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A B ST R AC T
The spreading of liquids onto and over surfaces is a fundamental process in nature. It is present in all forms and sizes: From rivers carving through landscapes, to our blood stream transporting nutrients to
cells, and even single water molecules moving through channels into
these cells. We now have a good understanding of how fluid movement works inside the fluid itself. However, we do not fully understand the processes close to the contact line, where the liquid is spreading onto the surface. We are forced to make assumptions about this
behaviour and none of these assumptions have yet proven to be universally valid.
As everything in nature, liquid spreading is a fundamentally molecular process. This thesis summarises my work on applying this lens
to the process. By studying molecules we begin at the smallest combined building blocks of nature and do not have to make any prior assumptions of the involved processes. Instead, we simply observe their
behaviour. This is accomplished through the use of molecular dynamics simulation, which are an atomistic form of computer experiments.
We use a realistic model of water molecules as our base liquid, since
this captures realistic effects such as hydrogen bonding which are not
present when using simpler models. Combined with large-scale systems which minimise the influence of finite-size effects, we have a realistic treatment of complex liquid systems.
We find that the molecular processes of wetting have an important influence on large-scale wetting. Most importantly, the hydrogen bonding nature of water to realistic substrates yields the no-slip
condition often used as a boundary condition for models of wetting.
Furthermore, since molecular processes are thermal in nature they
create energy barriers which impede contact line advancement. We
show how these barriers are created and how they can be diminished,
for example in the case of electrowetting. This highlights that understanding the molecular behaviour of fluids remains an important field
of study.
KEYWORDS contact lines, nanodroplets, computational physics, molecular dynamics, fluid dynamics, multi-phase flows, electrowetting
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S A M M A N FAT T N I N G
Hur vätskor breder ut sig över ytor är en grundläggande process i naturen. Den dyker upp i alla former och storleksgrader: från floder som
skär genom berg, till vår blodström som levererar näring till våra celler, och till och med enstaka vattenmolekyler som rör sig genom de
kanaler som celler tar in näringen från. Hur vätskor beter sig i stora
flöden är sedan länge känt, men vi vet ännu inte hur de beter sig nära
ytor. Istället gör vi antaganden, varav inga ännu är korrekta för alla
tillämpningar.
Fundamentalt sett är en vätska som breder ut sig en molekylär
process. Denna avhandling sammanfattar mitt arbete med att förstå
den ur denna synvinkel. Genom att studera molekyler använder vi
naturens minsta sammansatta byggstenar. Vi behöver inte göra antaganden om hur de beter sig, vi behöver bara titta. Det fönster som
vi tittar igenom är molekylär dynamik-simuleringar, en atomistisk
typ av datorexperiment. För att fånga verkliga effekter som vätebindningar, använder vi realistiska modeller av vattenmolekyler och ytor.
Vi använder tillräckligt stora system för att se hur molekylära effekter
påverkar större processer.
Vi visar med dessa metoder att molekylära processer har stor påverkan på hur vätskor flödar över ytor. En stor effekt är att vätebindningarna mellan vatten och realistiska ytor förhindrar vätskan från
att glida över den, vilket är ett vanligt antagande i modeller. Vi visar
också hur molekyler vid gränsen där vätskor sprider på ytor ger upphov till en energibarriär som förhindrar att vätskan enkelt sprider sig
framåt. Denna barriär beskrivs i detalj och vi visar vilka effekter som
kan förminska den. Detta genomlyser hur molekylära processer i vätning är en viktig ingrediens för ökad förståelse av vätskespridning i
system.
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Introduction
CHAPTER ONE

Look out of your window on a rainy day and think of water droplets hitting
the glass. Stand too close to a dog shaking its fur after a bath and feel how
they spread into your clothes. Or imagine a droplet hanging from a dew
catcher, sitting on a leaf, or skidding around in a hot frying pan. Water
is crucial to all forms of life on earth and droplets spreading onto or into
surfaces is a common sight.
The flow of fluids has also inspired a wealth of technical applications.
Rushing water generates power by turning turbines, or is used to cool large
systems. But fluids are not only useful in large amounts. Inkjet printer
heads shoot microscopic droplets at high speeds onto paper and spray cooling can be used to cool mechanical parts. There is also a growing interest
in biological and medicinal use of microscopic flows. These use the inherent properties of fluids and small channels to create cheap, portable and
low-power diagnostic devices.
The study and development of these applications form the developing
1

2 MOLECULAR PROCESSES ıN DYNAMıC WETTıNG

γ

γ
θ₀

θ₀
γSL

γSV

(a)

γSL

γSV
(b)

FıGURE 1.1 A droplet spreads out to form a spherical cap with the angle θ₀ at the
triple contact line (a). The equilibrium depends on the surface tension force balance (b).

field of microfluidics. Some claim that it may turn out to be as important
a field in this century as the development of the microprocessor was in
the last. However, getting to that point still demands that many issues are
resolved.

1.1 Static and dynamic wetting
A droplet sitting on a surface is in an equilibrium state. Our knowledge of
thermodynamics informs us that these static states depend on the energy
of the system. A droplet is formed because its constituent atoms decrease
their potential energy by being close together, forming bonds.
A material’s—liquid, gas, or solid—tendency to stay together is measured by its surface tension. A high surface tension means that it takes a
lot of energy to expand the material’s exposed surface. An example of this
in nature is how certain insects can walk on water. Regular water has a
relatively high surface tension† and prefers to stick to itself over to their
legs. This results in a buoyant force which overcomes the effect of gravity
pulling the critters downwards.
Nature also shows us that droplets form in different ways on different surfaces. Perhaps most memorable is how water placed on lotus leaves
forms almost spherical pearls, while they will typically appear half-spher†

Owing to the water molecules forming hydrogen bonds with each other. We will discuss
these bonds in more detail in chapter 2.
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ical on most other surfaces. In the early 1800s, Thomas Young realised
that whenever a liquid contacts another component there is a competition
between the two to simultaneously minimise their individually costly surfaces. This competition leads to the droplet spreading out on—or, wetting—
the surface, as shown in figure 1.1. This realisation led to a relationship
between the surface energies of the involved phases and the equilibrium
state of the droplet (Young 1805):
γ cos θ₀ = γSV − γSL

(1.1)

where γSV is the surface tension of the solid and surrounding vapour interface, γSL that of the solid and liquid interface and θ₀ the angle that is made
at the point where the phases meet. γ is the surface tension of the liquid
and vapour interface but is generally just referred to as the surface tension
of the liquid itself. This relationship is referred to as Young’s equation and
the angle θ₀ as the equilibrium contact angle, or simply the Young angle.
While equation (1.1) fully describes how droplets will end up resting
on surfaces, it tells us nothing of what happens as they are reaching that
final state. Imagine a droplet being placed on a plate. What does it look
like while it is spreading out? How long does it take until it is finished?
How can we make this process as efficient as possible? Simple questions,
yet important to answer.
These processes and the study thereof is collectively known as dynamic
wetting. For more than fifty years there has been a lot of activity in this
field. From an industrial view due to wanting to process liquids at ever
more rapid paces, in academia due to not yet understanding it on a fundamental level. Problems stem from how liquid transport is a complicated
phenomena spanning length scales from millimetre sized movement all
the way down to molecular processes.
In this thesis we study how the nature of individual water molecules
influence liquid spreading. Since we cannot observe molecular motions in
laboratory experiments we instead use large scale computer simulations
of realistic systems to probe this influence. These methods are described in
chapter 2. In chapter 3 we present the results of these droplet experiments.
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These are compared to different theoretical models of wetting and a model
for how the contact line advances is proposed. Finally, chapter 4 presents
a more advanced study of electrowetting using our molecular systems and
relates our findings to modern laboratory experiments.

Computer simulations of droplets
CHAPTER TWO

Studying a droplet spreading on a substrate is in principle very easy: simply set up a camera beside a plate, then use a pipette to place a droplet onto
the plate and record the process. In practice it is more difficult, since you
may need multiple cameras and a way to account for how light refracts
through liquids to obtain accurate results. Nevertheless, researchers have
over the years worked to perfect these measurements and by now best practices are well established.
There are however limits to what regular lab experiments can study.
As systems become smaller, so does the time for every finished experiment decrease. This places extraordinary demands on capturing equipment, which has to be both high-speed and high-resolution. There is also a
more fundamental problem, in that cameras cannot capture detailed molecular behaviour, only their collective motions.
We can solve these issues by performing our experiments as computer
simulations. In a computer we can create an experiment that is as small
5
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as we require. Most importantly, with certain types of simulations we can
observe the behaviour and impact of individual molecules on our experiment. The most common method of that type is molecular dynamics (MD)
simulations.

2.1 Molecular dynamics simulations
The goal of any computer simulation—or, experiment—is to correspond
to physical reality. The laws of physics are enforced through the model we
use to perform the experiment with. The model is in turn selected to suit
our experiment. A computer game might need Newton’s laws to make apples fall to the ground when dropped, while a simulated ocean in a movie
would evolve using the Navier–Stokes equations of hydrodynamics, and a
research simulation of a plasma requires a treatment of flowing electrical
charges.
Similarly, we select how detailed (granular) our simulation has to be
depending on our requirements. An astronomer modelling how a galaxy
will evolve over thousands of years will only have to consider entire star
systems as individual elements. A quantum physicist on the other hand
will have to consider the influence of individual electrons to accurately
capture the physics of a small group of molecules, but can ignore that an
entire universe exists just a small distance away from them.
Molecular dynamics has been developed to study the behaviour of systems consisting of downwards of hundreds of atoms. As such it typically
includes every atom as a separate entity in the simulation† and uses classical Newtonian mechanics to move them around in small time steps of size
Δt.
This is fundamentally an incorrect view of atomic movement. Quantum mechanics has proven that a particle’s position and velocity cannot
be perfectly known at the same time and that energy is quantised. But by
†
A specific class of MD simulations exists wherein some atom groups are treated as a
single atom. These are referred to as being coarse-grained and are used to perform longer
or larger simulations which would be infeasible with an all-atom treatment.
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studying a large set of particles we minimise the influence of single errors.
Quantum mechanical phenomena are added in a simplified sense by tuning the forces through which particles interact with each other.
Combined, while an MD simulation does not perfectly model atomic
phenomena, it should capture the aggregate behaviour of the entire system. In essence, we trade a perfect model of atomic movement for one
which is merely good enough. In return, the simpler physical models allow MD simulations to be used for larger systems for longer times than a
quantum mechanical simulation can.
This flexibility has made MD popular for many scientific fields whose
typical systems consist of between hundreds and millions of individual
atoms. A few examples include biophysics, where MD is often used to
study how drugs or toxins affect how signals are transmitted to human
cells through atomic channels, structural mechanics which wants to understand how materials behave during extreme stresses, and of course fluid
mechanics, which this thesis will cover in more detail.
A full description of molecular dynamics is outside of the scope of this
thesis. The rest of this section will introduce the basic foundations of the
method. More in depth information has been collected by among others
Allen and Tildesley (1987), Frenkel and Smit (2002), Berendsen (2007) or
can be found in the Gromacs user manual (Lindahl et al. 2020). Simulations discussed in this thesis have been performed using the Gromacs
molecular dynamics software package (Abraham et al. 2015; Páll et al. 2015).

Interactions between atoms
A crucial part of describing atomic movement in a system is knowing how
they interact with each other. In Newtonian mechanics movement of an
object with mass m follows from the force ⃗F = m⃗a, where ⃗a is the resulting
acceleration. The arrow (→) is used to denote a 3-component vector, since
particles are moving in our familiar three-dimensional space.
The force is generated by a system wanting to minimise its potential energy U. A particle will want to move in the direction of where U decreases
most. This is expressed using the gradient
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⃗F = − ∆ U

(2.1)

for the nabla operator
∆

=

∂
∂
∂
x̂ +
ŷ +
ẑ
∂x
∂y
∂z

(2.2)

where a hat (^) denotes a unit vector.
The short of it then is that to determine the force acting on an atom in
our simulation, we need to know its potential energy (or rather, the slope
of it). We can decompose contributions to the potential into different categories: a) bonded interactions with other atoms, b) non-bonded interactions with other atoms, c) constraints that are applied on the atom, and
d) external contributions, for example from an electric field.
Constraints and external contributions are typically added on an asrequired basis when creating a simulation system. The bonded and nonbonded interactions are more general since they involve atoms interacting
with each other. They are discussed below.

Bonded interactions
Atomic bonds keep molecules in certain configurations. Either to keep two
atoms i and j at a specified distance dᵢⱼ from each other or to have three
atoms i, j and k form an angle αᵢⱼk between themselves‡ . For both types a
simple harmonic potential is commonly, but not exclusively, used. With
those, the contribution for atom i is
Uᵢ,bₒndₑd =

κᵢⱼk(φᵢⱼk − αᵢⱼk)2
kᵢⱼ(rᵢⱼ − dᵢⱼ)2
+ ∑
2
2
ⱼ
ⱼ,k

∑

(2.3)

where the first sum is over all of its distance bonds and the second over its
angular. rᵢⱼ and φᵢⱼk are respectively the current distances and angles for the
‡
Four-point dihedral interactions are also commonly considered, but ignored here for
the sake of simplicity and because they are not used in this thesis. Similar to keeping a
constant angle between two atoms, they keep a constant angle between two planes.
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FıGURE 2.1 Lennard-Jones potential for an atomic species with parameters σ and
ε.

bonded atom pairings. kᵢⱼ and κᵢⱼk are the corresponding spring coefficients
determining how rigid the bonds are.
Non-bonded interactions
Atoms can interact with each other over some distance, not just through
bonds. These non-bonded interactions§ fall into three types: an extremely
short-ranged repulsive potential which keeps atoms from occupying the
same space, a weak attractive potential which brings neutral atoms together, and a Coulomb interaction between charged particles.
In computer simulations the repulsive and attractive parts are usually
modelled by the Lennard-Jones potential
C₁₂ C₆
−
r12 r6
C₆ = 4εσ6

ULJ =

(2.4)

C₁₂ = 4εσ12
which is shown in figure 2.1. r is the distance between two atoms, ε sets the
strength of the interaction potential and σ adjusts the potential minima
position. These latter two Lennard-Jones parameters are set individually for
each atomic species i. For the interaction with a different atomic species
§

Also commonly known as van der Waals interactions.

