets, successfully achieving the significant reduc-
tion by 37% in comparison with the contact time on regular 
surfaces. Following this work, many kinds of structures are 
decorated to surfaces for reducing the contact time, such 
as a point-like superhydrophobic macrotexture (Chantelot 
et al. 2018), submillimetre-scale posts (Liu et al. 2014), and 
so forth.

Recently, Chu et al. (2020) discussed the later process of 
droplets bouncing off surfaces and indicated that if the supe-
rhydrophobic surface is horizontally located, no matter how 
short the contact time is, the bouncing droplet would finally 
fall back to the surface owing to the action of gravity. There-
fore, in comparison with the reduction of the contact time, a 
directional transportation of droplets has a practical require-
ment and is more expected. Hao et al. (2018) proposed a 
droplet jumping intensification device and reported that 
the droplet trajectory can be controlled by the droplet size, 
impact Weber number, and the height of the mini-channel 
of the device. Despite the good performance of this device 
on fluid transportation, however, the device is closed, which 
limits the application condition of this device, especially, 
the design of anti-icing surfaces. In this context, adopting a 
wettability-controlled surface can be considered an alterna-
tive choice. Schutzius et al. (2014) proposed a hydrophobic 
surface with arc-shaped and hydrophilic parts to control the 
motion of impacting droplets. In comparison with surfaces 
decorated by ridges, the droplet on wettability-controlled 
surfaces can bounce with lateral velocity, indicating that 
fluid transportation is successfully achieved. Similarly, Chu 
et al. (2020) reported a wettability-controlled surface with 
half part being superhydrophobic and the other part being 
hydrophilic can induce the directional transportation of 
impacting droplets. On this wettability-controlled surface, 

non-asymmetric retraction occurs for proving the lateral 
bouncing velocity, and the maximum transportation distance 
can be larger than ten times the droplet diameter.

The dynamics of impacting nanodroplets reached increas-
ing attention nowadays because not only it is common in 
natural life, for example, suspended water droplets in foggy 
days, but also it is potential in many promising applications, 
such as nanoscale inkjet printing (Galliker et al. 2012), pro-
ducing high-entropy materials (Glasscott et al. 2019), and 
so forth. Unfortunately, the investigation of nanodroplets is 
challenging work. First, the direct observation of dynamic 
processes of impacting nanodroplets is almost impossible to 
implement owing to the limited performance of high-speed 
cameras. Besides, traditional numerical simulation meth-
ods, for example, computational fluid mechanics (CFD) are 
difficult to investigate the dynamics of nanodroplets accu-
rately unless the properties of fluids are modified or complex 
boundary conditions are adopted (Garajeu et al. 2013). In 
this context, the molecular dynamics (MD) method is an 
atom-based method that simulates the dynamics of nanodro-
plets by tracing the path of each atom, and hence, MD simu-
lations have natural advantages in exploring the dynamic 
mechanism of nanodroplets. Up to now, MD simulations 
have become one of the most effective tools in the dynamics 
of nanodroplets, such as droplet coalescence at the nanoscale 
(Pak et al. 2018; Xie et al. 2018a, b), wetting transition in 
nanostructures (Zhang et al. 2019, 2021), and so forth. In 
particular, the impact dynamics of nanodroplets have been 
investigated detailed in recent years by MD simulations and 
many novel mechanisms of nanodroplets have been revealed 
(Xie et al. 2020; Gao et al. 2018; Kobayashi et al. 2016; Koi-
shi et al. 2017; Li et al. 2015, 2017; Sun et al. 2022; Wang 
et al. 2019c, 2020a, b). Li et al. (2015) examined water nan-
odroplets on surfaces with a contact angle of θ = 125° and 
indicated that the viscous dissipation mechanism is different 
from millimeter-sized droplets with the viscous dissipation 
occurring in entire nanodroplets instead of concentrates 
in the boundary layer. Here, θ represents the static contact 
angle, determined by the contact angle of an equilibrium 
droplet at the three-phase contact line. Therefore, the vis-
cous effect at the nanoscale is more significant. This con-
clusion is attested by the following studies. For example, 
Xie et al. (2020) examined Ar nanodroplets on superhydro-
phobic surfaces with θ = 150° and indicated that instead of 
τc ~  We1/2R0/V0 the scaling law of the contact time at the 
nanoscale is τc ~  Re−1/3We2/3R0/V0, where Re(= ρD0V0/μ) is 
the Reynolds number representing the ratio of inertial to 
viscous forces and μ is the viscosity of liquids. The effect 
of Re in the scaling law of nanodroplets further proved the 
important role of viscous force at the nanoscale. In addition 
to enhanced viscous force at the nanoscale, impacting nan-
odroplets were found more sensitive to surface wettability 
in comparison with millimeter-sized droplets. Wang et al. 
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(2020a) examined water nanodroplets on surfaces with θ 
from 23° to 148° and indicated that the velocity of the con-
tact line of nanodroplets in spreading is significantly affected 
by surface wettability, i.e., on a more hydrophilic surface, 
a faster moving velocity of nanodroplets would occur and 
further reach a larger maximum spreading diameter.

