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ABSTRACT: The directed transport of liquids at the
nanoscale is of great importance for nanotechnology
applications ranging from water ﬁltration to the cooling
of electronics and precision medicine. Here we demonstrate such unidirectional, pumpless transport of water
nanodroplets on graphene sheets patterned with hydrophilic/phobic areas inspired by natural systems. We ﬁnd
that spatially varying patterning of the graphene surfaces
can lead to water transport at ultrafast velocities, far
exceeding macroscale estimates. We perform extensive molecular dynamics simulations to show that such high transport
velocities (O(102 m/s)) are due to diﬀerences of the advancing and receding contact angles of the moving droplet. This
contact angle hysteresis and the ensuing transport depend on the surface pattern and the droplet size. We present a
scaling law for the driving capillary and resisting friction forces on the water droplet and use it to predict nanodroplet
trajectories on a wedge-patterned graphene sheet. The present results demonstrate that graphene with spatially variable
wettability is a potent material for fast and precise transport of nanodroplets with signiﬁcant potential for directed
nanoscale liquid transport and precision drug delivery.
KEYWORDS: nanodroplets, graphene, nanoﬂuidics, wettability gradient, wettability patterning
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on a hydrophilic wedge-shaped track surrounded by superhydrophobic terrains.17−19
The potential of wettability gradients for enhanced unidirectional liquid transport at the nano- and microscale has received
signiﬁcant attention for fast drug delivery, eﬃcient heat
transport,20,21 and electricity generation;22 such gradients are
considerably easier to manufacture than other structural
patterns.8 The static contact angle exhibited by water droplets
on graphene is one of the common fundamental conﬁgurations
for comparing experimental and computational studies and
validating MD potentials.23−27 In turn, MD simulations of
water droplet transport on graphene surfaces or channels with
a linear wettability gradient26,28,29 have shown that a droplet
can maintain unidirectional as well as nonlinear trajectories.28
Experimental studies have revealed the advantages of a wedgeshaped hydrophilic track for pumpless, rapid, unidirectional
transport.30,31
Here, we examine graphene surfaces with patterned
nanoscale wettability domains and show that such surfaces

he structural patterning of surfaces is broadly
encountered in natural systems, implying possible
functional advantages for the organisms and their
interactions with their environment. Nano- and microstructural
and chemical surface patterns are encountered on insect bodies
and plant leaves and are frequently associated with the vital
functions of organisms.1,2 In turn, the interactions of natural
nano/microstructures with liquids serve as inspiration for
engineered surfaces meant to increase transport eﬃciency,
liquid collection, or condensation and heat transfer of microand nanodroplets.3−9 A prominent example is the watercollection system of the Namib desert beetle, exhibiting
surfaces exploited for water collection and directional transport.10 Experimental studies inspired by these surfaces have
successfully demonstrated the water harvesting mechanisms in
the microscale regime.11,12 Another example involves the
structure of the vein network of the banana tree leaves, which
has inspired the construction of patterned hydrophilic surfaces
for microscale systems of higher heat transfer eﬃciency.13−15
The eﬀect of wettability patterning on heat transfer16 was also
investigated by studies that were focused on enhancing the
cooling eﬃciency of microelectronic devices by guiding water
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Figure 1. (a−d) Geometry details of the compared wettability patterns: (a) Linear wettability−gradient surface with values of the interaction
strength between water and carbon, ϵCO, varying for the zones from left to right as given in Table 1, (b) wedge-shaped wettability patterned
surface, which consists of two zones with ϵCO corresponding to the most hydrophobic (black colored zone) and most hydrophilic (silver
colored zone) values in Table 1. (c) and (d) show side views of typical droplets at two time instances, t1 and t2, during their motion over the
surfaces shown in (a) and (b), respectively. (e) Temporal comparison of the center-of-mass velocity (VCoM) of the droplets on a wedge track
and a uniform gradient surface. (f) Diﬀerence of advancing and receding contact angles (contact angle hysteresis) during movement of water
droplets placed on the gradient or the wedge-track surface. Black curves are for the gradient surface; red curves are for the wedge-patterned
surface.