10
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j they are either set explicitly to model some (usually experimental) behaviour, or calculated using a combination rule. For the popular Lorentz–
Berthelot rules the combined parameters are
σᵢ + σⱼ
2
εᵢⱼ = √εᵢεⱼ

σᵢⱼ =

(2.5)

but other variants exist.
The Coulomb interaction potential for two particles with charges qᵢ and
qⱼ at a distance r from each other is
Ucₒᵤlₒmb =

1 qᵢqⱼ
4πε₀ r2

(2.6)

where ε₀ is the permittivity in vacuum.
To determine the full non-bonded interaction potential for an atom the
contributions from all other atoms in the system are added up. This is in
contrast to the bonded potential calculation in (2.3), where only the closest atoms will contribute. If we are simulating a system with a number of
atoms N, every atom has to calculate its potential with the N−1 other atoms.
In computational terms this is called an N2 complexity problem: the number of calculations is proportional to the number of elements squared.
This computational cost would quickly become too high for any large
system, but there are ways to decrease it. Since the Lennard-Jones potential quickly approaches zero as the distance r increases it can be cut at some
distance rc, often at rc = 3σ, which means that we only have to include a relatively small number of interactions around each atom. Coulomb interactions cannot similarly be ignored at some distance, but a popular method
called particle mesh Ewald (PME) has been developed which performs the
long-distance sum in Fourier space (Essmann et al. 1995). This improves
the scaling from N2 to N log N.
Non-bonded interactions are by far the most costly calculation in MD
simulations. Modern work, including but not limited to the above methods, have allowed larger systems to be simulated, but it is still the largest
limiting factor of increasing the system size.
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Force fields
In discussing the different types of interactions, quite a few parameters
have been introduced. These parameters are often collected for different
atomic species to replicate some desired real world behaviour. These collections of atomic parameters—most importantly the Lennard-Jones parameters σ, ε, charges q and atom masses m—are called force fields.
An important feature to keep in mind is that they are not universal:
they are developed to match experiments in specific conditions and for
specific parameters like the Lennard-Jones cutoff rc and combination rules.
Updating the movement
With the force ⃗F calculated for all atoms their positions ⃗r and velocities ⃗v
can be updated. This is done using an integrator, which is a set of instructions for doing the update with minimal error. A popular one is the leapfrog integrator, which keeps the positions at time t and the velocities at time
t − Δt/2 where Δt is the difference in time between two steps of the simulation. The update is then done in two steps:
⃗F(t)
Δt
m
⃗r(t + Δt) = ⃗r(t) + ⃗v(t + Δt/2)Δt

⃗v(t + Δt/2) = ⃗v(t − Δt/2) +

(2.7)

This integration conserves the system energy and is fully time-reversible,
both of which are essential features in molecular simulations.
Periodic boundaries
Systems are generally not simulated inside an infinite vacuum, but in a
simulation box of some size. So, what happens if a molecules moves outside of this box? This is often not desired. If, for example, we are simulating a gas we do not want it to spread out infinitely, but stay inside the box
to keep a fixed pressure.
This is done by our boundary condition and the most commonly used
in MD simulations is the periodic boundary condition (PBC). With PBCs we
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FıGURE 2.2 Two-dimensional view of the periodic boundary condition, which
replicates the system infinitely along each axis.

simply replicate the system box around the system as shown in figure 2.2.
As an atom leaves the system at one side, it is moved to the opposite side.
All atoms also interact with atoms in the infinite periodic images, which is
where the methods of cutting the Lennard-Jones potential and using PME
for the Coulomb interactions come in handy.
Another boundary condition used in this thesis is the reflecting condition. This is a simple wall which stops atoms from leaving the box, for example the strongly repulsive 1/r12 term from the Lennard-Jones potential
(2.4).

Limitations
Molecular dynamics simulations are a powerful tool but one has to keep in
mind in which ways they can fail. Most important is that while the simulations themselves are ab initio—evolve through the laws of physics without
the need for boundary conditions—they still rely on sensible setups. Force
fields must be constructed to reflect reality, or at least a desired aspect of
it. Since MD uses classical physics quantum effects can only be described
in an aggregate way through the force field¶ . The force field includes the
electron cloud around molecules as a simplified and static factor. Likewise, intermolecular bonds are typically fixed and cannot be broken.
¶
A hybrid approach exists in quantum mechanics/molecular mechanics (QM/MM)
methods. In this method a quantum mechanical model is used for specific regimes and
blended with simpler models for speed (Warshel and Levitt 1976).
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H

13

φ
H
O
dOH

FıGURE 2.3 Geometry of a water molecule.

These limitations are generally not a problem for simulations. Aggregate behaviour is conserved when sampling sufficiently large systems or
long simulation times. However, purely quantum mechanical components
like electric conductors, wherein electrons move freely and more or less
instantaneously, cannot be simulated using molecular dynamics. In such
cases desired quantum effects have to be included as a boundary condition.
Conversely, since MD is good at describing aggregate behaviour larger
scale systems can be accurately simulated. Caveat being that the computational cost increases with the system size and that supercomputers cannot perfectly scale to more computational processes without inefficiency
losses.
In total then, MD is limited in the smaller end of the size spectra by
not accurately describing atomic and quantum mechanical effects. In the
larger end by the computational cost and limits of available computational
power. MD then, is developed to work in between these scales. It excels in
the mesoscopic regime, where molecular and continuum physics blend.

2.2 Simulating water
The simple and beautiful water molecule consists of three atoms: one oxygen atom, onto which two hydrogen atoms are bound. In a classical model,
shown in figure 2.3, each stick from the oxygen to the hydrogen atoms has
a length of dOH. The hydrogen atoms are separated from each other by an
angle φ.
The values for these parameters (often accompanied by a few more)

14
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Model
SPC
SPC/E
TIP3P
TIP4P
TIP5P
Experimental

ρ (kg/m³)

γ (10⁻² Pa m)

μ (10⁻⁴ Pa s)

D (10⁻⁹ m²/s)

Cost

962
986
969
979
970
996.5

4.7
5.8
4.4
4.9
4.5
7.17

4.3
8.7
4.7
5.3
6.8
8.54

4.3
2.6
5.9
3.8
2.9
2.3

9
9
9
16
25
–

TABLE 2.1 Properties of some popular water models at 300 K and 1 bar. Measured
by the author (experimental at 298 K, from Krynicki, Green, and Sawyer 1978;
Lemmon, McLinden, and Friend 2020). The computational cost increases with
the square of the number of interaction sites.

make up a water model, a rough analogue to the more overreaching force
fields previously introduced. A perfect water model would use values which
make a collection of simulated water molecules behave as if they were real.
A volume of such molecules would have the correct density ρ, viscosity μ,
diffusivity D, surface tension γ and so on. These measures also change with
the temperature T and pressure p, which a perfect model would have to
capture.
As of writing this no perfect water model exists. All developed models are a trade-off between which values to capture well, in which conditions (like temperature and pressure) and how expensive they are from
a computational view. A handful of popular water models are compared
in table 2.1. For the work presented in this thesis we use the SPC/E water
model (Berendsen, Grigera, and Straatsma 1987). This model captures several measurable properties well, while being computationally cheap. In
addition, it is parametrised by fixing the dispersive C₆ term of the LennardJones interaction (2.4) to its experimental value. Being a basic measure of
internal molecular interactions, this is a good property to match against.

Water’s crucial hydrogen bonding nature
Water may be a relatively simple molecule but one with a rich texture. Its
properties are crucial for life as we know it. Its density as a solid (ice) is
lower than as a liquid, which means that life can survive through the win-
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ter at the bottom of lakes. It is a great solvent, which lets it carry salts
and other crucial substances through nature. It even helps our bodies to
assemble proteins and cell membranes at a rapid pace by acting as an accelerator.
These features stem from its ability to form hydrogen bonds. Hydrogen
bonds—or, H-bonds—form between dipoles through the electrostatic interaction between a donor and an acceptor of two molecules. The donor
atom “lends” an electronegative hydrogen atom site to the electropositive
site of the acceptor. Due to the strength of Coulomb interaction the formed
bond is quite strong, although not to the level of covalent bonds. They are
transient but on aggregate form networks, which give water its high surface tension and viscosity.
Since hydrogen bonds are such a crucial part of water behaves they
are an important feature to capture in simulations. Dipolar models, like
SPC/E and the other models presented here, retain this ability. They are
well suited for performing realistic computer experiments of liquids.

Simple liquids
Liquid molecules can be simplified by not considering electrostatic interactions. By only keeping the Lennard-Jones interaction between molecules
simulations become cheaper to run and the software easier to write. The
interactions are easy to tune by changing the involved interaction parameters to suit your needs. Moreover, many atoms can be strung together into
chains to increase the viscosity.
However, such simple liquids will not retain the ability to form hydrogen bonds. Not only does this change the internal interactions of the liquid, as we will discuss later in this thesis it affects the mechanisms through
which they move over surfaces.
To simulate a realistic system of water one has to include its dipolar
nature. For this purpose simple Lennard-Jones liquids should be avoided.

16
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FıGURE 2.4 A water droplet of radius R constructed in two (a) and three (b) dimensions. For the two-dimensional case a periodic width w supplements the description.

2.3 Setting up a droplet computer experiment
A typical droplet experiment of spreading on a plate is conceptually very
straightforward. First, a water droplet of some size is created some distance above the substrate. Second, the physics are initiated by adding thermal motion—temperature—to the system. This involves letting the system relax until it is stable. Finally, the droplet is gently brought into contact with the substrate, which initiates the spreading process.
This simplicity hides some subtle but important details. How large should the droplet be to represent a “realistic” system? Does the nature of
the substrate have an effect, and if so how? Which boundary conditions
are used? This section addresses a few of these questions.
Two- or three-dimensional systems
A real droplet experiment is usually performed with a spherical droplet.
Unfortunately, spherical droplets are expensive to simulate using MD. A
suitable alternative for some experiments may be to simulate a thin slice
of the droplet. In this case the droplet is constructed as a cylinder instead
of a sphere. It is replicated infinitely along the central axis using a periodic
boundary condition. Figure 2.4 compares the two setups. Since the num-

COMPUTER SıMULATıONS OF DROPLETS

17

ber of atoms increases by the radius squared in two dimensions versus the
radius cubed in three, quasi-two dimensional systems are cheaper for the
same initial radius.
Moving from three to two dimensions does not change any of the fundamental physics of wetting. It does however change the involved time
scales of the spreading process. This is exemplified by Tanner’s law, which
predicts that r(t) ~ tⁿ for the spreading radius r and experiment time t. The
critical exponent n depends on which physics are dominating the spreading, but also varies depending on whether the system is two- or threedimensional. Some scaling exponents with comparisons between two and
three dimensions are collected in table II of Bonn et al. (2009).

Finite size effects and other computational artifacts
In a previous section we discussed the computational cost of simulating
large systems using molecular dynamics. Still, thanks to concerted efforts
to increase the efficiency of MD programs and the continued development
of super computers, millions of atoms can now be simulated for tens or
hundreds of nanoseconds.
While it is tempting to just use this power to construct larger and larger
systems, we should ask ourselves why we need this in the first place. The
most simple answer is that the system size directly affects two important
aspects of a wetting experiment. For a small droplet, many molecules will
lie at the surface. This means that surface energetics will dominate the
wetting process. For larger droplets the surface-to-volume ratio decreases,
meaning that inertia becomes a larger and possibly even dominating factor in the process.
There is also the possibility of finite size artifacts creeping in when systems are very small. For the case of water molecules, their interaction
range with surrounding molecules is on the order of single nanometres.
This sets a limit to how small the system can be to even have a bulk phase,
or for a droplet cylinder how thin the system can be for molecules to not
interact with themselves. A good rule of thumb is for the length scale of
a system to be a few times the largest correlation length of components in
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FıGURE 2.5 Spreading radius r(t) for identical droplets with initial radius 50 nm,
with correct and incorrect PME parameters. The incorrect parameters induce extra friction which slows the wetting.

the system to avoid these and similar artifacts.
Another artifact stemming from computer simulations relates to how
long ranged non-bonded interactions are treated. As mentioned previously, it is common to only calculate Lennard-Jones interactions between
atoms within a certain cutoff range, since the interaction decays very quickly. It has however been shown that this may introduce an artifact in for
example anisotropic systems, where the dispersion term error adds up to
be non-neglectable (Wennberg et al. 2013). This can be solved similarly to
the Coulomb interaction, by using a PME summation of the potential on a
grid in Fourier space.
For the systems presented in this thesis this has not been considered.
However, a PME summation of the Coulomb interaction has been used to
simulate correct long range electrostatics. When doing any PME computation it is important to consider the grid which charges are collected in the
system. Charges are interpolated to the centre of the cell when performing
the summation, which introduces an artifact if the grid is too coarse. Figure 2.5 shows how the spreading of a droplet can be affected by incorrect
PME summation. Decreasing the Fourier cell spacing alleviates the issue.
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FıGURE 2.6 A liquid can slip along a substrate. The measure of slip is characterized
by the slip length δ: an extrapolation of the flow profile u(z) close to the interface.

Realistic substrates and hydrogen bonds
A large advantage of using molecular simulations is that we are not limited
to reality when constructing experiments. This gives us the ability to hone
in on specific effects, discarding phenomena which may hinder us from
gaining knowledge in a real experiment. This freedom is double edged: it
also means that we as system constructors have to ensure that all of the
physics which are needed to model reality are present.
Wetting experiments contain at least two components, the liquid droplet and the substrate. So far we have discussed how to create a mostly realistic liquid. But what effects are needed to model a substrate?
In hydrodynamics, the substrate affects wetting in three terms. The
first is through the system’s thermodynamic properties: a substrate can
either attract or repel a substrate to different degrees. If a liquid spreads
out on a substrate, the substrate is classified as hydrophilic. If it contracts
to a compact sphere, it is hydrophobic. This is determined by whether or
not the system’s free energy decreases or increases with a change in the
liquid–substrate contact area.
Second, liquids can slip along some surfaces. How freely the liquid
moves along a substrate is characterised by a slip length δ, shown in figure 2.6. A large slip length means that less energy is loss due to friction
as the liquid spreads out on the surface—a hotly desired property for microfluidic systems which focus on fluid transport!
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Finally, recent studies have shown that local effects at the triple contact
line are an important source of energy dissipation for certain systems, in
particular when the liquid cannot slip. This has been termed a contact line
friction. It is as-yet unclear if and how substrate details affect this dissipation. It will be covered in more detail in chapter 3.
In molecular simulations these effects have to be included through the
physics. The energetics are easily modelled by tuning the interaction parameters, for example the Lennard-Jones potential strength (the ε parameter) or the substrate charges. Fluid slip in turn arises due to a fluid molecule
not forming a bond to a surface molecule, easily moving to adjacent sites.
This is the case if for example only a Lennard-Jones interaction is present
between the liquid and substrate molecules. Water molecules on the other
hand form hydrogen bonds with other dipoles, which prohibit this motion.
In PAPER ı we show that for substrates with identical surface tensions,
the addition of hydrogen bonds alone results in zero liquid slip across the
substrate. This results in different modes of contact line advancement,
which we describe further in PAPER ıı. Hydrogen bonds have thus proven
to be an important property for molecular wetting, which should be included when liquids like water is wetting certain substrates.

Spreading droplets on the nanoscale
CHAPTER THREE

While Young’s equation (1.1) tells us how a far a droplet will spread out on
a plate, it says nothing about how it reaches that state. Understanding the
process itself—the dynamics of wetting, or dynamic wetting—is important
for any application which either moves droplets around or wants to optimise the process.

3.1 Models of dynamic wetting
Formal studies and theories of dynamic wetting began in the 1960s. Theoretical attempts to model the process roughly typically followed one of
two approaches: looking at the contact line through the continuum view
of fluid dynamics, or the molecular perspective of molecules jumping between adjacent potential minima sites of the substrate. Both approaches
have had partial success as models, neither fully solving the problem. This
suggests that different mechanisms dominate the process in different reg21
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imes.
This section aims to provide a very brief overview of some modern theoretical models of wetting. Of most interest to this thesis is the phase field
method, which blends molecular and continuum behaviour in an attractive package. Common to all is that the contact line is driven by a force F
which is directly related to how far from equilibrium the droplet is. Following Young’s equation (1.1) the non-equilibrium droplet state produces
the driving force per length of contact line
F = γSV − γSL − γ cos θ
= γ cos θ₀ − γ cos θ

(3.1)

for the involved surface tensions and current contact angle θ of the droplet.
In dynamic wetting it is preferred to not directly involve the equilibrium contact angle θ₀ in relations, but use the actual surface tension values. While θ₀ is a fantastic visual shorthand to the final state of a droplet,
it is possible for γSV − γSL > γ, which cannot be represented using a modulating cosine. For the remainder of this chapter we will use the surface
tension balance S = (γSV − γSL)/γ to represent the strength of wetting and
refer to the equilibrium contact angle only when it is useful. The term S is
often referred to as the spreading coefficient (de Gennes 1985).
Before moving on, we should first consider if Young’s equation is valid
at the molecular scales discussed in this thesis. Fortunately the answer
is yes. Using MD simulations, Seveno, Blake, and De Coninck (2013) have
shown that the predicted force F in (3.1) agrees with measurements down
to the nanoscale. While a molecular contact angle may be more difficult to
characterise, minimising the free energy of a system works at all scales.