Despite progress in impact dynamics of nanodroplets on 
homogeneous surfaces, there is a lack of investigations of 
controlling droplets in fluid transportation, and especially, 
whether the proposed surfaces for millimeter-sized droplets 
are still effective for nanodroplets is required to be further 
attested. Owing to the significant performance of fluid trans-
portation on wettability-controlled surfaces proposed by Chu 
et al. (2020), we adopted similar surfaces, i.e., the wettability 
of the half-one surface is lower than the other half-one.

This work aims for revealing the mechanism of fluid 
transportation at the nanoscale and subsequently uncovering 
the difference of transportation mechanisms at the nanoscale 
and the macroscale. Then, based on MD simulations, which 
kinds of surface features of wettability-controlled surface 
can have good performance is desired to be identified. 
Finally, a simple model is expected to be obtained to quan-
tify the relationship between the transportation performance 
and the surface feature of wettability-controlled surfaces.

2  Simulation methods

In this paper, MD simulations are implemented to investi-
gate the impact dynamics of nanodroplets on wettability-
controlled surfaces. All simulations are conducted using the 
LAMMPS (large-scale atomic/molecular massively parallel 
simulator) package. The initial system is shown in Fig. 1a, 
the red atom is the mW atom and each mW atom represents 
a water molecule by the mW model (which will be discussed 
later) with  MrmW of 18 g  mol−1; The blue and yellow atoms 
are all the solid atoms  Mrsoild of 195 g  mol−1, where Mr rep-
resents the relative molecular mass. The simulation system 
has a diameter of 48 × 48 × 28  nm3 with a water nanodroplet 
and a solid substrate. The water nanodroplet has a diameter 
of 10 nm and consists of 17,528 mW atoms. The periodic 
boundary condition is applied to all three directions. The 
water nanodroplet and solid substrate are produced using 
centered cubic crystals with the help of the density of water 
and solid at the temperature of 300 K. The solid substrate 
has seven layers of atoms with the bottom three layers being 
fixed and the other layers being free. All solid atoms are 
applied with a virtual spring to their initial position for pre-
venting the deformation of the solid substrate during impact. 
It is worth noting that left- or right-side solid has different 
surface wettability for producing a wettability-controlled 
surface with contact angle θ1 or θ2, respectively. Here, θ1 is 

always lower than θ2 and the difference of contact angles, 
∆θ, is defined as θ2–θ1.

The interaction between water molecules (w–w) is imple-
mented by the monatomic water (mW) model. The mW 
model was developed by Molinero and Moore (2009), which 
is derived from the Stillinger–Weber potential model of sili-
con on the basis of the monatomic short-range multibody 
potential. In comparison with the TIP4P and SPC/E models, 
the mW model is a coarse-graining model, which considers 
a water molecule as a coarse-grained atom, and thereby can 
significantly reduce the computational cost. Nonetheless, 
despite being a coarse-graining model, the mW model can 
accurately reproduce the physical properties of water, such 
as density, surface tension and so forth. This model has been 
widely used in the investigation of the impact dynamics of 
nanodroplets. According to MD simulations from previous 
works, the density, surface tension, and viscosity of water 
modeled by the mW model are ρ = 996 kg/m3, γ = 66 mN 
 m−1, and μ = 283.7 μPa s (Molinero and Moore 2009; Jacob-
son et al. 2014; Moore and Molinero 2011).