orders of magnitude higher than the highest reported velocities
of water in nanochannels and most studies featuring surface
energy gradients.34−36 Our work is inspired by studies on water
behavior on microscale-patterned surfaces17 that aimed to
exploit surface patterning inspired by the Namib beetles and
banana leaves.
At the nanoscale, we ﬁnd that the eﬀects of wettability
diﬀerences are nonlinearly accentuated. In addition, we ﬁnd

induce ultrafast unidirectional transport of water nanodroplets.
We compute water droplet velocities of the order of 102 m/s
based on experimentally validated variations of surface energy
corresponding to contact angles representing superhydrophobic (θ ≥ 150°)11,18 or superhydrophilic (θ ≈ 0°)14 surfaces.
High transport velocities have been reported previously by few
studies investigating propulsion due to chemical26−28 or large
thermal gradients.32,33 Notably, the observed velocities are 2
B
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Table 1. Values of the Interaction Strength between Water and Graphene Atoms Used in the Diﬀerent Stripe Zones of the
Wettability-Gradient Surface Shown in Figure 1aa
zone
ϵCO [kcal/mol]
contact angle

1

2

3

4

5

6

7

0.05994
121°

0.07494

0.08994

0.10494

0.11994

0.12994

0.13864
51°

a

The most hydrophobic (zone 1) and most hydrophilic (zone 7) values of this table are the ones used for the two regions in the wedge-shaped
patterned graphene surface in Figure 1b.

Figure 2. (a) Center-of-mass (CoM) velocity VCoM vs time for water droplets moving on graphene surfaces with a straight wettabilitygradient pattern and wedge-shaped patterns with the wettabilities of the outer zone listed in Table 2. The black curve is for the uniformgradient surface; the colored curves refer to diﬀerent wedge-shaped patterned surfaces, corresponding to the cases listed in Table 2: Green
curves refer to case 1 (θout = 147°); red to case 2 (θout = 121°); blue to case 3 (θout = 107°); yellow to case 4 (θout = 88°); and cyan to case 5
(θout = 68°). (b) Center-of-mass (CoM) velocity VCoM vs time for the motion of water droplets on graphene surfaces with a straight gradient
wettability pattern and a wedge-shaped track with increasing wedge angles ϕ. The black curve refers to the uniform-gradient surface; colored
curves refer to wedge-shaped patterned surfaces, with diﬀerent wedge angles ϕ: red for ϕ = 5°; blue for ϕ = 10°; and green for ϕ = 25°. The
graphs extend up to the instant when each droplet reached the end of the substrate. See more in Supporting Information, Section 3.1.

water. The patterns are inspired by biological systems for water
collection17 and directed ﬂuid transport.15 As discussed below,
the MD simulations reveal that these patterns induce motion
of the water droplets with velocities up to 2 orders of
magnitude higher than those observed in other nanoscale
systems.37,38 We quantify the droplet transport by the position
and velocity of the droplet’s center-of-mass (CoM), PCoM and
VCoM, and the diﬀerence (Δθ) between the contact angles of
the advancing and receding interfaces (see following sections
and the Supporting Information (SI)).
Water Droplets on Two Wettability Patterns: Uniform
Gradient vs Wedge Track. We compare the nanodroplet
motion on surfaces with a uniform wettability gradient and a
wedge-shaped track (Figure 1a,b, respectively). We observe
two distinct behaviors characterized by markedly diﬀerent
values of Δθ, as shown in the starting and ﬁnal side view of
each droplet over the corresponding patterned sheet (Figure
1c,d, respectively). Over the wedge-patterned surface, Δθ
decreases steadily after the droplet settles on the surface,
eventually falling below 5° (Figure 1f). In contrast, Δθ remains
almost constant on the uniform gradient surface (Figure 1f).
In the wedge-shaped pattern, the droplet initially accelerates
nearly at the same rate as on the gradient surface, but, soon,
under the resistance of interfacial friction, it decelerates; thus,
its maximum attained velocity is below that on the uniformgradient surface (Figure 1e). In the following sections, we
investigate the eﬀects of the track’s geometry on the droplet
trajectory, with the aim to maximize the induced CoM droplet
velocity.

that there is a strong inﬂuence of the geometrical wettability
patterning (shape and gradients) of the graphene surface on
the nanodroplet transport. We evaluate the dependence of the
induced transport velocities on the relative droplet size and
attribute the ultrafast movement of the water droplets to the
respective contact angle diﬀerences across the patterned
surface. Finally, we derive a scaling law for the normalized
friction coeﬃcient of water on a graphene surface of variable
wettability. We use this law to construct an analytical model
describing the driving forces of the droplet motion on a wedgepatterned substrate. The analytical model is shown to predict
reliably the results of the computationally intensive MD
simulations. We expect that this law can be used for
optimization of tapered-patterned surfaces in diverse applications, such as eﬃcient drug delivery11 and cooling of
microelectronics.18