Hydrodynamic model and the Huh–Scriven paradox
A popular approach to modelling wetting is by continuum theory. The
Navier–Stokes equations model the flow of a system. The interfaces are
treated by supplying appropriate boundary conditions, such as a slip length
and the surface tension energy balance.

SPREADıNG DROPLETS ON THE NANOSCALE

23

Knowing which boundary conditions to use and how has historically
been a problem. Attempts made to model the contact line of a system with
zero slip initially led to an infinite pressure at the (infinitely small) contact
line, making any contact line advancement impossible. This is referred to
as the Huh–Scriven paradox after its authors (Huh and Scriven 1971).
It is possible to regularise the singularity by changing the boundary
condition. Further developments introduced, among other conditions, liquid slip across the substrate or pre-wetting films of some thickness. With
more measurements over the past decades both effects have been observed
for macroscopic droplet systems. A remaining limitation of the theory is
that it depends on variables which have to be fitted instead of predicted
from basic physics.

Molecular kinetic theory
Alongside the continuum theory development, the late sixties and early
seventies saw another approach to modelling wetting. The work looked at
advancement as a purely stochastic phenomena of molecules jumping between potential sites at the substrate. Using a purely molecular view gives
the model its name: molecular kinetic theory, or MKT (Blake and Haynes
1969).
Equilibrium is reached when the advancing rate equals the receding,
at which point the contact angle is at its static value. Reaching the equilibrium state is done at the predicted contact line velocity
v = 2κΛ sinh {βF/2n}

(3.2)

where κ is the rate at which molecules jump between lattices, Λ is the
length of each jump and n is the number density of sites. β = 1/kBT is the
inverse thermal energy for the Boltzmann constant kB and temperature T,
and F is the driving force (3.1) which introduces the dynamic dependency
on the contact angle θ.
The model has been very successful at describing a wealth of experimental (Blake and Batts 2019; Blake and Shikhmurzaev 2002) and molec-
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ular dynamics (De Coninck and Blake 2008) data from contact line experiments. Ren and E (2007) used an MD system to further develop an MKTlike boundary condition for contact line dissipation, which has been used
to successfully model continuum simulations (Si Hadj Mohand et al. 2019).
A neat thing about the MKT model is that the mechanisms of contact
line advancement is readily given through the variables κ, Λ and n, all of
which relate more or less directly to the physical processes of the system.
However, by measuring each variable in a molecular system system of water it has been found that (3.2) predicts a velocity an order of magnitude
higher than that observed (as we report in PAPER ı). While the processes
of a molecular system are more complicated than the simple origins listed
for each variable, this still means that an accurate model of the contact line
velocity—just like the continuum hydrodynamic models—hinges on using
a fit to obtain the variables.

Phase field model
In the late nineties another approach came along. The phase field model
looks at the system purely through its free energy, which it is trying to
minimise by spreading out (Jacqmin 2000; Seppecher 1996). Here the contact line advances by the molecules diffusing over an interface of some
width. Diffusion at the liquid interface obeys the Cahn–Hilliard equation
(Cahn and Hilliard 1958).
An extension of the phase field model can allow for contact lines which
do not have a constant contact angle θ₀. This non-equilibrium boundary
condition adds a dissipation term that is often referred to as a contact line
friction, with units of viscosity (Carlson, Do-Quang, and Amberg 2011).
While this term is not unique to diffuse interface methods (de Gennes 1985;
Ren and E 2007) it appears here as a non-negotiable term if any deviation
from θ₀ is to be seen.
A lot of attention has also been brought to the slip boundary condition
used with phase field models. Phase field simulations have been used along
with MD simulations to accurately match data using various types (Nakamura et al. 2013; Qian, X.-P. Wang, and Sheng 2003). We will return to
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(a) Silica

(b) Lennard-Jones substrate

FıGURE 3.1 Side view of studied substrates. The silica consists of rigid SiO₂
molecules. Its atoms are charged, which induces hydrogen bonds with water
molecules. The Lennard-Jones substrate atoms interact only using the LennardJones potential.

these and the contact line friction condition in more detail throughout the
remainder of this chapter.

3.2 Wetting on a molecular scale
By using molecular dynamics to study dynamic wetting we can investigate
the process at a molecular scale. This approach gives us a lot of information for free. Since we can observe molecular events, we can observe how
molecular processes affect the wetting. We can also measure properties
such as slip lengths, jumping rates and other parameters. Since all models of wetting contain these or similar parameters, we can compare MD
results to these models to infer if they are sufficient for a complete model.
Molecular substrate composition
As discussed in chapter 2, an advantage that MD simulations have over laboratory experiments is the ability to construct setups with specific characteristics. We use this to study the details of wetting in two cases: with a
simple substrate built of atoms which interact only with a Lennard-Jones
interaction (2.4), and a more complex—albeit idealised—silica substrate.
This latter substrate’s complexity stems from being built out of rigid SiO₂
molecules. The rigidity is maintained by internal atomic bonds (2.3). The
molecules are overall charge neutral but their atoms carry partial charges
qSᵢ = −2qO, making them electric quadrupoles.
The Coulomb interaction (2.6) between silica quadrupoles and water
dipoles means that hydrogen bonds will form between the water and silica
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Tuning parameter
Substrate
Silica
Silica
Silica
Lennard-Jones

Variable

Unit

Value

δ (nm)

(γSV − γSL)/γ

θ₀ (°)

qO
qO
qO
ε

e
e
e
kJ/mol

−0.79
−0.74
−0.67
1.77

0.0
0.0
0.0
1.1

1.3
0.81
0.34
0.80

0
36
70
37

TABLE 3.1 Properties of the studied substrates. Different energetics are achieved
by tuning the listed parameter. Charges are given for the elementary charge e.

at close range. In turn, this removes the ability for water molecules to slip
along the silica, setting the slip length δ to 0. Meanwhile, water cannot
form hydrogen bonds with the Lennard-Jones substrate and will slip across
it.
The composition of both substrates is shown in figure 3.1. Both are set
in a tightly packed face centred cubic formation, although the silica consists of a single layer only. An overview of the substrate properties and
how the interaction strengths are tuned to achieve different surface energetics is given in table 3.1.

Profile of the driving force
How quickly the contact line advances will depend on the strength of the
driving force F (3.1). It is interesting to consider exactly how this force
is applied to the liquid molecules. Since MD simulations lets us access
molecular forces this can be investigated for our substrates, which allows
us to compare how the two different substrates interact with our water
droplets.
The measurement is done by restraining a slab of water to a height h
above the substrate and noting the force with which the substrate is pulling
on it. Repeating the measurement for many different heights produces a
force profile† . In PAPER ı we measure the force for the introduced silica
†

Integrating this force profile (PMF) yields exactly γSV − γSL—a very efficient method
for measuring the system energetics.
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and Lennard-Jones substrates and see that it is very short ranged. Indeed,
it has a range of less than 0.3 nm from the substrate atoms which is barely
enough to cover the first layer of water molecules.
In effect, this means that even if the force F can be very strong it is only
acting on a very small part of the liquid. If the bottom layer of the liquid
is immobilised—as it is on no-slip substrates like our hydrogen bonding
silica—there are few mobile molecules which the driving force can act on.
As we will discuss in the next section this has large consequences for contact line advancement.

Matching molecular simulations to continuum models
MD simulations give us access to an experimental method for studying
wetting phenomena. Just as for laboratory experiments we can use them
to evaluate theoretical models.
One has to take some care when making these comparisons. Continuum methods model wetting systems through different parameters, such
as viscosity μ, surface tension γ, slip length δ and so on. As discussed in
chapter 2 these can be measured in MD simulations. A proper simulation
procedure for these comparisons is to measure as many properties as possible, to limit the number of free parameters which need to be used. Any
observed discrepancies may highlight in which ways the studied models
cannot describe reality.
In PAPER ııı we apply this approach to a shear flow system. A water slab
is entrenched between two plates of no-slip silica which move in opposite
directions to create a shear. This system is ideal for a simple comparison
of models, since it involves a steady state with multiple moving contact
lines (one receding and one advancing per surface). Simulations can be
extended indefinitely to gather more data, which is only possible in droplet
experiments by repeating them. Using our MD setup to measure all free
parameters we use numerical phase field and volume of fluid simulations
to evaluate continuum models.
What we find is that both methods accurately capture the global dynamics of the system. However, close to the contact line we see that the
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details diverge. The phase field method in particular displays a continuous
and large flow across the interface, which is not observed in the MD experiment. Instead, by relaxing our constraint of only using MD measured
parameters we obtain a better match by increasing the diffusion term in
phase field far beyond what is seen.
The difference between the continuum slip boundary conditions are
also investigated. The regular Navier slip boundary condition is compared
to the generalised Navier boundary condition (Qian, X.-P. Wang, and Sheng
2003). Notably, both encounter the same issue with regards to the velocity
field at the contact line in the phase field model not matching that of the
MD simulations.
While this shows that both phase field and volume of fluid methods can
replicate an MD experiment it is unsatisfactory to require a free fitting parameter. It suggests that there is some fundamental process from molecular wetting that the models are not capturing. Further investigation into
these effects is needed to resolve this discrepancy.

3.3 Contact line friction
As discussed earlier, theoretical models of wetting have predicted that there
may be a source of dissipation locally at the contact line (Carlson, Do-Quang,
and Amberg 2011; de Gennes 1985). Due to how contact line area is fixed in
size to a few nanometres, these effects have not been important to model
correctly for large droplets. Until recently few formal studies of the nature
of the dissipation have been published.
For water droplet nanoscale systems the contact line area is no longer
insignificant. Sensitive force measurements have shown an extra source
of friction attributed to this local source. It has been attributed to nanoscale
defects that the contact line pins to (Perrin et al. 2016) as well as slip dissipation (Nakamura et al. 2013), but also seen for systems discussed in this
thesis: defect-free substrates with zero slip. This motivates our study of
the molecular source of dissipation, which is related to the details of how
the contact line advances.
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Substrate
Silica
Silica
Silica
Lennard-Jones

(γSV − γSL)/γ

Ėf/ Ėγ

μ̂f (μ)

1.3
0.81
0.34
0.80

0.7
0.5
0.4
0.2

5.3
4.3
3.3
–
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TABLE 3.2 Contact line dissipation rates Ėf compared to the rate Ėγ at which energy
is fed into the system as droplets spread on different substrates. Measured contact
line friction parameters μ̂f are listed alongside.

Contact line friction in molecular systems
As the wetting moves from an inertially dominated stage to one dominated
by viscous friction, the dynamics slow down considerably. A driving force
is necessary to keep the contact line moving against all the viscous friction. In such a state, the contact line velocity v has been shown to be proportional to this driving force F (Yue and Feng 2011):
v=

γSV − γSL − γ cos θ
F
=
.
μf
μf

(3.3)

The dissipation is contained in the μf factor, which has units of viscosity.
Note that we can measure both the contact line velocity and contact
angle. This leaves (3.3) with the dissipation as its single unknown variable.
Furthermore, the rate of dissipation Ėf can be calculated by
Ėf ≈ lμfv2

(3.4)

for the total length of the contact line l (Carlson, Bellani, and Amberg 2012;
de Gennes 1985; de Ruijter, De Coninck, and Oshanin 1999). Taken together this means that an easy measurement of the dissipation term is possible, which then allows us to measure the total rate of dissipation from the
contact line.
Doing so for our molecular systems with and without slip (respectively
a Lennard-Jones substrate and a silica-like) reveals two things. One is that
the contact line dissipation is lower if the liquid can slip across the substrate than when it cannot. This is shown in table 3.2 by comparing the
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(a) Hopping

(b) Rolling

FıGURE 3.2 Molecular modes of contact line advancement. The substrate is drawn
as a potential landscape.

dissipation rate to the rate at which energy is gained from the liquid covering a larger area Ėγ, which is measured by
Ėγ = [lv(γSV − γSL) − γΩ]

(3.5)

where Ω is the rate at which the liquid–vapour interface area changes.
The second is that the dissipation factor μf is largely constant if the liquid can slip across the substrate, but increases during the experiments if
it cannot. This suggests that the dissipation is dependent on the details of
how the contact line advances. From now on we will focus on the case of
no-slip substrates and investigate how the advancement can lead to this
dissipation.
How the contact line advances in the case of no slip
If we consider how a droplet contact line can advance in a no-slip scenario,
we can propose two separate possibilities: the current wetting edge moving outwards, or new fluid molecules filling in from above to construct a
new edge. In the former case the outermost molecule hops from one potential minima to an empty adjacent minima. In the latter a molecule at
the interface rolls over the edge in to a minima. Figure 3.2 shows these
modes.
The two modes work with slightly different mechanisms. For the hopping mode, the potential barrier for an advancing event is set by the substrate interaction. For example, in the case of a hydrogen bonding liquid
and substrate, the molecule has to break this relatively strong bond in order to move forwards before it can form a new hydrogen bond with the
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FıGURE 3.3 Surrounding molecules create a potential energy barrier for reaching the edge and dropping down. The energy barrier depends on the contact line
wedge geometry.

substrate. Meanwhile, the rolling mode is not hindered by breaking a hydrogen bond with the substrate, but by its surrounding liquid molecules
that want to keep it close.
Since molecular simulations give us the particle trajectories, we can
measure how prevalent these modes are in dynamic wetting. In PAPER ıı
we do so and see that for a no-slip silica substrate, both modes contribute
to a substantial part of the advancement. In the inertial regime, the rolling
mode is more common, while in the viscous regime the hopping mode is
roughly two thirds of all advancing events.
One should note that these modes are simplifications of what happens
at a molecular contact line. The contact line does not advance through single, clearly defined events. Rather, the advancement occurs in a connected
network of liquid molecules. As a molecule hops to fill one space, another
should quickly move in to occupy its previous place. How these interconnected motions affect the wetting modes is not yet understood.
Energy barrier for rolling mode
This gives the rolling mode a subtle dependency on the geometry of the
wetting edge. If the wetting is not dominated by an inertial flow, a boundary molecule has to cross the barrier by a thermal fluctuation. The fluctuation has to be large enough for the molecule to pass over the edge, after
which it can drop onto the substrate.
From geometry, sketched in figure 3.3, we infer that a lower contact

32 MOLECULAR PROCESSES ıN DYNAMıC WETTıNG

angle θ means that the thermal fluctuation has to be larger, as the molecule
has to cross a larger distance Δx. In molecular diameters this distance will
on average be Δx = tan (90° − θ) + d, where d is how far past the edge the
molecule has to be before dropping down. A thermal fluctuation which
covers this distance has to be of size h = Δx sin θ, since the fluctuation is
perpendicular to the liquid interface. Expanding Δx and using some trigonometric identities we see that
h = sin θ [ tan (90° − θ) + d]
= cos θ + d sin θ .

(3.6)

In order to create a fluctuation the system uses energy ΔE proportional
to the created surface area, which means that ΔE ~ h2. This is the average
potential energy barrier for a rolling event to occur. Following Maxwell–
Boltzmann statistics we know that the probability P for such an event is
given by the exponential
P ~ exp {−β ΔE}
= exp {−aβ ( cos θ + d sin θ )2}

(3.7)

where a is an unknown energy scale and β = 1/kBT again the inverse thermal energy of the contact line.
This equation contains a few noteworthy features. The barrier tends
towards zero as the contact angle θ increases, up to and including the point
where cos θ = −d sin θ. This behaviour represents that it’s easy for liquid
molecules to roll down onto the substrate when they do not have to pass
the contact line edge—they simply have to come within the substrate interaction range. Note that the equation is invalid for θ larger than the last
criteria, since the rolling molecule at that point does not have to cross the
edge as used in the model‡ .
For contact angles decreasing from 90° the energy barrier rapidly in‡
To be precise, equation (3.7) is well defined for the interval 0° < θ ≤ 180° − arccot d.
The overhang factor d cannot be precisely measured. We here take it as 0.5: one-half of the
molecule diameter.
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FıGURE 3.4 Velocity and contact angle data from droplet system simulations with
different values of the spreading coefficient S = (γSV − γSL)/γ. Each set is overlaid
onto the prediction of equation (3.8). Originally published in PAPER ıı, recreated
with permission.

creases at first but levels off as it approaches 0°. The rolling mode becomes
less probable to be observed for small contact angles. This is consistent
with observations.