The Lennard–Jones potential to model the interactions 
between water–solid (w–s) and solid–solid (s–s) is adopted 
and expressed as follows:

where ε is the depth of the potential well, σ is the effec-
tive interaction distance, and the rcut is the cut-off distance, 
which is set as 1 nm. The interaction parameters of s–s 
and w–s are set as εs–s = 0.69375 eV, σs–s = 0.247 nm and 
σw–s = 0.28155 nm (Li et al. 2015, 2017; Wang et al. 2020a, 
b; Ma et al. 2021), whereas, the potential parameter εw–s 
is used to be an adjustable parameter to produce different 
surface wettability. Here, the relationship between the con-
tact angle and potential parameter εw–s has been investigated 
in detail in previous work. When the interaction parame-
ter εw–s equals 0.02, 0.01684, 0.0102, 0.0068, 0.0051 and 
0.00184 eV, the contact angle is obtained as θ = 55°, 73°, 
85°, 105°, 125°, 148°, and 180° (Wang et al. 2020a). The 
contact angle is measured by evaluating the angle at the 
three-phase triple line, which is widely used in many works.

After the simulation system and interactions of atoms are 
set, MD simulations can be implemented. In general, there 
are two processes for each case, i.e., the equilibrium process 
and the outcome process, and the time step is adopted as 
1 fs. The equilibrium process runs in the NVT ensemble 
(canonical ensemble) with the Nose–Hoover thermostat 
being adopted to control the system temperature at 300 K. 
The center of mass of the nanodroplet is controlled away 
from the solid surface for avoiding the interaction between 
the nanodroplet and solid surface in the equilibrium process. 
This process takes 500,000 time steps. After the equilibrium 

(1)ULJ(r) = 4𝜀
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process, the outcome process is implemented in the NVE 
ensemble (micro-canonical ensemble). In this process, the 
Nose–Hoover thermostat and the control of the center of 
mass of the nanodroplet are removed. Besides, a velocity is 
given to the nanodroplet for driving the impact process. The 
position and velocity of each atom are recorded and stored 
every 1 ps for further analysis. The cases are calculated on 
Inter Xeon E5-2697 v4 processors and one case would take 
about 20 h on 36 threads.

For validating the accuracy of simulations in this work, 
the code of our simulations and the correctness between the 
contact angles and the εw–s interaction parameters are vali-
dated below. The code is validated by comparing the spread-
ing radius (R) from simulations by our code and the results 
from Li et al. (2015) at the same conditions, i.e., the same 

droplet diameter, the same impact velocity, and interaction 
parameters between atoms. As shown in Fig. 1b, our simu-
lation results show good agreement with the ones from Li 
et al. (2015). Besides, for validating the correctness between 
the contact angles and the εw–s interaction parameters listed 
above, the simulation of estimating the contact angle is also 
implemented. The process of estimating contact angle has 
two steps. The first step is the relaxation of a nanodroplet 
on a substrate. After the relaxation, the nanodroplet reaches 
the equilibrium state. Subsequently, in the second step, fit-
ting the profile of the nanodroplet as a circle and estimating 
the angle at the three-phase contact line leads to the value 
of the contact angle. For example, as shown in Fig. 1c, the 
contact angle is measured as 125° when εw–s = 0.0068 eV. 
Subsequently, the comprehensive comparison between the 
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Fig. 1  a A snapshot of the system which contains a nanodrop-
let over a wettability-controlled surface. The contact angle of the 
high-wettability side is θ1, which is lower than the one of the low-
wettability side with θ2. b The density contours of a nanodroplet at 

εw–s = 0.0068 eV. c The comparison of spreading diameter of results 
between this work and Li et al. (2015). d The comparison of contact 
angle with εwater–Pt interaction parameter between this work and Wang 
et al. (2020a) and Ma et al. (2021)
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contact angle measured in this work and the ones in Wang 
et al. (2020a) and Ma et al. (2021) is shown in Fig. 1d. The 
relationship between the contact angle and the εw–s interac-
tion parameter listed above is validated.