RESULTS AND DISCUSSION
We examine self-propulsion of nanodroplets on graphene
surfaces patterned with the schemes shown in Figure 1. We
perform MD simulations of water droplets placed on doublelayer graphene, patterned either by a banded gradient scheme
(Figure 1a) or a hydrophilic tapered track laid in a
hydrophobic background (Figure 1b). The pattern in Figure
1a is deﬁned by the bandwidth and wettability (each band has
uniform wettability) or by the initial width and the angle of the
wedge track, ϕ (Figure 1b). We vary the wettability of the
inner zone of the wedge-shaped track, tuning it to represent a
zone of hydrophilic, neutral, or hyrophobic interaction with
C
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Table 2. Values of the Interaction Strength ϵCO between Water Molecules and Graphene Atoms in the Outer Zone of the
Wedge-Shaped Pattern, Denoting the Diﬀerent Wedge Cases in Figure 2a
wedge case
outer zone ϵCO [kcal/mol]
water contact angle θout [deg]

1

2

3

4

5

0.03994
147

0.05994
121

0.07994
107

0.09994
88

0.11994
68

These values designate θout for the ﬁve cases listed. The value of ϵCO for the inner (more wettable) zone in all cases remains constant, ϵCO =
0.13864 kcal/mol, and corresponds to θ = 51°.
a

Figure 3. (a) Center-of-mass (CoM) position PCoM, and (b) respective velocity VCoM vs time for water droplets moving on graphene surfaces
with a wettability gradient (black curves) and the wedge-shaped track 2 in Table 2 (red curves), using a spherical droplet equilibrated in
vacuum. The graphs extend up to the point when each droplet reached the end of the substrate.

droplets, the track angle ϕ has been limited to values well
below 10° due to the rapid widening of the track at high values
of ϕ.17,30
Eﬀect of the Droplet Shape and Size. Eﬀect of Initial
Droplet Shape. The structural characteristics of the water
droplet at the instance it is brought in contact with the
patterned surface have an eﬀect on its subsequent motion (see
SI Section 3.2.1 for more details). The initial behavior of a
spherical water droplet that is ﬁrst equilibrated in vacuum has
been found to depend on the pattern of the surface it is placed
on (wedge track or gradient). The water droplet structure is
aﬀected as it is lowered (by applying a constant velocity on
water molecules) onto the patterned surface. The initially
spherical droplet approaching the wedge-patterned surface gets
readily attached to the surface, onto the hydrophilic zone at the
start of the track. Even though the terminal velocity of the
droplet is lower in the case of the wedge pattern, the droplet
reaches the end of the wedge-patterned substrate sooner than
for the straight-patterned gradient surface (Figure 3). We
remark that the wedge track sets the ﬂuid to a more vigorous
motion and imparts initially higher acceleration than that
observed on the gradient wettability surface. However, for the
latter, the sustained inﬂuence of the wettability-gradientinduced force eventually raises the ﬂuid velocity to levels
beyond those attained on the wedge-shaped track.
Droplet Size Eﬀects on Wedge-Track Transport. We
equilibrate three droplets of diﬀerent sizes on a neutrally
wettable surface (Table 3). The geometric parameters of the
wedge-patterned surfaces, i.e., wedge angle, ϕ, and initial width
of the hydrophilic zone, are scaled according to the droplet size
so that the problem remains similar for every case (Table 3).
The transport characteristics of the droplets along the track are
only aﬀected by the size of the droplet (see SI Section 3.2.2 for
more details). For each case, the velocity initially rises under
the inﬂuence of the Laplace pressure that forces the ﬂuid onto