Model for molecular contact line friction
With a very simplified argument we have introduced the probability of the
contact line advancing through a liquid molecule rolling onto the substrate
from an upper layer. Since molecules want to stay together and cannot
be easily pulled to the substrate by the driving force F, the advancement
is slowed down compared to if they were free to drop down. This energy
barrier is the reason for why measured contact line velocities v are lower
than expected from older continuum models.
This slowdown can be implemented into continuum models. The rate
of advancing events is proportional to the probability P of advancement
(3.7). In effect, this means that we modulate the velocity that would be
expected from a given driving force by this probability (3.3), yielding
v=

F
exp {−aβ ( cos θ + d sin θ )2} .
μ̂f

(3.8)

Here μ̂f is a contact line friction factor which has units of viscosity and
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depends on the used system. Since the energy scale a represents the potential energy barrier it depends on the used liquid, leaving μ̂f as a single free parameter which can be measured for systems. For the water-onsilica systems presented in this thesis, the value a = 1.1kBT along with the
given values for μ̂f in table 3.2 produce excellent agreement with the simulation data. Figure 3.4 displays this comparison. Our proposed model thus
successfully captures contact line friction in these experiments.
In addition, the model can explain how the energy from the contact
line slowing down is lost. To reach the crossing state shown in figure 3.3b
a molecule has temporarily borrowed thermal energy from its neighbours.
Once it falls onto the substrate and forms a hydrogen bond this energy is
converted into kinetic energy, which is then dissipated into its new environment. While the exact details of how this energy is dissipated—for example, how much is lost by dissipation into the substrate or returned to the
liquid as it extends over it—are unknown, this model provides a molecular
mechanism and an interesting avenue for future exploration.

Molecular electrowetting
CHAPTER FOUR

A droplet will spontaneously spread out when placed on a plate to an extent determined by the involved surface energetics. For a long time there
has existed a desire to manipulate these energetics to achieve a specific effect. Researchers have for example created heterogeneous surfaces with
stripes of varying wettability and micro-structures to decrease or increase
the effective friction.
Such surfaces are still static. To freely change the properties of a system, for example to move a liquid around or spread out and retract on command, another approach is needed. So far the most popular candidate has
been applying an electric potential to the liquid, a technique known as electrowetting which was experimentally shown and modelled by Gabriel Lippmann (1875).
Active surfaces have a wide range of applications in areas such as dynamic camera lenses, controlled microfluidic transport and display technology. Understanding the physics and processes of electrowetting thus
35
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ΔV

ΔV
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(a) EWOC

(b) EWOD

FıGURE 4.1 Electrowetting setups in the two widely used configurations: on a
conductor (a) and a dielectric film of thickness d and permittivity εd (b).

may be a great step forward for microfluidic research in the 21st century.

4.1 Physics of electrowetting
In a very simplified configuration an electrowetting system consists of a
liquid droplet—typically an electrolyte solution—placed on a conducting
substrate, with a potentiostat coupled between the substrate and an inserted electrode as sketched in figure 4.1a. Using the potentiostat an electrostatic potential ΔV is applied. The droplet spreads out in response to this
field as ions are accelerated along it, trying to minimise their energy.
In effect, this changes the surface tension γSL between the droplet and
the conducting substrate as
γSL* = γSL −

C ΔV2
2

(4.1)

where C is the capacitance of the conductor. Since we know that the surface tension is directly related to the static contact angle θ₀ through Young’s
equation (1.1) we can predict how the spreading changes by calculating
how much the surface tension changes. This results in a modified version
known as the Young–Lippmann equation:
γ cos θ₀* = γSV − γSL*
= γSV − γSL +

C ΔV2
.
2

This equation is the basic model used in all of electrowetting.

(4.2)
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Wetting on conductors versus dielectrics
While equation (4.2) describes the energetics of electrowetting systems
there are some practical complications when wetting on pure conducting surfaces. The direct contact between the ions and conductor results in
electrolysis, a chemical reaction wherein ions are permanently† absorbed
by the substrate. This means that the wetting is not reversible, which is
desired for most all systems—a camera lens has to predictably spread out
and retract every time the potential is changed.
A solution to this problem is to insert a thin, insulating, dielectric film
between the conductor and droplet, shown in figure 4.1b (Berge 1993). This
film will decrease or eliminate the absorption and can be constructed with
some desired properties, like hydrophobicity and low friction. The downside is that the film’s thickness d lowers the strength of the electric field
which means that a larger applied potential ΔV is required for the same
change in contact angle θ₀*. For such a system equation (4.2) can be rewritten as (Mugele and Baret 2005; Zhao and Y. Wang 2013)
γ cos θ₀* = γSV − γSL +

ε₀εd ΔV2
2d

(4.3)

where ε₀ and εd respectively are the electric permittivities of vacuum and
the dielectric. Compared to electrowetting on conductor (EWOC) setups
which require on the order of single Volts to affect a large change in contact angle, these electrowetting on dielectric (EWOD) setups may require
several hundred Volts for similar changes.
More recently the interest in EWOC configurations has been reignited
due to the advent of cheap and accessible graphene substrates. Graphene
is an excellent conductor and chemically stable, with little to no absorption
of ions. It has been shown to provide reversible wetting with large contact
angle changes for very low voltages (Lomax et al. 2016). For this thesis,
similar EWOC systems to these are used.
†

At least as considered for practical applications, where processes can repeat hundreds
of times every second.
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FıGURE 4.2 Molecular dynamics setup for electrowetting. A two-dimensional
cross section shows the components (a). The electric field is created by n charges
of strength qn which can move freely below the substrate and a single charge Q
in the electrode. The inserted electrode means that simulations must be threedimensional (b).

4.2 Reconstructing an electrowetting setup
A realistic depiction of an EWOC system requires that all the components
described above are modelled: a conducting substrate, an electrode and
a liquid droplet. We have previously described how to create molecular
substrates, but it has to be restated that most molecular dynamics methods are purely classical. This means that we cannot accurately or cheaply
mimic the physics of an electric conductor, which requires us to treat free
electrons.
However, for the purpose of simulating electrowetting we only need
an electric field between the substrate and the electrode Accurately modelling how a conductor creates this field is beyond the scope of this thesis—
we simply create the field by adding a monolayer of n charges qn below the
substrate. These charges are free to move in the transverse plane of wetting but fixed in the normal direction.
Similarly, the electrode is created as a thin carbon nanotube which is
closed in both ends. A single charge Q = −nqn is fixed near the bottom of
this electrode, setting it to exactly neutralise the “conductor” charge while
directing the field into the electrode. By tuning the total charge we tune
the strength of the electric field and thus the applied electric potential ΔV.
This setup is shown in figure 4.2.
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In chapter 2 we discussed the difference between two- and three-dimensional systems. For spontaneous wetting on homogeneous substrates
this difference comes down to a scaling factor which means that two-dimensional simulations will describe the physics of a three-dimensional system after this is taken into account. Note that the addition of an electrode
removes this option. An infinitely replicated (through the periodic boundary condition) electrode is a perpendicular substrate, not anything resembling a tube. In order to simulate a conductor–droplet–electrode setup, we
have to use fully three-dimensional systems.
Electrolyte solutions are created by adding ions to a pure water (SPC/E)
base to the desired concentration. Force field parameters for these ions
have been previously reported (Hess and van der Vegt 2009; Weerasinghe
and Smith 2003).

4.3 Reduction of contact line friction
Curiously, it has been shown that contact line friction—as discussed in
chapter 3—is consistently absent under electrowetting conditions. Even
for micro-structured systems which create a lot of friction during spontaneous wetting the dissipation mostly vanishes when an electric field is
applied (Decamps and De Coninck 2000; Nita et al. 2018). Since the friction of these system arises from microsized structures on the substrate,
this effect has been referred to as cloaking the surface features.
By simulating molecular electrowetting on the previously introduced
high-friction silica substrates we show in PAPER ıV that this effect remains
on a molecular level. The line friction decreases by an order of magnitude
and the spreading changes from being dominated by it to inertia being the
dominant factor inhibiting the process. It is thus not only a cloaking of
surface features, since these surfaces have none, but of line friction on a
molecular basis.
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Electrostatic bias of the advancement energy barrier
Just as when seeing that no-slip substrates show a lot of line friction, we
return here to the question of what physical phenomena is causing this
massive decrease in it. We previously (in chapter 3) introduced a model of
the line friction arising from an energy barrier that has to be crossed by a
liquid molecule to advance the contact line. Since the substrate-to-liquid
interaction has an extremely short range water molecules are not assisted
in crossing this barrier.
In an electrowetting system this situation changes. The potential difference ΔV between the electrode and conducting substrate creates an electric field ⃗E throughout the system. Any charge q in the system experiences
a force
⃗F = q⃗E
(4.4)
from this field. Not only that, overall charge neutral but polar molecules
will experience a force
⃗F = (⃗p ∙ ∆ )⃗E ,
(4.5)
where ⃗p is the polar moment of the molecule. This latter force comes from
how the forces (4.4) working on individual charges in a molecule do not
cancel if the electric field changes over it.
At the moving contact line an electric field and both of these forces are
present. By measuring the electric field and polar moments of water at
the contact line, we show in PAPER ıV that the force of equation (4.5) in
electrowetting is both significant and long ranged. An electrostatic bias is
added, diminishing the energy barrier of equation (3.8). Contact line friction is removed and the contact line can advance at the rapid pace seen in
experiments.
The importance of realistic systems
Contact line friction being diminished in electrowetting stems from several features of water. It is an electric dipole, which allows it to form hydrogen bonds. Hydrogen bonding to substrates occurs naturally and results in a molecular no-slip condition. If a contact line cannot slip it has
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to advance by non-bonded water molecules rolling in from above, which
requires crossing an energy barrier. Finally, this barrier is diminished in
electrowetting by the electric field working to pull the dipoles across it.
If this long chain of consequences starts with water being a dipole we
again see how important this feature is. As we discussed in chapter 2 this
is a feature which simple Lennard-Jones liquids lack. While such liquids
simplify computations they fundamentally cannot be used as a substitute
if realistic effects are studied.
To study reality we need to describe it.

Outlook
CHAPTER FıVE

The field of wetting has been studied for several hundreds of years but still
poses interesting and challenging questions for modern researchers. As
we are now probing systems in the mesoscopic regime where nanoscale
or even molecular effects enter into play I can only see these questions remaining important over the foreseeable future.
To be more specific we still lack a holistic view of how a contact line
moves or retracts. It is easy to imagine simple models such as how it pins
to defects, but when the thermal motions of molecule groups are important these motions become more complicated. The model that has been
presented on contact line motion and how line friction is related to an energy barrier that has to be crossed through thermal activation is still very
simplified compared to the chaotic events at an actual triple point, but it is
a clear example of how these events may be characterised to better understand molecular wetting.
With how complex and chaotic these events appear one may ask the
43
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question of whether understanding them is a requirement if one can just
simulate any system in a computer. After all, the state of molecular dynamics simulations and supercomputing has advanced to the point where
systems spanning tens to hundreds of nanometres in either direction can
be simulated over tens to hundreds of nanoseconds given sufficient (large
but realistic) resources. Moreover, their use has been accepted in several
fields as a valid complement to or even pioneering of real world experiments and phenomena. For these accomplishments of molecular dynamics, Martin Karplus, Michael Levitt and Arieh Warsheh were awarded the
2013 Nobel prize in chemistry.
The question is valid, if somewhat misguided since fundamental knowledge is of its own value. Certainly in the near future one can imagine constructing suitably detailed systems emulating an industrial process and
throwing a large computer at it. Techniques such as coarse-graining the
simulation can be used to further reduce the limitations of scaling while
keeping essential physics.
It should be kept in mind though that something being possible does
not make it a clever use of resources. As molecular effects largely manifest
at interfaces they are not crucial to model in a large part of a droplet experiment. Incorporating them through a boundary condition for a continuum
simulation may be a faster and smarter way to the same result (Carlson,
Do-Quang, and Amberg 2011; Qian, X.-P. Wang, and Sheng 2003; Ren and
E 2007; Zhang, Borg, and Reese 2017). Similarly, simulating a millimeter
length channel or flow through an array of shorter channels may not need
a full atomistic treatment as the flow will be similar throughout the repetitions. Here molecular dynamics can be used to simulate selected parts of
the system, like the channel openings or one selected channel, and a continuum model can be coupled to that simulation to evolve the remainder
(Borg, Lockerby, and Reese 2013).
These treatments fall under the domain of multi scale modelling. While
not a new field in any sense of the word, there are no—and possibly should
not be any due to different systems having different physics—unified ways
to incorporate molecular and continuum effects for different types of sys-
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tems. Furthering the development of these techniques will be an important part of modelling mesoscopic fluid systems in the 21st century.
In this sense, molecular simulations of liquids are and will continue to
be a powerful tool to understand and model processes in wetting. For small
scale systems by these methods making few assumptions of the needed
physics and for large scale systems by including these effects in an indirect way.
The work presented in this thesis has shown that even simple molecular processes can propagate to large scale wetting. In contact line dynamics
by having to cross a energy barrier which is molecular in nature. In electrowetting by being assisted over this barrier. It is clear that molecular effects are important to study to better describe wetting processes. Whether
we incorporate these effects by fully molecular simulations, multi scale
modelling or better boundary conditions for continuum models is an open
question, but they simply cannot be ignored.

Summary of papers

From the very inclusive term “molecular processes” in the title of this thesis, the work has mostly centred around understanding how these processes contribute to contact line advancement in dynamic wetting. Papers
ı, ıı and ıV attempt to describe these dynamics in different contexts. PAPER ııı follows in the footsteps of PAPER ı by comparing our MD simulations to continuum models of wetting in a detailed shear flow setup.

Paper I: Water–substrate physico-chemistry in wetting dynamics
This is the first attempt to understand how substrate features play into
contact line friction. Three MD systems with water and widely different
substrates are created: one consisting of a purely repelling force wall, which
has no features whatsoever, one being an atomistic Lennard-Jones substrate and one being a silica-like substrate consisting of electrostatic quadrupoles.
47

48

MOLECULAR PROCESSES ıN DYNAMıC WETTıNG

The substrates have identical surface tensions and equilibrate to the
same static contact angle θ₀. The systems are characterised by measuring
all the variables that are required for continuum models, with the only
change between them being the slip length. The pure force wall has infinite slip length (free slip), the Lennard-Jones substrate a slip length of
1.1 nm and the silica-like no slip at all.
Spontaneous wetting experiments are performed for these systems and
compared to continuum phase-field simulations which use the measured
variables including the slip length, instead of involving these as free parameters for a fit. We find that even when accounting for the slip length,
the systems cannot be described with a single contact line friction parameter. This shows that contact line friction is a complex process involving
the details of how a liquid moves along the substrates. The range of the
driving force acting on the water from the substrates is measured and for
the most realistic setup found to be on the range of the first layer of water molecules. We conclude that energetic properties are not sufficient to
fully characterise the wetting of a system.