3  Results and discussion

3.1  Nanodroplets impacting hydrophilic/
hydrophobic and hydrophilic/superhydrophobic 
surfaces

Nanodroplets impacting hydrophilic/hydrophobic and hydro-
philic/superhydrophobic surfaces are exhibited in Fig. 2 
with four surfaces with θ from 85°/105° to 85°/180° being 
examined. During spreading, the impacting nanodroplets 
gradually spread over the surfaces (t = 7 ps). Despite the 
different surface wettability at different sides, the nanodro-
plets almost reach the maximum spreading state at the same 
time of t = 22 ps. Besides, the maximum spreading diameter 
is almost the same on different surfaces at the maximum 
spreading state, which is attributed to the relatively strong 

inertial force in spreading in comparison with other forces 
(Wang et al. 2020a). At the end of the spreading process, 
the nanodroplets enter into retraction. At the early retraction 
stage (t = 36 ps), if ∆θ is as low as 25° (Fig. 2a), the sym-
metry is not broken; whereas, as ∆θ increases to be higher 
than 40° (Fig. 2b–d), the nanodroplet on the low-wettability 
(θ2) side has a significantly faster contact line velocity than 
that on the high-wettability (θ1) side. At the later stage of 
the retraction process (t = 72 ps), a significant difference in 
retraction on different sides is observed, i.e., the part of nan-
odroplet on the low-wettability side almost completed the 
retraction whereas the other part on high-wettability side 
still retracted. At the end of the retraction process, a nan-
odroplet would be lifted owing to the collision at the center 
of the nanodroplet. On hydrophobic/superhydrophobic sur-
faces, the lifting force can depart the part of nanodroplets 
on the low-wettability side from surfaces by overcoming 
the adhesion at t = 72 ps (Fig. 2c, d); whereas, owing to the 
relatively stronger adhesion between liquids and surfaces on 
hydrophilic surfaces, the other part of nanodroplets on the 
high-wettability side is pinned on surfaces. At t = 140 ps, 
the nanodroplet would move toward the hydrophilic side by 

Fig. 2  Snapshots of nanodrop-
lets impacting surfaces with sur-
face wettability from 85°/105° 
to 85°/180° at We = 84.89. Here, 
the scale bar presents 10 nm
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the action of the unbalance capillary force on hydrophilic/
hydrophobic surfaces (θ = 85°/105° and θ = 85°/125°); 
whereas, the nanodroplet on hydrophilic/superhydrophobic 
surfaces shows the part of nanodroplet off surfaces is tossed 
toward to the hydrophilic side. Here needs to be noted that, 
for millimeter-sized droplets, a breakup can take place and 
the part of lifted liquids off surfaces can depart from the bulk 
of nanodroplets for achieving long-distance fluid transporta-
tion. However, despite the tossing process at the nanoscale, 
the breakup does not occur owing to enhanced viscous force 
at the nanoscale so that the tossed liquid part can not depart 
from the bulk of nanodroplet, indicating the failure of fluid 
transportation. At the end (t = 200 ps), nanodroplets are 
finally sticky on surfaces, no matter hydrophilic/hydropho-
bic or hydrophilic/superhydrophobic.

It is worth noting that, the breakup between pinned and 
tossed parts of nanodroplets does not take place but a new 
outcome is observed at the nanoscale as shown in Fig. 3, 
which is named as internal-breakup tossing. The spreading 
process is similar to snapshots in Fig. 2, however, when the 
nanodroplet starts to retract, an internal breakup occurs and 
a hole takes place at the low-wettability side at t = 37 ps. 
Subsequently, the hole is refilled by retracting liquid film at 
t = 72 ps and finally, the nanodroplet is sticky on surfaces as 
well. Due to the released surface energy from the maximum 
spreading state on the superhydrophobic side, the liquids 
on the superhydrophobic side are lifted and tossed dur-
ing retraction. However, the released surface energy is not 
enough to lift liquids on the hydrophilic side. After reach-
ing the maximum tossing state (t = 141 ps), the nanodrop-
let gradually reforms to a spherical-like shape (t = 200 ps) 
because of the action of surface tension. It is worth restating 
that, at the macroscale, fluid transportation is successfully 
achieved by the occurrence of a breakup to toss a part from 
the bulk droplet; however, at the nanoscale, the breakup is 
not observed, leading to the failure of the traditional fluid 
transportation mechanism. In this context, owing to the 
challenge of breakup at the nanoscale, bouncing droplets 
are desired to be effective at the nanoscale, but unfortu-
nately, in our simulation cases for nanodroplets impacting 
on surfaces in the θ2 range from 105° to 180° with fixed 
θ1 = 85° in a wide We range from 1.51 to 109.03, no bounc-
ing is observed, indicating the failure of fluid transportation 
by bouncing on hydrophilic/hydrophobic or hydrophilic/

superhydrophobic surfaces as well. Therefore, hydrophobic/
hydrophobic and hydrophobic/superhydrophobic surfaces, 
which provide the possibility of bouncing, are expected to 
be more effective in fluid transportation at the nanoscale.