We note that the initial droplet used for all simulations in
this subsection is equilibrated on a “neutral” wettable surface
with ϵCO = 0.09369 kcal/mol and equilibrium contact angle θ =
89°.
Eﬀect of Structural Variations of the Graphene Substrate.
Eﬀect of Wettability Contrast of the Wedge Track. The
wettability contrast of the wedge-track patterned surface is
critical to the droplet transport characteristics (Figure 2a). For
all cases in this section, the wedge (silver-colored in Figure 1b)
is hydrophilic, with a constant interaction strength ϵCO =
0.13864 kcal/mol that corresponds to an equilibrium contact
angle θ = 51°. The interaction strength ϵCO of the outer, lesswettable zone (black-colored in Figure 1b) is varied, as shown
in Table 2. The original wedge pattern, discussed in the
previous section, corresponds to case 2 in Table 2. We observe
that a terminal CoM droplet velocity, VCoM,max, is reached only
for the more hydrophilic cases 3 and 4, while the velocity in
case 5 peaks early and declines steadily thereafter. As expected,
VCoM,max declines with decreasing wettability contrast (lower
θout or higher ϵCO) (see Figure 2a).
Eﬀect of Wedge-Track Angle. The geometry of the wedge
track, and more speciﬁcally the wedge angle, ϕ, greatly aﬀects
the early stages of the motion of the water droplet (Figure 2b).
We consider three wedge tracks with angles ϕ = 5°, 10°, and
25°. We observe that the droplet CoM velocity peaks at a
terminal value, whereas for the two higher values of ϕ it starts
to decline in a shorter time, due to extensive friction in the
larger hydrophilic zone. The acceleration of the droplet rises
with increasing ϕ, as expected.17 We emphasize that, for both
ϕ = 10° and 25° wedge tracks, the initial acceleration is higher
than the constant-gradient pattern, although the sustained
inﬂuence of the wettability gradient eventually causes the
droplet on the gradient surface to move faster. Note, again,
that maximum droplet speeds exceed 150 m/s. We note that in
previous experimental work with millimeter-scale tracks and
D
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Table 3. Values of the Mean Equilibration Radius Requil of
the Contact Interface of Water and Carbon, Number of
Water Molecules, Equilibration Contact Angle θequil, and
Corresponding Initial Width and Angle of the Wedge on the
Patterned Surfacea

wetted area of the substrate. Finally, collecting the results from
the cases with diﬀerent wettabilities, we deduce a quadratic
relation between the friction coeﬃcient and the surface
wettability, as seen in Figure 5b, which can provide estimates
for the friction coeﬃcient for all wettability values over the
tested range.
Analysis of Droplet Transport on Wedge-Shaped
Patterned Surfaces. We now establish a simple, analytical
model for the forces acting on the water droplet when it is
moving on a wedge-patterned surface. We establish the driving
force induced by the wettability contrast between the two
zones of the wedge track, Fdr, and the friction force between
the droplet and the underlying surface, Ffr, which hinders the
droplet’s motion (Figure 6a). The propelling force Fdr is
linearly dependent on the wettability jump δS along the
δ (cosθ )
separation line of the two zones, δS = δ(w) , where θ is the

case
no. of H2O molecules
Requil [Å]
θequil [deg]
track starting width [Å]
wedge angle ϕ [deg]

1

2

3

1474
57
89
6.3
1.6

3759
79
96
8.7
2.2

53331
180
94
20.0
5.0

θequil here corresponds to the measured contact angle of the droplet
when equilibrated prior to its release on the patterned graphene
surface (see Methods section for more details).

a

contact angle of each wettable region, and w deﬁnes the
direction perpendicular to the separating line between the two
zones. Thus, in the direction of motion, x, Fdr,x = 2γAδS sin ϕ/
2, where γ is the water surface tension40 and A the total contact
area of the droplet with the substrate that contributes to the
motion actuation. The wettability of the outer hydrophobic
and inner hydrophilic zones is characterized by the contact
angles θA and θB, respectively. The friction force at the
direction of the droplet’s motion is calculated as the sum of the
friction forces on the two distinct zones of wettability: each
force is calculated as the product of the friction coeﬃcient of
each wettability zone (μA and μB for the hydrophobic and
hydrophilic zones, respectively), as described in the previous
section, with the droplet-wetted area A of each zone, and the
terminal velocity of the droplet, U: Ff r = μAU. Further details
about the analytical force evaluation can be found in SI Section
4.
The input to the analytical model is the initial position and
velocity of the droplet from the MD simulation results. The
output of the model deﬁnes the instant acceleration of the
droplet and, in turn, the instantaneous velocity and position of
the droplet on the track. We compare the evolution of the
velocity of the droplet along its trajectory, as calculated from
the analytical model, against the velocity evolution derived
from the MD simulations. We ﬁnd good agreement between
the simulation and the model for the three droplet sizes in
Table 3 (see Figure 6b and SI Figure S7 for all three sizes). We
note that the current model matches the simulation results for
a section of the overall trajectory, as our analysis does not
account for end eﬀects (i.e., the force induced by the
wettability jump at the start of the wedge track or for the
decelerating force when approaching the right periodic end of
the substrate). Our analytical estimates indicate that the
observed fast pumpless transport of water droplets at the
nanoscale can be observed in experimental setups involving
millimeter-scale droplets (see SI Section 4).