Paper II: Molecular origin of contact line friction in dynamic
wetting
Continuing the work begun in PAPER ı this paper characterises the contact
line friction seen on the no-slip silica substrate. The substrate energies are
varied to give contact angles θ₀ from 0° to 70°. MD simulations of spontaneous wetting is performed and the contact line friction measured during
the process.
We see that the contact line friction is not only a large source of energy dissipation, it varies both with the substrate energetics and during
the simulations themselves. In particular, as the droplets spread out the
friction increases. We furthermore observe whether the contact line advances by MKT-like jumps or by molecules rolling in from upper water
layers and find that both modes are present in the later stages of wetting.
A model is presented which relates the changing friction to the geom-
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etry at the contact line. As the contact line evolves the geometry results in
a higher energy barrier that molecules have to pass in a thermal fluctuation to advance the line. This energy is lost after passing the barrier, as the
energy is dissipated into the surroundings. The model is shown to agree
well with the measured friction as it evolves during all simulations.

Paper III: Steady moving contact line of water over a no-slip
substrate
Molecular dynamics simulations of a shear flow of water through a channel are used as a basis of comparison for phase field and volume of fluid
simulations. Different boundary conditions for the numerical models are
triaged with parameters measured from the MD simulations.
It is established that neither the phase field nor volume of fluid methods can replicate the MD experiment. While the global system density profile is easily matched for both, the details local to the contact line are not
consistent with the molecular motions in MD. By tuning various parameters away from those measured in MD a better agreement is found. However, this is by itself inconsistent with the MD data which suggests that
some processes around the contact line are not described by the numerical models.

Paper IV: Electrowetting diminishes contact line friction in
molecular wetting
The contact line friction condition is investigated in the context of electrowetting. Molecular dynamics systems are created with pure water and
a KCl electrolyte solution wetting on a no-slip silica substrate. The electric
field is applied and contact line friction measured as the droplets spread
out to their final contact angles θ₀*.
We find that the electrowetting condition reduces the contact line friction by an order of magnitude. A system which was previously dominated
by the line friction dissipation in spontaneous wetting is instead domi-
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nated by inertial acceleration as the electric field is applied. This is discussed in the context of the previously suggested model of contact line friction. We propose that the reduction in contact line friction may be due to
the electric field reducing the energy barrier that molecules have to pass
to advance the line.
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We consider the wetting of water droplets on substrates with different chemical
composition and molecular spacing, but with an identical equilibrium contact angle.
A combined approach of large-scale molecular dynamics simulations and a continuum
phase field model allows us to identify and quantify the influence of the microscopic
physics at the contact line on the macroscopic droplet dynamics. We show that the
substrate physico-chemistry, in particular hydrogen bonding, can significantly alter
the flow. Since the material parameters are systematically derived from the atomistic
simulations, our continuum model has only one adjustable parameter, which appears
as a friction factor at the contact line. The continuum model approaches the atomistic
wetting rate only when we adjust this contact line friction factor. However, the flow
appears to be qualitatively different when comparing the atomistic and continuum
models, highlighting that non-trivial continuum effects can come into play near the
interface of the wetting front.
Key words: contact lines, micro-/nano-fluid dynamics, molecular dynamics

1. Introduction

The study of wetting has a history stretching back more than two centuries, when
the equilibrium drop shape on a substrate was described by the three-phase surface
energies (Young 1805). Wetting dynamics, on the other hand, has proven to be more
challenging to describe (de Gennes 1985; Bonn et al. 2009), as the hydrodynamic
description is incomplete at the contact line (where the vapour–liquid–solid phases
meet), with a diverging viscous stress (Huh & Scriven 1971; Voinov 1976).
Several theories have been proposed to relax this contact line singularity, e.g. a
slip length (Tanner 1979; de Gennes 1985; Ren, Hu & E 2010), interfacial diffusion
(Jacqmin 2000; Qian, Wang & Sheng 2003; Carlson, Do-Quang & Amberg 2009,
2011; Yue, Zhou & Feng 2010) and molecular stochasticity/kinetics (Blake & Haynes
1969; Davidovitch, Moro & Stone 2005), all of which have been demonstrated to
† Email address for correspondence: acarlson@math.uio.no
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(a)

(b)

2R

(c)

(d)

F IGURE 1. (Colour online) (a) Initial condition of the quasi-2D simulations, where a water
droplet with radius R is brought into contact with a solid substrate. (b) At time t > 0 after
droplet–substrate contact the droplet spreads onto the substrate with a growing wetting
radius r(t) and a dynamic contact angle θ(t). (c) The molecular structure of a silica-like
substrate which consists of hexagonally packed rigid SiO2 quadrupoles; q denotes the
atomic charge. (d) A substrate of closely packed Lennard-Jones atoms. It should be noted
that the solid substrates illustrated in (c) and (d) have the same equilibrium contact angle
θ0 = 37◦ when wetted by water.

rationalise different experimental observations. Since it is challenging to characterise
the contact line singularity in macroscopic experiments, these theories often rely on
ad hoc parameters, and its precise physical nature is still debated (Bonn et al. 2009).
Particle-based approaches such as molecular dynamics (MD) alleviate the need
for boundary conditions at the contact line and allow a detailed study of the
dynamics of single-molecule interactions. Over recent decades MD has become
an important complement to macroscopic modelling (Koplik, Banavar & Willemsen
1988; Thompson & Robbins 1989; Gentner, Ogonowski & De Coninck 2003; Qian,
Wang & Sheng 2004), particularly since it allows modelling of the nanoscopic physics
at the contact line. Studies of wetting using MD have mostly been limited by the
available computational power, with system sizes a few times larger than the typical
interaction range between molecules of ≈1 nm (Liu, Qin & Yang 2010; Ho et al.
2011; Ritos et al. 2013), which may lead to finite-size effects in the results. Many
studies have also been limited to monatomic systems (Thompson & Robbins 1989;
Qian et al. 2003; De Coninck & Blake 2008; Winkels et al. 2012; Nakamura et al.
2013), while more experimentally realistic systems, e.g. water on silica, have primarily
focused on equilibrium material properties (Lee & Rossky 1994; Werder et al. 2003;
Janec̆ek & Netz 2007).
In order for a molecular description to mimic an experimental system we must
account for the molecular structure and interactions of real liquids and solids.
Moreover, the droplet size must be significantly larger than the intermolecular
interaction range to avoid the influence of finite-size effects on the dynamics. We
describe below the wetting dynamics of such a system by deploying a multi-scale
approach composed of a combination of large-scale MD and macroscopic phase field
(PF) simulations in quasi-2D. The initial droplet shape and the dynamic wetting
process are illustrated in figure 1(a,b), which we investigate on a silica-like substrate
with surface charges as shown in figure 1(c) and two less realistic Lennard-Jones (LJ)
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Parameter

Symbol

Value

Number

Viscosity

µ

8.77 × 10−4 Pa s

Reynolds

Re

Density

ρ

986 kg m−3

Ohnesorge

Oh

Péclet

Pe

Cahn

Cn

Scaled
contact line
friction

µf

2.29 × 10

−9

2

m s

−1

Diffusion coefficient

D

Surface tension (LV)

γ

5.78 × 10−2 Pa m

Interface width (LV)



0.75 nm

Initial droplet radius
Contact line friction

R
µcl

50 nm
(0–3) × 10−1 Pa s

Symbol Relation Value
ργ R
µ2
Re−1/2
γR
Dµ

R
µcl
µ

3.7
0.52
1400
0.015
0–300

TABLE 1. The first three columns give the material properties measured from equilibrium
MD simulations. The values for the surface tension γ and interface width  are for the
liquid–vapour (LV) interface. The final four columns give several non-dimensional numbers
from the scaling analysis, describing the ratios between different physical time and length
scales of the wetting dynamics.

substrates: a substrate consisting of (non-charged) Lennard-Jones atoms (figure 1d)
and a pure Lennard-Jones potential wall. All substrates have the same surface energy,
allowing us to quantify the influence of the molecular substrate composition on the
wetting dynamics. Moreover, we show that the electrostatic interactions between
molecules can generate non-trivial effects at the interface, which alter the dynamics
of spreading and limit the molecular motion at the contact line.
2. System parameters, material properties and dimensional analysis

The droplet dynamics can be limited by different physical mechanisms, and to
estimate these we begin by measuring the bulk macroscopic material parameters
of our molecular system, which are the principal inputs to our continuum model,
described further down.
Water is described by the three-site extended simple point charge (SPC/E) model
(Berendsen, Grigera & Straatsma 1987), which is computationally efficient and
models the molecular dipole moment. Its relevant liquid properties are listed in
table 1, as measured using equilibrium MD simulations with particle-mesh Ewald
(PME) electrostatics (Essmann et al. 1995), as described in the next section. The
interface thickness is characterised as the length over which the liquid changes to the
vapour density.
There are different time scales that can describe the droplet dynamics of a wetting
experiment.
pScaling analysis identifies a viscous time τµ ≡ µR/γ = 0.76 ns, an inertial
time τρ ≡ ρR3 /γ = 1.5 ns and a diffusive time τD ≡ R2 /D = 1.1 µs (see table 1 for
parameter values). The relation between these time scales give us some information
about our model system: since τD  τµ , τρ the dynamics is not believed to be
limited by diffusion. Furthermore, these time scales
√ form several non-dimensional
numbers: the Ohnesorge number Oh ≡ τρ /τµ = µ/ ργ R = 0.52 gives the ratio of
inertia–capillary and viscous effects and the Péclet number Pe ≡ τµ τD = γ R/Dµ = 1400
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gives the ratio of advection and diffusion. By interpreting the characteristic speed as
Uc ≡ γ /µ we obtain the ratio between viscous and inertial forces as the Reynolds
number Re ≡ ρ Uc /µ = ρ γ R/µ2 = Oh−2 = 3.7. Since Oh ∼ Re ∼ 1, our system is in a
regime where both inertial and viscous forces are important.
Two additional non-dimensional numbers appear in the phase field model. The
Cahn number Cn ≡ /R gives the ratio between the interface thickness  and the
initial droplet radius R, and µf ≡ µcl /µ is the ratio between the contact line friction
parameter µcl and the viscosity.
We scale the governing equations and the results as x̂ ≡ x/R, ŷ ≡ y/R, r̂ ≡ r/R, t̂ ≡
t/τµ , p̂ ≡ pτµ /µ, φ̂ ≡ φ/γ , where x, y are the system coordinates, r = r(t) is the
wetted radius, t is the time, p = p(x, y, t) is the pressure and φ = φ(x, y, t) is the
chemical potential; (ˆ) denotes a non-dimensional variable.
3. Simulation set-up

3.1. Atomistic description: molecular dynamics
We consider the wetting of water molecules on three different substrates: a substrate
constructed by an integrated Lennard-Jones (LJ) 10–4 potential wall, a ‘rough’ fcc
structure (111 interface) of LJ atoms with a spacing of 0.27 nm (figure 1d) and a
semi-realistic silica that consists of a monolayer of rigid SiO2 quadrupoles set in a
hexagonal formation with a spacing of 0.45 nm (figure 1c). The silica differs from
the LJ substrates in the ability to form hydrogen bonds with water, which limits
the molecular motion on the substrate. The three substrates can be interpreted in
terms of the liquid–surface friction, from none (10–4 LJ potential), to intermediate
(LJ atomistic) and high (silica). The substrates are atomistically smooth and the
10–4 LJ potential wall interaction is described by

 6
2σ 12
σ
− 10 ,
(3.1)
U = 2πεn
h4
5h
where U is the interaction potential, n = 16 nm−2 is the area number density of
integrated virtual LJ atoms, h is the height of an interacting atom above the wall and
ε and σ are Lennard-Jones potential parameters denoting the energy minimum and
the bond distance between interacting particles.
To maintain the same equilibrium angle θ0 = 37◦ on all substrates, we adjusted the
liquid–solid interaction strengths, which are directly related to the surface energies in
the system. These energies are related to θ0 through Young’s equation γ cos θ0 = γSV −
γSL , where γ ≡ γLV , γSL , γSV are the liquid–vapour (LV), solid–liquid (SL) and solid–
vapour (SV) surface tensions. The molecular interaction parameters of the substrates
that yield θ0 were determined by measuring the contact angle of small water droplets
at equilibrium on the substrates. The final parameters are listed in table 2 for PME
electrostatics. By keeping θ0 fixed we reduced our parameter space, allowing us to
investigate the principal influence of the atomistic composition of our substrates on
the wetting dynamics independent of surface energetics.
To characterise the different substrates on the continuum length scales we measured
their slip lengths δ. This property appears in the Navier boundary condition and
quantifies the tendency of a liquid to flow along a substrate (Bachelor 1967). The
slip lengths of our atomistic substrates were measured using a Couette flow and are
reported in table 2. Since the potential LJ substrate is frictionless it has an infinite
slip length.
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Type

Atom (pair)

m (u)

q (e)

σ (nm)

ε (kJ mol−1 )

Substrate

δ (nm)

Water

H
O
Si
O
LJ
LJ–O
LJ–O

1.00
16.00
0.0
16.00
63.55

0.42
−0.85
1.34
−0.67
0.0

0.0
0.32
0.45
0.32
0.24
0.28
0.28

0.0
0.65
0.2
0.65
10.00
1.77
1.86

Silica
LJ atom.
LJ pot.

0.0(0)
1.1(1)
Infinite

Silica
LJ atom.
LJ pot.

TABLE 2. The first six columns give the interaction parameters for a generic LJ substrate
atom, and the interaction parameters bond length σ and energy ε between different atom
types are calculated using Lorentz–Berthelot combination rules. The LJ–O interactions of
the potential and atomistic LJ substrates give an equilibrium contact angle θ0 = 37◦ . The
final two columns give the slip length δ measured in MD simulations of water as a
function of substrate composition, where the number in parentheses denotes the error.

The quasi-2D droplet cylinder had a periodic width of 4.67 nm and a radius R of
50 nm, in total consisting of 1.2 million water molecules. Before it was brought into
contact with the substrate, the droplet was equilibrated at a temperature T of 300 K
by deploying a stochastic dynamics integrator with periodic boundary conditions
to mimic an infinite quasi-2D system. After the initial equilibration, a leapfrog
integrator was used for the time marching. To mimic the energy dissipation into a
large substrate, we coupled the substrate atoms to a velocity rescaling thermostat,
dissipating thermal energy using a 10 ps coupling time. The water molecules were
not coupled to a thermostat. The electrostatic forces between the partial charges were
calculated using the PME method, which takes the Coulomb interactions between
all charges in the system into account. In addition, we tested a simplified approach
using reaction-field (RF) electrostatics with a cutoff of 0.9 nm. Beyond the cutoff,
this treatment assumes a dielectric medium with infinite dielectric constant, which
leads to a linear reaction force to the Coulomb potential. The RF treatment is mainly
used due to its computational efficiency, as it scales linearly with the number of
atoms N compared with N log N for the PME treatment. Reaction-field simulations
give good results for systems with molecules that have zero net charge, which is
valid here. However, they also require a high dielectric constant, which is not true for
our droplets since we have both a liquid and a vapour phase. Among the measured
equilibrium properties reported in table 1 only the surface tension coefficient γ is
affected by the electrostatic treatment, decreasing by ≈10 % for the RF compared
with the PME prediction. This decrease is related to an overestimation of the surface
dipole (surface charge) with the RF treatment, due to favourable interactions between
water molecules and the artificial dielectric medium in the vapour phase. It should be
noted the surface dipole is absent in the continuum model that we introduce later, but
we do not expect this to affect the model. To maintain the same equilibrium contact
angle θ0 = 37◦ the water–substrate interaction parameters were slightly adjusted for
the RF simulations compared with the PME values reported in table 3.
The MD simulations were performed using Gromacs 5.0.3 (Abraham et al. 2015)
in double precision and with a time step of 2 fs. Every 0.01 ps flow data were
collected in bins of size 0.25 × 0.25 nm2 , then averaged every 1000 collection points
to create 2D maps of mass flow, temperature and atom density with a temporal
resolution of 10 ps. The simulations were run on the supercomputers Triolith at
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Material
Water
Silica
LJ atom.
LJ pot.