3.2  Nanodroplets impacting hydrophobic/
hydrophobic and hydrophobic/
superhydrophobic surfaces

Nanodroplets impacting hydrophobic/hydrophobic and 
hydrophobic/superhydrophobic surfaces are expected to 
have the capability of fluid transportation. It is worth noting 
beforehand that, there is a contradiction on fluid transporta-
tion by bouncing droplets because a more hydrophobic sur-
face can lead droplets to bounce easily, however, this would 
result in a lower ∆θ, which would result in lower transporta-
tion performance. To identify what kinds of conditions can 
have good performance of fluid transportation, the impacts 
of nanodroplets on a wide range of wettability-controlled 
surfaces are examined. In this section, snapshots are exhib-
ited first for making a comparison with impact processes 
on hydrophilic/hydrophobic or hydrophilic/superhydropho-
bic surfaces. Then the phase diagram of outcomes would 
be plotted for examining which cases have the outcome of 
bouncing, and finally, the transportation velocity, Vt, of these 
bouncing nanodroplets is extracted for exploring the condi-
tions on a good performance of fluid transportation.

Snapshots are exhibited in Figs. 4, 5 and 6 with three 
series of wettability-controlled surfaces that the con-
tact angles of the high-wettability side are 105°, 125°, 
and 148°, respectively. As shown in Fig. 4a, b, similar to 
that, despite a trend of tossing liquids, which is similar 
to the ones on hydrophilic/hydrophobic and hydrophilic/
superhydrophobic surfaces, fluid transportation is not 
achieved owing to the absence of breakup. As ∆θ increases 
(Fig. 4c), the nanodroplet can bounce off the surface with 
a significant lateral motion. As reported by Ma et  al. 
(2021), a nanodroplet could not bounce from a homoge-
neity surface with θ being lower than 110°, however, on 
the wettability-controlled surface with θ = 105°/180°, the 
nanodroplet successfully bounce from the surface with 
the help of provided energy from the low-wettability side. 
When nanodroplets impact surfaces with increased θ1, 
as exhibited in Figs. 5 and 6, due to the higher contact 

Fig. 3  Snapshots of nanodro-
plets impacting surfaces with 
θ = 85°/180° at We = 109.03
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angles, the nanodroplets are easier to bounce, however, the 
lateral motion is significantly reduced so that despite the 
occurrence of bouncing droplets, the fluid transportation 
is extremely inefficiency.

3.3  The criterion of bouncing

At the nanoscale, the fluid transportation mechanism is 
different from millimeter-sized droplets. That is, the fluid 

Fig. 4  Snapshots of nanodrop-
lets impacting surfaces with sur-
face wettability from 105°/125° 
to 105°/180° at We = 84.89

Fig. 5  Snapshots of nanodrop-
lets impacting surfaces with sur-
face wettability from 125°/148° 
to 125°/180° at We = 84.89