the wettable track to minimize its energy.17 As the liquid
moves to the wider portions of the track, the propelling force
(due to the Laplace pressure) weakens, while the friction
resistance rises. This competition results in the velocity
peaking, and then declining, as the friction force keeps rising
further (due to the ﬂuid−solid contact area rising toward the
wide end of the track). The variation of maximum terminal
velocity with droplet size is shown in Figure 4. This trend is
expected, as larger droplets have increased inertia as well as a
larger contact area (i.e., higher frictional resistance) with the
underlying wettable track.

Figure 4. Maximum terminal velocity of a nanodroplet on a wedgetrack versus droplet size.

Interfacial Friction Coeﬃcient. We have performed a
systematic study to extract the area-normalized friction
coeﬃcient of water droplets39 moving on surfaces of diﬀerent
wettabilities. This quantity is used in the following section to
determine the friction force applied at the interface between
the droplet and the patterned substrate. For each surface with
diﬀerent wettability, we apply a constant force on all water
molecules and let the droplet move until the interfacial friction
force between water and substrate equals the driving force (i.e.,
the droplet attains a steady velocity). We then correlate the
steady (terminal) velocity of the droplet, U, and the friction
force, Ff r, which is the pair force between water and the surface
and equals the applied force at equilibrium. Plotting the
friction force versus the steady terminal velocity for diﬀerent
values of the applied driving force (Figure 5a), we extract the
friction coeﬃcient for that surface via a linear ﬁt of the data.
The friction coeﬃcient is deﬁned as μ =

Ffr
UA

CONCLUSIONS
We presented molecular dynamics simulations of ultrafast
(∼O(102 m/s)) transport of water nanodroplets on bioinspired wettability patterns laid on graphene surfaces. We
showed that the motion of water droplets on gradient bandwettability patterns can be rationalized by the time evolution of
the diﬀerence of advancing and receding contact angles. The
water droplet transport on the wedge tracks is unidirectional
with a terminal speed of transport that can be enhanced by

, where A is the
E
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Figure 5. (a) Friction force Ffr versus terminal velocity for surface wettability corresponding to ϵCO = 0.5994 kcal/mol. The extracted friction
coeﬃcient μ is analogous to the slope of the line ﬁtting the force data. For this case, we ﬁnd μ = 5554 N/(m/s)-m2. (b) Friction coeﬃcient μ
versus surface wettability, as deﬁned by the interaction strength ϵCO. A quadratic ﬁt is found to describe the relation of μ and ϵCO: μ = aϵCO2 +
bϵCO + c, with a = 57696, b = 5726, and c = 0. The top x-axis denotes the respective contact angle θ values corresponding to the ticks of the
wettability ϵCO axis.

Figure 6. (a) Water-droplet transport over a graphene substrate in the direction of the velocity vector VCoM, under the inﬂuence of the
capillary driving force, Fdr, and the resisting friction force, Ffr. The contact angles designating the wettability of the outer or inner zone of the
wedge track are denoted as θA and θB, respectively, whereas the respective friction coeﬃcients are μA and μB. (b) Comparison of the droplet
velocity evolution from MD simulations (red) and from the analytical model presented in this section (black) for a droplet with Requil = 180
Å (case 3 in Table 3).
wettability of the outer zone of the wedge-shaped track, tuning it to
represent a zone of neutral or hydrophobic interaction with water.
The inner zone of the wedge track remains hydrophilic for all
simulations. For all simulation cases, the water droplet has been
equilibrated on a graphene surface with a neutral wettability. We tune
the wettability of the graphene surface by modifying the value of the
Lennard-Jones interaction strength (ϵCO) between carbon and oxygen
atoms.23,25 The baseline simulation setup uses a droplet of 1474 water
molecules and is equilibrated on a “neutrally wettable” surface with
interaction strength ϵCO = 0.09369 kcal/mol, corresponding to an
equilibrium contact angle of 89°.41
All MD simulations are performed with the LAMMPS42 package. A
time step of 1 fs and periodic boundary conditions are applied to all
simulations. The interactions of the water molecules are modeled with
the TIP4P-Ew water model43 with molecular topology constraints
applied using the SHAKE algorithm.44 For short-range interactions,
we use a cutoﬀ of 1.0 nm for the pair C−O45 and a cutoﬀ of 0.9 nm
for the pair O−O.46 From a sensitivity analysis for the settings of
short-range interactions on our results, we ﬁnd that the end value of
the CoM velocity of the droplet varies approximately 4−5% for a 10%
variation of the cutoﬀ distance (see SI Section 1.3). For the
computation of long-range electrostatic interactions, we set the cutoﬀ
distance at 0.85 nm43 and we use a particle−particle particle-mesh
(P3M) algorithm47 with a root-mean-squared error in the force
calculation of 10−5.