Property
−2

γ (10 Pa m)
qSi (e)
qO (e)
ε (kJ mol−1 )
ε (kJ mol−1 )

PME

RF

5.84
1.34
−0.67
1.77
1.86

5.33
1.32
−0.66
1.76
1.86

TABLE 3. Material parameters of the MD systems with PME and RF treatments of
the electrostatics. To keep the equilibrium contact angle fixed at θ0 = 37◦ the molecular
interaction parameters of the substrate atoms are slightly adjusted for PME. The water
liquid–vapour surface tension changes by approximately 10 % when comparing the PME
with the RF treatment, while all other bulk properties are insensitive to the treatment of
the electrostatics.

Linköping University and Beskow at the Royal Institute of Technology, Sweden. We
simulated droplets composed of 1.2 million water molecules (3.6 million atoms) for
≈8 ns, which on 640 cores took 2 days for PME and 1 day for RF electrostatics.
3.2. Continuum description: phase field model
To understand the link between the molecular contact line physics and the macroscopic
droplet dynamics, we couple the MD description with a continuum phase field (PF)
model, described further by Carlson et al. (2011). The PF model is based on a
phenomenological description of the free energy of the system F = F(x, y, t) (Jacqmin
2000), which is a function of the non-dimensional concentration Ĉ = Ĉ(x, y, t) of the
two phases interpreted as liquid Ĉ = 1 and vapour Ĉ = −1. These two phases are
represented by the two minima in the bulk free energy Ψ (Ĉ) ≡ (Ĉ + 1)2 (Ĉ − 1)2 /4.
The assumption that a variation in concentration Ĉ is balanced by a flux, represented
by the gradient of the chemical potential δ F̂/δ Ĉ, gives the Cahn–Hilliard equation
(Cahn & Hilliard 1958), represented here in a non-dimensional form,
!
∂ Ĉ
1
δ F̂
1
+ û · ∇ Ĉ = ∇ · ∇
(3.2)
= ∇ · (∇(βΨ 0 (Ĉ) − Cn2 ∇ 2 Ĉ)).
Pe
Pe
∂ t̂
δ Ĉ
Here, Cn2 ∇ 2 Ĉ is the energy cost of having an interface and û = û(x̂, ŷ, t̂) is the nondimensional velocity. A no-flux boundary condition is used for the chemical potential
∇ φ̂ · n = 0, where n is the boundary normal; ∇ Ĉ · n = 0 is used for the sides of the
domain in contact with ambient air and along the symmetry line. At the solid substrate
we use the non-equilibrium wetting boundary condition (Carlson et al. 2009, 2011)
!
∂ Ĉ
µf Cn
+ û · ∇ Ĉ = −Cn∇ Ĉ · n + cos θ0 g0 (Ĉ),
(3.3)
∂ t̂
where g(Ĉ) ≡ (−Ĉ3 + 3Ĉ + 2)/4 is a function varying the surface energy for a wet or
dry substrate. The left-hand side of (3.3) allows for local deviations from equilibrium.
Here, µf is a scaled phenomenological contact line friction parameter and sets the time
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scale for the local relaxation of the interface to form the equilibrium contact angle θ0
at the substrate.
Since Re is close to unity, viscous and inertial effects are of similar importance
for the flow, which is described by the non-dimensional continuity and Navier–Stokes
equations,

Reρ̂(Ĉ)



∇ · û = 0,

∂ û
φ̂∇ Ĉ
T
,
+ û · ∇ û = −∇ p̂ + µ̂(Ĉ)∇ · (∇ û + ∇ û ) +
Cn
∂ t̂

(3.4)
(3.5)

where p̂ is the pressure and (φ̂∇ Ĉ)/Cn represents the surface tension force. The
density is a function of the different phases and is described as ρ̂(Ĉ) = (1 + Ĉ)/2 +
ρg /2ρ(1 − Ĉ), where ρ is the liquid density and ρg = 10−3 ρ is the vapour density.
We use a similar functional form for the viscosity, µ̂(Ĉ) = (1 + Ĉ)/2 + µg /2µ(1 − Ĉ),
where µ is the liquid viscosity and µg = 0.02µ is the vapour viscosity. The droplet
is assumed to be at ambient constant pressure (p̂ = 0).
Since there is molecular motion along the solid substrate we use a Navier slip
condition for the velocity at the solid substrate,
∇ û · n = λûs ,

(3.6)

where λ ≡ R/δ is the non-dimensional slip length and ûs is the computed slip velocity
at the substrate.
Together, the coupled Cahn–Hilliard and Navier–Stokes equations represent a
phenomenological and isothermal model for the description of droplet spreading
of an incompressible liquid. Following Carlson et al. (2009, 2011), (3.2)–(3.6) are
solved using a finite element method with a mesh size of Cn/8 and with the
measured material properties from our equilibrium MD simulations (tables 1 and 2).
Our continuum model has only one free parameter: the scaled contact line friction
factor µf . To illustrate the shape of the droplet and the position of the moving contact
line we define the interface along the contour of Ĉ = 0.
Having thus defined the atomistic and continuum description of the wetting
process, we want to characterise the mechanisms dominating the wetting dynamics
by comparing the computed dynamics. In particular, we want to see whether the
continuum contact line friction parameter µf adequately captures the molecular
processes at the contact line as a function of the substrate composition.
4. Droplet spreading dynamics

4.1. Substrate physico-chemistry and electrostatic interactions
We begin by analysing the wetting dynamics of the MD model to characterise the
influence of our different substrates and the electrostatic treatment. Two measures
of the global dynamics of a wetting experiment are the wetting radius r(t) and the
droplet interface shape. These measures are shown in figures 2 and 3 for all three
substrates using both of the electrostatic treatments. Although all systems have similar
equilibrium properties, we see a large influence on the wetting dynamics as a function
of the substrate physico-chemistry and the electrostatic treatment.
We will first focus on the influence of the substrate composition, returning to the
difference between PME and RF electrostatics further on. We see that the contact line
speed increases with the measured slip length δ (table 2), as the viscous resistance
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(a) 2

(b) 2

1

1

(c) 3
2
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RF
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2.5
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7.5

0

2.5

5.0

7.5

0

1.25

2.50

3.75

F IGURE 2. (Colour online) The spreading radius r(t) measured from MD simulations of
water droplets with the PME and RF electrostatic treatments for the (a) silica, (b) atomistic
LJ and (c) LJ potential substrates. Each panel contains two different simulations, and the
curves for r(t) are coincident. Although the equilibrium contact angle θ0 is fixed, it is
clear that there is a large influence of the substrate physico-chemistry. In addition, we
observe that the electrostatic treatment of the water molecules can significantly influence
the spreading dynamics, where the full electrostatics (PME) predicts a spreading rate 2–4
times slower than the RF treatment.
(a)

PME
RF
2R
0.66

1.30

2.60

5.30

0.66

1.30

2.60

5.30

0.33

0.66

0.99

1.30

(b)

(c)

F IGURE 3. (Colour online) Droplet shapes from the MD simulations with different
electrostatic treatments, as they spread on three substrates with different compositions:
(a) silica; (b) LJ atomistic; (c) LJ potential. The electrostatic treatment only affects the
long-time regime, when r/R > 0.5, and the water–substrate physico-chemistry affects
both the spreading rate and the dynamic droplet shape. The interface is extracted at the
half-density contour of the droplet.

close to the substrate is reduced. Hydrogen bonds can form between water and
substrate molecules on the silica, resulting in slower wetting compared with the LJ
substrates. Even the organisation of LJ atoms in the substrates can greatly influence
the dynamics, as we observe a more rapid wetting on the frictionless LJ potential
compared with the atomistic substrates. For the PME spreading curves (figure 2) we
see a transition from an r(t) ∝ t1/2 regime to a slower regime, while for RF there
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F IGURE 4. (Colour online) The flow field near the contact line extracted from the MD
simulations for r/R of 0.2 (a,c,e) and 0.8 (b,d,f ), time-averaged over 200 ps: (a,b) silica;
(c,d) LJ atomistic; (e,f ) LJ potential. At short times, liquid molecules are transported to
the contact line from above, near the droplet interface. At long times, the flow has changed
characteristics and is parallel with the substrate. We note that the droplet spreading on the
silica substrate is approximately half as fast as on the atomistic LJ substrate, and a third
as fast as on the potential LJ substrate.

is no clear transition within the time simulated. The droplet shapes (figure 3) show
that the speed at which a meniscus is formed is also related to the viscous friction,
a process that is very slow on the silica substrate compared with either of the LJ
substrates. Thus, we see a large influence of substrate physico-chemistry on both of
our selected measures of the wetting dynamics. In all simulations we observe local
temperature increase of the liquid at the contact line, which scales with the contact
line speed. However, this increase is never more than a few per cent and is believed
to have a negligible influence on the spreading dynamics.
To understand how the flow affects the droplet shape, we have extracted the flow
field from the PME simulations, since this is the closest description of a real water
system. Time-averaged flow fields close to the contact line are presented in figure 4
for an early regime where r/R = 0.2 and a later regime where r/R = 0.8. On the
silica we observe that at early times there is a significant amount of fluid transported
to the contact line along the droplet interface, not from the centre bulk of the droplet.
In contrast, the flow becomes more parallel to the substrate at later times. On the
LJ substrates the initial regime also entails some transport of fluid from the droplet
interface, but it is small compared with the flow from the centre (bulk) of the drop
created by the increased substrate slip.
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F IGURE 5. (Colour online) Molecular traces of selected water molecules at the contact
line on silica, at r/R of 0.3 (a) and 0.8 (b), corresponding to the sampled mass flow of
figure 4(a,b). The paths are subdivided into steps of 1 ps and show a history of 10 ps in
(a) and 20 ps in (b). (a) Molecules in the early wetting regime approach the contact line
through an advective flow, coming from the droplet centre or from the droplet interface.
(b) In the later regime we see a mixed process, where the majority of molecules are
jumping between the potential minima of the silica substrate through a dissipative process.
Only comparatively few molecules at the contact line are arriving through an advective
flow from the droplet centre or interface.

To further characterise the difference in the fluid motion in these regimes, we extract
path traces of molecules attached at the contact line on the silica in the two different
regimes (figure 5). Our analysis corroborates the flow fields in figure 4, suggesting
different physical mechanisms of contact line advancement. In the early regime, most
molecules approach the contact line through an advective flow. In contrast, the later
regime shows that the contact line largely advances by molecules detaching from the
substrate and attaching a single lattice spacing ahead of it. Thus, the main mode of
contact line advancement in the slow regime appears to be diffusive. It should be
noted that the initial speed of the droplet as it comes into contact with the substrate
is much lower than the wetting speed and does not influence our results.
There is a salient point that we wish to highlight in these results. Our simulations
resemble some of the regimes that have previously been identified in wetting
dynamics, and we see that they correspond well to two different exponents for
the wetting rate r(t) ∝ tk , illustrated in figure 6. The short-time dynamics k > 1/2
indicates inertial effects (Bonn et al. 2009) or possibly a slip flow (Nakamura
et al. 2013), while the late-time spreading rate has a smaller power k ≈ 1/3 but
does not follow the classical Tanner’s law which in 2D gives r(t) ∝ t1/7 (Tanner
1979; de Gennes 1985). However, fluctuations (Davidovitch et al. 2005) could
shift the power-law dependence from r ∝ t1/7 to r ∝ t1/4 . The molecular motion
in the late-time regime could resemble the phenomenological molecular kinetic
theory (Blake & Haynes 1969), which advances the contact line by molecules
jumping between potential wells on the substrate. The predicted contact line velocity
vMKT = 2κ 0 Λ sinh((γ (cos θ0 − cos θ))/(2nkB T)) is independent of the flow in the drop
and is instead related to the dynamic contact angle θ, a molecular jump rate κ 0 ,
a displacement length Λ, the site number density n and the thermal energy kB T.
We can estimate the values for these parameters from the PME MD simulations
on silica as on average two water molecules form hydrogen bonds with one
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(a) 100

705

(b)
Silica PME
LJ atom. PME

(c)

10–1
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F IGURE 6. (Colour online) (a) The spreading radius r(t) for the PME MD simulation on
the silica and the atomistic LJ substrate, represented in logarithmic coordinates to highlight
two different spreading regimes. In the early regime, molecules are transported to the
contact line from above before a foot is formed. After the formation of the wetting foot,
molecules have to traverse through its geometry. To illustrate the different regimes, the
dotted lines show different power laws with respect to time as r ∼ tk . (b,c) Sketches of
the molecular processes in (b) the short-time initial regime and (c) the long-time diffusive
regime.

substrate oxygen molecule, which sets the number density as n = 11.4 nm−2 . These
hydrogen–oxygen bonds between water and substrate molecules form and break at
a rate of κ 0 ≈ 0.1 ps−1 , measured in an equilibrium simulation. The displacement
length is related to the site density, giving Λ ≈ n−1/2 = 0.30 nm. For the later stage
of wetting we measure a slowly decreasing contact angle of approximately 90◦ on
the silica. Using these numbers, we estimate the contact line speed from molecular
kinetic theory (MKT) as vMKT ≈ 30 m s−1 , which is off by one order of magnitude
compared with the MD simulation v ≈ 3 m s−1 (figure 2). It is not surprising that
MKT predicts a higher velocity, since κ 0 only takes the detachment of a molecule
into account, not the subsequently required rearrangement of the hydrogen bonding
network. For the atomistic LJ substrate, we note that although the water shows some
structuring, there is only a very weak separation of sites, so, rather than hopping, the
water slides over the substrate, which is consistent with the observed slip.
One reason for the difference in spreading rate between PME and RF electrostatics
in the later stage of wetting is a modified mechanism of advancing the contact
line. To clarify the different mechanisms, we use the atomistic LJ substrate as an
example, which simplifies the analysis since there are no electrostatic interactions
with the substrate. Visual inspection of the trajectories from MD reveals that with RF
the contact line is fluctuating and rough, while it is smoother with PME. Manually
counting protrusions of 1 nm size at the contact line results in approximately one
per 20 nm for PME and one per 10 nm for RF. A Fourier analysis of the contact
line fluctuation shows that it is 12 % larger for RF with a 2.3 nm wavelength. To
distinguish cause from effect, we simulated a slab of water in equilibrium, confined
between two LJ walls separated by 4 nm to generate a contact angle of 60◦ . Here, we
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F IGURE 7. (Colour online) The force per area F̄, scaled by the surface tension γ , which
the substrates exert on a slab of liquid water separated by height h from the substrate. On
the silica, water molecules can penetrate the space between the upper oxygens, leading to
a net force on the liquid in this region below substrate level. Although the driving force
is of similar length for the atomistic LJ substrate and the silica with PME electrostatics,
the dynamics varies greatly, which can only be connected to the substrate topology.
Reaction-field electrostatics leads to a longer interaction range for the charged silica,
driving flow over three molecular layers. It should be noted that the area under all curves
equals γ cos θ0 .

found 10 % larger Fourier components for RF compared with PME. The enhancement
of fluctuations with RF is caused by a stronger electric field at the contact line, built
up by the molecular electrostatics. For a liquid–vapour interface, we measured a four
times stronger field with RF than with PME. With the slab geometry we observed the
same factor of four for the field along the substrate at the contact line. Since RF uses
a cutoff, the electrostatic interaction of a water dipole with the field is not four times,
but twice as high with RF as with PME. This stronger interaction exponentially
enhances fluctuations and in particular protrusions of water molecules out of the
interface and ahead of the contact line along the substrate. The protrusions advance
the contact line faster than the diffusive motion observed with PME. Although the
higher fluctuations are an artefact of the RF, it is shown that fluctuations can not only
quantitatively affect the flow, but also qualitatively, as with RF r(t) ∝ t1/2 without the
change in exponent observed with PME. This is similar to the observation made by
Davidovitch et al. (2005) for thin film wetting, where thermal fluctuations in the film
increase the spreading rate from r ∝ t1/7 to r ∝ t1/4 .
Up to now we have mainly looked at flows and the source of friction. With MD we
can also quantify the different driving forces in the spreading dynamics by measuring
the atomistic interaction forces at the substrate. The force working on the liquid
normal to the solid substrate is evaluated as a function of the distance h from the
substrate, see figure 7. We observe that the interaction range depends on the substrate
type, but that it is short, 0.25–1 nm, even on the PME silica, which is our most
realistic substrate. This is independent of the total integrated net force, which is
equal to γ cos θ0 on all substrates. A strong artefact of RF electrostatics is that the
force is spread over a longer distance than when using PME, and water molecules
are pulled from additional liquid layers. In shear flow, as observed in the later stages
of the wetting dynamics, this leads to a faster flow approximately proportional to the
interaction range.
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F IGURE 8. (Colour online) A direct comparison of the wetting dynamics predicted by the
MD and the PF simulations: (a) silica; (b) LJ atomistic; (c) LJ potential. The wetting rates
show that the short-time initial regime and the long-time regime of the wetting dynamics
are captured by the PF model with separate friction parameters µf (given on the graphs).
In (a), to illustrate the effect of a spatially varying µf we use a switch from µf = 0
to µf = 50, which gives a matching spreading rate between the MD and PF models. Our
results suggest that at short times there is a rapid equilibration of the interface, i.e. µf ∼ 0,
and a long-time relaxation where µf > 0.