Fig. 6  Snapshots of nanodrop-
lets impacting surfaces with sur-
face wettability of θ = 148°/180° 
at We = 84.89
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transportation at the macroscale does not require the entire 
droplet to bounce off surfaces due to the existence of breakup 
which allows a part of droplet to be tossed away; however, 
owing to the enhanced viscous dissipation at the nanoscale, 
the breakup could not take place and the only way to achieve 
the fluid transportation is to induce the bouncing on wetta-
bility-controlled surfaces. Therefore, instead of breakup or 
not, the outcome of nanodroplets impacting wettability-con-
trolled surfaces is classified by whether the bouncing takes 
place. Because the precondition of fluid transportation at the 
nanoscale is the bouncing of nanodroplets, before examin-
ing the efficient conditions for good performance of fluid 
transportation, the phase diagram of nanodroplets impact-
ing on surfaces is plotted for distinguishing the cases that 
nanodroplets can bounce off surfaces, as shown in Fig. 7a. 
It could be seen that the nanodroplets on surfaces with θ1 
equaling 85°; whereas, with the increases of θ1 and θ2, the 
nanodroplets can bounce off surfaces and the critical impact 
Weber number decreases simultaneously. Here, a criterion of 
bouncing is desired to be proposed. As reported by Sanjay 
et al. (2022), the bouncing transition can be estimated by a 
function of Bo and Oh. Unfortunately, this criterion is not 
able to be valid for nanodroplets, because of the small scale 
of nanodroplets rendering Bo ignorable and the existence of 
the scale effects. Recently, Ma et al. (2021) investigated the 
bouncing dynamics of water nanodroplets impact on uniform 
solid surfaces with θ and indicated that the bouncing of nan-
odroplets is more difficult due to the enhanced viscous dis-
sipation. For example, millimeter-sized droplets can bounce 
off surfaces when θ = 90° (Mao et al. 1997), whereas, nan-
odroplets never bounce off surfaces when θ < 110° regard-
less of We. At the nanoscale, Ma et al. proposed a criterion 
of bouncing by considering the balance between the adhe-
sion and the recovered kinetic energy from the maximum 

spreading state, expressed as  Wecr = bcosθ + c, where b = 162 
and c = 153. For using this criterion, the effect of θ1 and θ2 is 
unified to a uniform parameter by cosθuni = f1cosθ1 + f2cosθ2, 
where f1 + f2 = 1. Due to the equal area of the substrates with 
θ1 and θ2, f1 = f2 = 0.5. Subsequently, Fig. 7a is modified to 
a We ~ θuni phase diagram, as shown in Fig. 7b. Fortunately, 
by using the uniform contact angle, the criterion can also be 
valid for bouncing nanodroplets on wettability-controlled 
surfaces. However, the fitting parameters are shifted to 
b = 230 and c = 220. That is, at the same contact angle, the 
critical Weber number on wettability-controlled surfaces is 
larger than the one on uniform surfaces, which shows that 
the wettability-controlled further enhances the viscous dis-
sipation of nanodroplet impacts.

3.4  The transportation (lateral) velocity 
of the bouncing droplet

It is worth noting that, a nanodroplet with a higher impact 
velocity would have a larger maximum spreading diameter 
indicating larger surface energy at the maximum spreading 
state and hence a larger value of transportation velocity if 
the surface feature is fixed. Therefore, to be fair, the abil-
ity of fluid transportation is reasonable to be normalized as 
Vt/V0. Here needs to emphasize that, due to the enhanced 
viscous dissipation, Vt/V0 of all nanodroplets tested in this 
current work does not exceed 0.1 which is significantly 
lower than the value of 0.23 for millimeter-sized droplets, 
showing the enhanced viscous dissipation significantly 
decrease the fluid transportation at the nanoscale. As shown 
in Fig. 8, Vt/V0 decreases with We increasing and there are 
two high-efficient fluid transportation regions (distinguished 
by Vx/V0 > 0.05). (1) As exhibited by the first point on the 
curves of 125°/180° and 148°/180°, We is required to be as 
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Fig. 7  a We ~ (θ1, θ2) and b We ~ cosθuni phase diagrams of nanodroplets impacting surfaces with different surface wettability and Weber num-
bers, where cosθuni = 0.5cosθ1 + 0.5cosθ2
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low as possible and θ1 and θ2 should be as hydrophobic as 
possible, refer to as the low ∆θ region. (2) As exhibited by 
points of 105°/148° and 105°/180°, θ1 and θ2 should be as 
hydrophilic and hydrophobic as possible, respectively, indi-
cating the high ∆θ region for cases where nanodroplets can 
bounce from surfaces. Obviously, these two regions must 
correspond to different mechanisms for achieving good per-
formance. Therefore, an energy analysis is implemented for 
discussing differences for fluid transportation of droplets at 
the low and high ∆θ regions.