changing the geometry of the track. We demonstrated the
advantage of the wedge-track pattern over a straight gradient
wettability pattern with respect to the directionality of the
droplet motion. We identiﬁed the driving mechanisms for
these phenomena and formulated an analytical model that
evaluates the instantaneous acceleration of the droplet and
could facilitate the design of such patterned surfaces. The
results of this study can further assist ongoing research on
spontaneous actuation of water transport due to interfacial
phenomena, crucial for high-eﬃciency drug delivery and
ultrafast heat dissipation for nano- and microscale systems.
Given the plethora of the available nanoscale fabrication
methods to generate such wettability gradients, the present
study supports the feasibility of moving minute amounts of
ﬂuids with very high velocities that are not attainable with
macroscopic devices.

METHODS
We perform MD simulations of water droplets placed on double-layer
graphene, patterned either by a banded gradient scheme (Figure 1a)
or a hydrophilic pattered track laid in a hydrophobic background
(Figure 1b). The pattern in Figure 1a is deﬁned by the bandwidth and
wettability (each band has uniform wettability) or by the initial width
and the angle of the wedge track, ϕ (Figure 1b). We vary the
F
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The graphene atoms remain ﬁxed for the majority of simulations, in
order to eliminate further noise in the results due to phonon
vibrations.48,49 We tested how the phonon excitation of the top layer
of graphene would aﬀect the results; we found that the end value of
the CoM velocity of a water droplet on the graphene with the band
gradient varies by 8% but only by 1.5% with the wedge pattern. We
attribute this discrepancy to the spatial constraints the wedge pattern
imposes on the droplet, enhancing its unidirectional translational
motion (see SI Section 1.5). We tune the wettability of the graphene
surface by modifying the value of the Lennard-Jones interaction
strength (ϵCO) between carbon and oxygen atoms.23,25 Visualizations
were performed with the Visual Molecular Dynamics (VMD)
package.50 Postprocessing of the results has been partially performed
using the MDAnalysis package.51
We build the various-sized graphene sheets with the WCCNT
package, developed within the CSELab.52 The package works within
the VMD software interface50 as a TCL plugin, and it integrates
diﬀerent routines to generate and analyze LAMMPS-compatible ﬁles
of graphene sheets (GRSs) and carbon nanotubes (CNTs) with
water. Preparation of the systems, including deﬁning the various
wettability zones on the graphene sheets, was also performed with
TCL scripting within the VMD package. The water droplets
preparation is performed with the following procedure: For each
case of droplet size, a water box is deposited on a graphene surface
with the same wettability as the inner zone of the wedge track and is
left to equilibrate to a droplet in an isothermal−isochoric (NVT)
ensemble at 298 K for 2 ns. The equilibration is over when the
measured contact angle of the droplet does not change further.41
The majority of MD simulations are conducted with equilibrated
water droplets, placed on patterned GRS’s, and left to move under the
inﬂuence of interfacial forces (as described in SI Section 4). For all
simulations, the water molecules are kept at 298 K, with the NoséHoover thermostat,53 adjusting only the thermal component of
temperature, which was found to be equivalent to employing an NVE
ensemble54,55 (see SI Section 1.4). The simulations performed in the
Results section are summarized in SI Section 2. For the friction
coeﬃcient study, we apply a constant force on all oxygen atoms and
let the droplet move until the interfacial friction force between water
and substrate equals the driving force. We then measure the steady
terminal velocity of the droplet, U, and the friction force, Ff r. This is
the pair force between water and the surface and equals the applied
force at equilibrium. We extract the friction coeﬃcient by performing
a set of 6 simulations, varying the applied force on the water
molecules. This is repeated for four diﬀerent values of surface
wettability (varying the interaction strength ϵCO), in order to
construct the collective graph in Figure 5b. This required 24 MD
simulations of 5 ns.
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