4.2. Comparison between MD and PF
Next, we turn to a comparison between the PME MD spreading dynamics and the
PF simulations, using the material parameters in table 2. By comparing the spreading
rates for the PF simulation with µf = 0 and the MD simulation for the different
substrates, we can clearly distinguish the two different wetting regimes. At short times
(r/R < 0.5), the spreading radii compare favourably between the PF and MD
simulations, while they deviate significantly at long times, as seen in figure 8.
The contact line advances much faster in the PF simulations with µf = 0 than
the corresponding MD simulations. A similar observation was also made when
comparing PF simulations with spreading experiments on millimetre-sized water
droplets (Carlson, Bellani & Amberg 2012a,b). To obtain a match for r(t) between
PF and MD we deploy a similar strategy to Carlson et al. (2009) and adjust the local
contact line friction parameter µf .
Since the short-time initial regime (r/R < 0.5) appears to be similar for the PF with
µf = 0 and MD, we also introduce the contact line friction from that spatial point with
a switch (1 − tanh(33(x̂ + 0.5)))/2 multiplying µf , see figure 8(a). Thus, we assume
that there is an initial fast relaxation, which slows down as r/R > 0.5 and µf > 0.
Introducing this spatial switch gives a good agreement between PF and MD for r(t) on
silica. In a previous combined MD/PF study on a simple Lennard-Jones liquid, a good
match was obtained with µf = 0 (Nakamura et al. 2013). This can be explained by
the less structured liquid and the large, but not infinite, slip lengths of approximately
half of the droplet radius.
Next, we turn to a comparison of the droplet shapes and the flow fields predicted by
the PF and MD simulations. The first thing one notices when looking at the flow fields
in figure 9 is the thermal fluctuation in the flow visible on all length scales in the
MD results, which is not present in the PF model. Although the wetting rates can be
matched using the friction factor µf , the local dynamic contact angle differs between
the MD and PF simulations. Moreover, a comparison of the flow fields (figure 9)
illustrates that there appear to be different modes of mass transport to the contact line
inside the droplet. As we have noted earlier, MD simulations indicate that the mass
transport to the contact line is in the wall-normal direction and from the interface area
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F IGURE 9. (Colour online) A comparison of the global flow from MD (left half of
the droplets) and PF simulations (right half, extracted for Ĉ > 0): (a,b) silica; (c,d) LJ
atomistic; shown for the early (r/R = 0.2) and later (r/R = 0.8) regimes of wetting for the
atomistic substrates. To decrease thermal noise the MD flow was sampled over 300 ps for
the early regime (a,c) and 500 ps for the later regime (b,d). For the silica, MD is matched
against PF with the switched-on µf = 50 contact line friction factor seen in figure 8. While
the wetting rates match qualitatively, the global flow is markedly different. For MD, fluid
is pulled in from the sides of the droplet, thinning it out. Thermal fluctuations occur on
a length scale comparable to the droplet size. For PF, a consistent global flow is quickly
established. For the atomistic LJ substrate, MD is matched against PF, with µf = 100. As
the wetting is faster the thermal noise is decreased, and similarly to the silica a difference
in the global flow between MD and PF is observed.

of the droplet. The continuum simulations, on the other hand, predict that the liquid is
transported from the droplet centreline and along the substrate. The mismatch in flow
causes a mismatch in droplet shapes, where in MD the droplet initially thins from the
sides by a local flow, whereas in PF the entire droplet moves towards the substrate
as it spreads due to a global flow.
The different flow fields predicted in the atomistic and continuum descriptions help
us to identify potential mechanisms that affect the dynamics. We want to highlight
that the PF model is an ideal isothermal model, without any thermal fluctuations.
Fluctuations might indeed be part of the reason why the flow and droplet shapes
are predicted to be different for the methods. At short times, inertia dominates and
molecular fluctuations are negligible in comparison, but as r(t) grows the contact line
speed slows down and fluctuations start to affect the droplet dynamics. Although we

Downloaded from https://www.cambridge.org/core. KTH Kungliga Tekniska Hogskolan, on 04 Mar 2020 at 13:45:37, subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms.
https://doi.org/10.1017/jfm.2015.517

Water–substrate physico-chemistry in wetting dynamics

709

noted before that fluctuations in r(t) are small when comparing different runs with the
same parameters, the flow inside the droplet exhibits large fluctuations (see figure 9).
Another source of discrepancy might stem from the effective material properties of the
droplet, which can vary in the MD simulations, particularly close to interfaces, but are
fixed for the PF model.
5. Conclusion

We have combined large-scale MD simulations and continuum PF theory to advance
our understanding of the physical mechanisms that can influence the spreading
dynamics of water droplets. To move one step closer to an experimentally realisable
system, we model water droplets as they wet a silica-like substrate and compare with
two simpler unrealistic Lennard-Jones substrates. Our results demonstrate that the
wetting dynamics can be significantly affected by the molecular substrate composition,
even when the equilibrium contact angle is the same. The silica substrate produces a
no-slip boundary condition due to strong hydrogen bonding forces between the water
and the substrate molecules. This not only leads to a slower wetting rate, but also
qualitatively affects the droplet dynamics compared with the less realistic LJ substrates.
We have demonstrated that the driving force for wetting on a silica monolayer has
a range of a single molecular diameter, approximately 0.3 nm. A roughness of the
substrate on this length scale can therefore effectively block the contact line from
advancing, and partly explains why details on the atomistic length scale can have such
a large influence on the global wetting dynamics. With PME electrostatics all effective
interactions are short ranged, whereas the cutoff employed in the RF electrostatics
leads to artefacts at the nanometre length scale that increase the wetting rate. In
particular, enhanced thermal fluctuations at the contact line qualitatively change the
contact line speed. Two wetting regimes are classified within the dynamics, an initial
fast-wetting regime where the contact line advances through advection, followed by
a slower regime where the contact line advances by a diffusive-like process.
On transferring the MD system to a continuum description, the slip length is
the only material property, among the ones we model, that changes. However, direct
comparison between the MD simulations and the continuum PF simulations highlights
that an additional contact line friction term is needed to match the spreading radius
in time, similar to when comparing with macroscopic experiments (Carlson et al.
2012a,b). The continuum simulations help us to identify the different wetting regimes,
where at short time there appears to be a rapid relaxation towards equilibrium, which
is slowed down at long times. Although the spreading radius can be matched in
time for the MD and PF simulations, there are discrepancies in the droplet shape
and velocity profile. Part of the explanation for this discrepancy may stem from
fluctuations in the MD simulations, which are not present in the continuum description.
Although our droplets are large in the context of MD, they are small compared with
most experimental set-ups. On increasing the droplet size we increase the influence
of inertia, while decreasing that of large-scale thermal fluctuations. These two effects
will make the MD behave more like the continuum model, with a flow parallel to
the solid substrate near the contact line. However, the processes at the contact line
that drive the wetting dynamics are scale invariant and will therefore affect droplets
of any size.
The molecular system studied here is first of its kind to blend an experimentally
realisable liquid and solid substrate together with a complete description of the
electrostatic interactions, which can all have a great influence on the prediction of the
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droplet spreading dynamics. Our results describe the details of water as it spreads on
substrates with different physico-chemistry, and highlight that there are many more
questions related to non-equilibrium interactions between complex liquids and solids
that remain to be understood in the context of dynamic wetting.
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Molecular origin of contact line friction in dynamic wetting
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A hydrophilic liquid, such as water, forms hydrogen bonds with a hydrophilic substrate.
The strength and locality of the hydrogen bonding interactions prohibit slip of the liquid
over the substrate. The question then arises how the contact line can advance during wetting.
Using large-scale molecular dynamics simulations we show that the contact line advances
by single molecules moving ahead of the contact line through two distinct processes: either
moving over or displacing other liquid molecules. In both processes friction occurs at the
molecular scale. We measure the energy dissipation at the contact line and show that it is
of the same magnitude as the dissipation in the bulk of a droplet. The friction increases
significantly as the contact angle decreases, which suggests suggests thermal activation
plays a role. We provide a simple model that is consistent with the observations.
DOI: 10.1103/PhysRevFluids.3.074201

I. INTRODUCTION

The dynamics of wetting has been studied for more than a century. The advent of new technological
applications combined with advances in both experimental and simulation techniques has led to
increased attention in recent decades [1–3].
Droplet spreading on a substrate is commonly characterized by two stages: an early stage
where inertial forces oppose droplet spreading [4–6] followed by a later one where viscous forces
dominate [7,8]. Hydrodynamics along with a balance of surface tensions explains most details of the
wetting process. But there are still aspects which are not well understood. In particular it is unclear
what processes govern the dynamics of the three-phase contact line between liquid, substrate, and
vapor shown in Fig. 1. While hydrodynamical models can incorporate these processes as boundary
conditions, they give no hint as to what they are. A detailed, molecular picture is needed to understand
what is happening in the contact line region.
Two different situations can be distinguished in dynamic wetting. The simpler case is a substrateliquid combination with nanoscale slip. Here there are no incompatibilities with hydrodynamics [9].
The more complicated case occurs with the no-slip boundary condition, as is common when both
liquid and substrate are hydrophilic. In a continuum description, no slip is fundamentally incompatible
with contact line motion. Here we will focus on the no-slip case.
It has been shown that hydrodynamical models can reproduce experimental data by accounting
for the energy dissipation inside the bulk and at the contact line [10]. The nature of this dissipation
at the contact line is unknown. Perrin et al. relate it to the contact line pinning to nanoscopic defects
present at the substrate [11], but molecular simulation studies have shown that it also appears on
completely smooth, defect-free substrates. In particular Nakamura et al. show that the dissipation
in their system can be explained by liquid slip against the substrate [9], but it has also been seen in
similar smooth systems where the liquid cannot slip over the substrate [12]. This suggests that there
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FIG. 1. The simulated systems are droplet cylinders with R = 50 nm, consisting of 1.2 million water
molecules. After making contact with the hydrophilic substrates they spread out with a base radius r(t). Zooming
in shows the molecular nature of the droplets, which is particularly important at the contact line.

is an additional contribution to contact line dissipation due purely to how the contact line advances
on a molecular level: a molecular contact line friction [13,14]. While it is likely that several or all of
these modes of energy dissipation are present in macroscopic wetting, it is important to know where
and how they contribute.
A recent study has shown that the no-slip condition in dynamic wetting is a consequence of
liquid molecules forming hydrogen bonds with substrate molecules [12]. Hydrogen bonds are a
particular class of transient and noncovalent electrostatic bonds between polar molecules, such as
water. They are characterized by being significantly stronger and more directional than van der
Waals interactions, but weaker than covalent bonds. Because the strength of a hydrogen bond is an
order of magnitude larger than the thermal energy, these “bonds” localize the liquid molecules to
the underlying substrate molecules, thereby preventing slip. Most atomistic studies of wetting have
been performed with simple Lennard-Jones type models for the substrate and often for the liquid as
well [15–18]. Simulations with models that capture hydrogen bonding have been limited to smaller
droplets [19] or studied the effects of hydrogen bonds within the liquid itself, not between liquid
and substrate [20,21]. We will show that the dynamics of water spreading on a hydrogen-bonding
substrate is qualitatively different from Lennard-Jones models, in particular at the contact line.
In this paper we use atomistic molecular dynamics (MD) simulations to measure molecular contact
line friction for a semirealistic quasi-two-dimensional (2D) system of water on silica with several
hydrophilic static contact angles. The setup is detailed in Fig. 1. Our system is large in order to
capture slow, long-term behavior and to provide sufficient statistics. Using complex interactions
between the substrate and water we replicate replicate realistic system setups and in particular the
no-slip boundary condition through the formation of liquid-substrate hydrogen bonds. We observe
that in no-slip wetting the contact line friction is related to the dynamics of the contact line. We
propose a molecular explanation for this dissipation and show that it matches our results.
II. SYSTEM SETUP

We use an idealized silica substrate to study hydrophilic wetting. It is constructed as a monolayer
of SiO2 “molecules” consisting of two negatively charged oxygen atoms and a positively charged
silica atom in the middle. These molecules do not have net charge or a dipole moment, so there is no
long-range interaction with water. They are set in a triangular formation with a spacing of 0.45 nm.
The polar nature of the substrate molecules gives rise to strong, transient hydrogen bonds with
water molecules. The strength of these short-ranged bonds result in a single layer of nonslipping
water molecules “bound” to the substrate molecules. Individual water molecules exchange between
074201-2
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FIG. 2. (a) A sampled 2D number density plot of hydrogen atoms in the first layer of water molecules shows
that they are localized (hydrogen bonded) to the underlying SiO2 “molecules.” (b) A snapshot of hydrogenbonded molecules. All but the water molecules in gray are hydrogen bonded.

this layer and the bulk with an average time of 24 ps for our systems. This creates the no-slip condition
between the substrate and the liquid, as the bottom layer of molecules cannot move freely (Fig. 2).
The wetting energetics of partially wetting systems is related to the static contact angle θ0 through
Young’s equation as γ cos θ0 = γSV − γSL where γ ≡ γLV , γSV , and γSL , respectively, are the liquidvapor, solid-vapor, and solid-liquid surface tensions. For perfectly wetting systems γSV − γSL 
γ cos θ0 . By tuning the atomistic charges of our silica molecules we change the substrate-liquid
interactions to construct no-slip substrates with static contact angles ranging from 0◦ to 70◦ . To
assert that the water does not slip across the substrate, we use a Couette flow setup. By measuring
the flow gradient we calculate that the slip length λ for all of our hydrophilic silica systems is
0.0 ± 0.1 nm.
We compare the results to a simpler system of water on a hydrophobic substrate of Lennard-Jones
atoms (see Ref. [12]). Since water cannot hydrogen bond to this substrate, slip occurs. We measure
a slip length of 1.1 ± 0.1 nm in an identical Couette flow setup. Details of the characteristics of all
substrates are provided in Table I.
The water droplets are modeled as cylinders with an initial radius R of 50 nm and periodic width w
of 4.67 nm. They contain a total of 1.2 million water molecules, or 3.6 million atoms, each. We chose
SPC/E [22] as the water model, which is characterized by its surface tension γ = 5.78 × 10−2 Pa m,
viscosity μ = 8.77 × 10−4 Pa s, and density ρ = 986 kg m−3 . With the capillary speed vc ≡ γ /μ
the Reynold’s number of the system is Re ≡ ρvc R/μ = 3.7. See the Appendix for details on the
simulation procedure.