A simple energy analysis is implemented for theoreti-
cally evaluating the lateral velocity (Vt). After a nanodro-
plet reaches the maximum spreading state, the part of the 
nanodroplet on the low-wettability side can release more 
surface energy to kinetic energy during retraction owing to 
the lower adhesion in comparison with the part on the high-
wettability side. Therefore, the transportation velocity stems 
from the different solid–liquid interfacial energy at differ-
ent sides of nanodroplets at the maximum spreading state. 
Here, an energy conservation equation from the maximum 
spreading state to the bouncing state without viscous effect 
could be expressed as, πDmax

2(cosθ1–cosθ2)/8 = ρπD0
3Vt

2/6. 
It is worth noting that, this expression is an inaccurate form 
owing to significantly viscous dissipation at the nanoscale. 
For further considering the effect of viscous dissipation in 
this conservation, an available energy factor, Cv is intro-
duced in the expression as,

As reported by Wang et al. (2020a) that viscous dissipa-
tion at the nanoscale is sensitive to surface wettability, Cv 

(2)Cv

[

1

8
�D2

max
(cos �1 − cos �2)

]

=
1

6
�D3

0
V
2

x

must vary with surface features. Here, Cv is an empirical and 
adjustable parameter to fit different surface features in our 
simulation system. As shown in Fig. 9, with the wettability 
decreases, Cv increases from 0.006 to 0.012, indicating the 
reduction of viscous dissipation. The value of Cv is close 
to the one on homogeneous and superhydrophobic surfaces 
as 0.014 reported by Xie et al. (2020). By comparing the 
prefactor Cv on different wettability-controlled surfaces, it 
could be seen that the viscous dissipation is violent when 
θuni is low but has a trend of decrease when θuni increases. 
The different solid–liquid interfacial energy at different sides 
of nanodroplets at the maximum spreading state drives the 
lateral transportation, however, the viscous dissipation quan-
tified by Cv hinders it. Comparing the different solid–liquid 
interfacial energy and the viscous dissipation on different 
wettability-controlled surfaces, the mechanisms of the two 
high-effective fluid transportation regions become clear. 
For the low ∆θ region, the difference of the solid–liquid 
interfacial energy is small but the viscous dissipation is 
low so that a larger proportion of the interfacial energy can 
convert to transportation kinetic energy; whereas, for the 
high ∆θ region, despite larger viscous dissipation, a larger 
difference in surface wettability leads to larger difference 
value of the solid–liquid interfacial energy for proving fluid 
transportation.

4  Conclusions

This work investigated the fluid transportation by drop-
lets impacting wettability-controlled surfaces at the 
nanoscale via MD simulations. Four kinds of wettability-
controlled surfaces, hydrophilic/hydrophobic, hydrophilic/

Fig. 8  Dimensionless lateral velocity Vt/V0 varying with We on 
surfaces with 105°/148° (θuni = 123.6°), 105°/180° (θuni = 129.0°), 
125°/148° (θuni = 135.3°), 125°/180° (θuni = 141.9°) and 148°/180° 
(θuni = 157.5°)

Fig. 9  The comparison between theoretical results and MD simula-
tions results on wettability-controlled surfaces
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superhydrophobic, hydrophobic/hydrophobic, and hydro-
phobic/superhydrophobic, are examined. Our simulation 
results indicated, although the hydrophilic/superhydrophobic 
surface can transport droplets with a large distance being 
about ten times of droplets at the macroscale, such a surface 
totally falls at the nanoscale because the breakup occur-
ring for millimeter-sized droplets do not take place at the 
nanoscale during the tossing process, which can be attrib-
uted to the entranced viscous dissipation at the nanoscale. 
Then, fluid transportation is found to be achieved on hydro-
phobic/hydrophobic and hydrophobic/superhydrophobic sur-
faces by bouncing nanodroplets instead of breakup. How-
ever, there is a contradiction that a more hydrophobic surface 
is bouncing easier, but is fluid transportation less effective. 
For identifying what kinds of surface features and impact 
velocities can show good performance of fluid transportation 
at the nanoscale, the normalized transportation velocity is 
extracted by MD simulations, indicating two high-effective 
fluid transportation regions. One is a low-velocity impact 
on surfaces with a surface as hydrophobic as possible; the 
other is a high-velocity impact on surfaces with large ∆θ. By 
establishing an energy conservation equation from the maxi-
mum spreading state to the bouncing state, the mechanism 
of these two highly effective regions can be explained by the 
competition of viscous dissipation and the difference of the 
solid–liquid interfacial energy. For the former, the viscous 
dissipation is low for leading to high-effective fluid trans-
portation; whereas, the latter achieves high transportation 
velocity with the help of a large difference in the solid–liquid 
interfacial energy.
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