TABLE I. Characteristics of the studied substrates. The atoms of the silica molecules (SiO2 ) carry charges
according to qSi = −2qO where the oxygen charge qO is listed and e is the elementary charge. The atomistic LJ
substrate atoms are noncharged, which results in water slipping across it. μ̂f is a substrate-dependent friction
coefficient factor measured and described later for the no-slip substrates.
Substrate

qO (e)

λ (nm)

θ0 (deg)

(γSV − γSL )/γ

μ̂f (μ)

Silica
Silica
Silica
Silica
Atom. LJ

−0.84
−0.79
−0.74
−0.67
–

0.0 ± 0.1
0.0 ± 0.1
0.0 ± 0.1
0.0 ± 0.1
1.1 ± 0.1

0
0
36 ± 0.2
70 ± 0.3
37 ± 0.4

1.9
1.3
cos θ0 = 0.81
cos θ0 = 0.34
cos θ0 = 0.80

110
94
76
57
–
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FIG. 3. Measurements of the wetting radius r(t) (left) and the dynamic contact angle θ(t) (right) for
simulations on all involved substrates. The dashed lines denote the two equilibrium states of angles 36◦ and 70◦ .
III. SIMULATION RESULTS

To study the dynamics of our wetting systems we sample our system in 2D bins during the
simulation. Droplet interfaces are identified using a simple density cutoff. Note that apart from the
wetting radius r (Fig. 1) all measurements presented here have been center averaged over 5 ns of
data to decrease the influence of thermal noise.
At each time t the wetting radius r(t) is taken as half of the droplet base extension, and the dynamic
contact angle θ (t) is measured at a height of 1 nm above the substrate. These are shown in Fig. 3.
We see that the addition of slip allows for much faster relaxation towards the equilibrium compared
to the no-slip systems, even compared to the perfectly wetting system. The no-slip systems have
very similar dynamics in the early inertial regime, diverging only as they transition into the viscous
regime. Over the simulations the no-slip substrate with a contact angle of 70◦ and the substrate with
slip get close to their equilibrium states (dashed lines), and their dynamics slow down dramatically.
Ideally one would like to measure this dissipation directly from the contact line-local shear stress.
However, this is in practice unfeasible using molecular simulations since the thermal velocity of
molecules is roughly 100 times higher than the flow velocity (see the Supplemental Material [23]).
Thus we resort to modeling. When considering the modes of energy dissipation during dynamic
wetting the bulk and interfacial dissipation terms are well characterized by continuum models. The
contact line dissipation rate is given by [13,24]
Ėμf ∼ 2wμf v 2 ,

(1)

where v = dr/dt is the contact line velocity, 2w is the total length of the two contact lines, and
μf is referred to as a contact line friction coefficient which has units of viscosity. Furthermore, in a
damped regime the contact line velocity is related to the force Fcl acting on the contact line through
the friction coefficient (see Ref. [25] for a derivation and discussion in the context of the phase-field
model):
v=

Fcl
γSV − γSL − γ cos θ
=
.
μf
μf

(2)

This result is a direct relation between the contact line friction factor μf and the two dynamic
measurables v(t) and θ (t), given the system energetics. This allows us to measure the contribution of
the contact line friction to our dynamics [as a reference, the noisy dissipation field in the Supplemental
Material [23] gives a 30% lower value compared to using (2), which is within the error].
Figure 4 shows the contact line friction coefficient μf calculated for each time and system using
(2). There are a few things of note here: The first and most obvious feature is that although μf has
been thought of as a constant which varies only between different substrates, we see that it increases
during the wetting process for our no-slip systems. Second is that the system where slip is present has
an apparent constant, nonzero friction coefficient during its entire relaxation. Note that the data for
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FIG. 4. The measured contact line friction coefficient μf in units of viscosity μ for all substrates. When the
liquid cannot slip, the coefficient increases as the droplet wets the substrate.

the silica with θ0 = 70◦ and the slip substrate are cut at 15 ns due to the systems being very close to
equilibrium (Fig. 3), making the measurement of v (and thus μf ) dominated by thermal fluctuations.
To see whether or not the contact line friction is important to consider, we use (1) to calculate the
dissipation rate and compare it to the net energy Ėγ being fed into the system as it wets the substrate,
Ėγ = w[2v(γSV − γSL ) − γ ṡ],

(3)

where ṡ(t) is the rate at which the length of the liquid-vapor interface changes, which we measure
from our simulations, and w as before is the interface (cylinder) width. A comparison between Ėμf
and Ėγ is shown in Fig. 5. For the no-slip substrates the dissipation at contact line accounts for more
than half of the energy gained as the droplet wets. Even for the substrate with slip, a quarter of the
gained energy is dissipated at the contact line. As such, contact line friction is an important feature
to consider when modeling similar systems. Note that the measurement error goes up heavily as v
and ṡ approach zero, which leads to a large variance for the no-slip system with 70◦ static contact
angle, since it quickly approaches its equilibrium state.
IV. ENERGY DISSIPATION IN CONTACT LINE FRICTION

Having shown that the contact line friction increases during the simulations of our no-slip systems,
we are naturally invited to consider why that is. This question ties into the mechanism(s) of contact
line advancement. For the case of a no-slip system, we identify two important modes, sketched in
Fig. 6. The first mode is a molecule from the nonbonded layers of liquid molecules rolling onto the
substrate from above [Fig. 6(a)]. The second is a molecule at the contact line breaking its bond to
1.0

No-slip 0◦ (1.9)
No-slip 0◦ (1.3)
No-slip 36◦
No-slip 70◦
Slip 37◦

Ėμf /Ėγ

0.8
0.6
0.4
0.2
0.0
0

5

10
15
t (ns)

20

25

FIG. 5. Contact line dissipation rate Ėμf as a fraction of the energy gained as the droplet wets the substrate
Ėγ . For the no-slip substrates around half of the gained energy is dissipated at the contact line.
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FIG. 6. Modes of contact line advancement for a no-slip system. The bottom layer of liquid molecules are
hydrogen bonded to the substrate. (a) A molecule A rolls in from an upper layer to advance the contact line. To
advance from I it has to pass the intermediate state II. Its interactions with neighboring molecules lead to an
energy barrier that has to be crossed through a thermal fluctuation of the interface. After crossing it, it is pulled
towards the substrate III. (b) The outermost molecule B jumps to a neighboring lattice site. This is described by
molecular kinetic theory.

the substrate and jumping to an adjacent potential well of the substrate [Fig. 6(b)]. This is the base
of molecular kinetic theory (MKT) [26].
We measure which of these modes dominates during wetting using our molecular trajectories.
This is done by extracting the simulation state at points in the simulation and replicating the system
four times along the cylinder axis to obtain more data and better statistics. We extract states from the
no-slip silica system with θ0 = 36◦ at three points: the first from when the system transitions from
the inertial regime to the viscous and the second two at states within the viscous regime, when jumps
between adjacent sites will be more prominent.
Data are collected over a period of 1 ns with a spacing of 1 ps. The molecules that make up the
contact line are identified and tracked. The interface coordinates are identified by rolling a small
ball of radius rball across it. Possible contact line advancement events are detected by jumps larger
than a cutoff xmin in these interface coordinates between adjacent frames. When a possible contact
line advancement event is detected, the molecule which caused it is back-traced to the previous step.
False positives of advancement due to small thermal vibrations are removed by accepting only events
in which the molecule either dropped in from above [corresponding to Fig. 6(a)] or moved more
than a distance rmin in the bottom layer. The remaining contact line advancement events are then
categorized: the fraction fMKT of which arrive from an adjacent lattice site [Fig. 6(b)] is calculated
from the results and reported in Table II for the parameters rball = 0.2 nm, xmin = 0.2 nm, and
rmin = 0.15 nm (the results are not very sensitive to variations in these parameters). As the system
transitions from the early, inertial regime to the later, the MKT-like mode becomes more important.
Both modes are, however, common in either regime.
Let us consider the rolling mode (a) in more detail. Molecule A in Fig. 6(a) cannot drop down
to the substrate without passing molecule B, which acts as an obstacle. To pass this obstacle the
molecule has to move into a position from which it can drop down. The average thermal velocity of
a water molecule of 370 m/s is two orders of magnitude larger than the local flow velocity (0.5–5
m/s in the viscous regime). Thermal fluctuations dominate over an average mass flow in the vicinity
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TABLE II. Data collected from simulations on the no-slip 36◦ silica just in the switch from the inertial to
viscous wetting (at 2.5 ns) and at two stages of the viscous regime (at 8.0 ns and 12.5 ns). The contact line
speed v decreases by an order of magnitude, and the fraction fMKT of molecules which advanced the contact
line through MKT-like jumps increases above 0.5 in the viscous regime.
t (ns)

r (nm)

v (m/s)

θ (deg)

μf (μ)

fMKT

2.5
8.0
12.5

50
80
90

14
3.0
1.7

95
64
55

4.4 ± 0.5
9±1
12 ± 2

0.40 ± 0.02
0.63 ± 0.01
0.63 ± 0.01

of the contact line. Thus molecule A will not simply roll into position to drop down: it has to cross an
energy barrier E. This barrier is due to the molecule not wanting to break bonds with neighboring
molecules. It has to cross this by gaining sufficient momentum through a thermal fluctuation. After
crossing the barrier, the molecule will be pulled towards the substrate and form a hydrogen bond
with it.
At short range the interactions of atoms in the water molecule with the substrate increase with
Coulomb’s law as 1/r. Thus most of the gain in kinetic energy occurs at the last moment, while the
molecule is moving close to vertically. As the molecule hydrogen bonds to the substrate, it suddenly
stops. This means that a large part of the vertical acceleration is not transferred to subsequent water
molecules. Rather those molecules bump into the molecules that just advanced the contact line and
mostly bounce back. Thus part of the gain in surface energy is transformed into random thermal
motion in the contact line region. This heat will slowly dissipate into the environment. This is how
contact line friction arises when a hydrophilic liquid spreads on a smooth, hydrophilic substrate.
We will now describe a simple model that explains why the contact line friction coefficient
increases with decreasing contact angle. For the outermost molecule in the second layer to reach the
transition state, it needs to horizontally travel, on average, a distance of x = tan (90◦ − θ ) + c water
molecule diameters. In state II in Fig. 6 the transition state is drawn as the water molecule extending
by half its diameter beyond the molecule at the contact line. We take this state as the transition state
and thus set c = 0.5 (note that we cannot measure c accurately). The energy required to create such
a fluctuation is given by the increase in liquid-vapor interface area. This increase is proportional to
the square of the displacement: E ∝ (sin θ x)2 , where the sine accounts for the difference in the
direction of x and the normal of the liquid-vapor interface. For a thermally activated process, the
rate decreases exponentially with the activation energy and we obtain [compare to (2)]
e−E
e−a(sin θ[tan (90
v=
Fcl =
μ̂f
μ̂f

◦

−θ)+0.5])2

Fcl ,

(4)

where μ̂f and a are free model parameters. We cannot fit all data using a single value for μ̂f . It
is optimized for each substrate. The best fit for this model is presented in Fig. 7 for our nonslip
substrates with the values for μ̂f reported per system in Table I and the value a = 1.11. We see that
it provides a good prediction of the friction for most systems. Only the most attractive substrate with
(γSV − γSL )/γ = 1.9 shows a deviation larger than the statistical accuracy in the late stage. The good
fit suggests that the observed time dependence of the friction can be explained by a dependence on
the local geometry of the contact line.
To complement these results from a droplet spreading on a plate, we run Couette flow simulations
based on the no-slip 36◦ system. A slab of water is placed between two substrates which are pulled
with a constant velocity in opposite directions, creating four moving contact lines, of which two are
advancing with the pulling rate and two are receding. For each input pulling velocity we measure
the contact line angle after it stabilizes and show the measurements in Fig. 7. The bars mark the
difference in contact angle θ depending on at which height it is measured (due to the small system
size, the measurement is more sensitive than for the large droplets): at 0.5 nm, 0.7 nm, and 1.0 nm.
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FIG. 7. The contact line friction modeled as a geometry-dependent energy barrier through the contact angle
θ. A good agreement is reached between such a model (lines) and the measured velocities (circles) in late-stage
wetting for all bar the extremely hydrophilic system. The bars mark measurements using a Couette flow setup
for the no-slip 36◦ substrate: from right to left the ticks, respectively, show measurements of the contact angle
θ at 0.5 nm, 0.7 nm, and 1.0 nm above the substrate.

The measurements agree well with our original experiments and model, although the measurement
could be performed only for somewhat low velocities, as high velocities pull the slab apart.
Returning to the MKT-like mode, we can see how this fits into the model. The MKT jump itself
involves an energy barrier, but a forward fluctuation of the second layer is also required to fill the
vacancy in the first layer. The amplitude of this fluctuation is about one water molecule diameter
less than the fluctuation for the rolling mode. Since the activation energy of the MKT jump is
approximately constant and the activation energy of the second layer is proportional to the square
of the distance, the rolling mode will dominate at large contact angles, while the MKT mode will
increasingly dominate as the angle decreases. This is exactly what we observe (see Table II).
Finally we consider the substrate dependence of μ̂f . In the early stages of wetting, when θ is larger
than 90◦ , the energy barrier is negligible and the friction is dominated by μ̂f . Here water molecules
can be pulled directly to the substrate. As described before, a significant part of the attraction occurs
very close to the substrate, and most of that energy gain is lost in collisions. The attraction between
water and substrate, as given by γSV − γSL , increases much faster than the charge difference. Thus
most of the difference in acceleration of water molecules to the different substrates occurs at a short
distance with the substrate. Since a large part of this final energy gain is dissipated, this explains why
more attractive substrates exhibit a larger μ̂f .
It is interesting to contrast these results to our slip substrate. In a slip system the bottom layer is
pulled along at similar speeds to the next layer. The dissipation will to a large extent stem from the
liquid slipping across the substrate instead of from shear within the liquid wedge. The measurements
shown in Fig. 4 are consistent with this picture.
V. CONCLUSIONS

We have investigated contact line advancement of a hydrophilic liquid, water, wetting a hydrophilic
substrate. Due to the hydrogen bonding there is a no-slip boundary condition at the substrate interface.
In a Navier-Stokes setting this is incompatible with a moving contact line. We have shown that
the particle nature of the liquid resolves this incompatibility at the length scale of a single water
molecule. Energy is dissipated in the processes that advance the contact line, and we have shown that
this accounts for a substantial part of the total energy dissipation in the viscous regime of wetting.
The contact line moves forward through a combination of two different modes: (a) from a molecule
rolling over the present contact line from an upper layer and (b) from one contact line molecule
jumping into an adjacent lattice site of the substrate. This mode is MKT-like. The rolling mode
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dominates in the initial phase of wetting, whereas both modes occur with similar frequency in the
viscous regime.
For the rolling mode, we have shown that molecules at the contact line form an obstacle, because
they are hard and of fixed, finite size. Passing such obstacles requires a molecule, or group of
molecules, to reach a sufficiently high thermal activation energy. Most of this energy is lost through
dissipation after hydrogen bonding to the substrate. This results in additional energy dissipation at
contact line. We relate the energy barrier to the dynamical geometry of the contact line and show that
it yields good matches for the velocity in late-stage wetting (Fig. 7). Furthermore, we explain the
difference in friction coefficient for differently charged substrates. This is because the acceleration
of water molecules to the substrate is strongest at short distance, due to the 1/r dependence of
the electrostatic potential. After this final acceleration, water molecules are locked in place when
hydrogen bonding with the substrate. Other water molecules cannot easily move around the locked
molecules, and a significant part of the gain in convective kinetic energy is then dissipated.
All effects described above arise because water molecules are largely immobilized when hydrogen
bonding to a hydrophilic substrate. This is not the case for Lennard-Jones–type systems that are
commonly used to model wetting. In the latter case, liquid molecules can easily slip across the
substrate, which produces an entirely different mode of contact line advancement and much lower
contact line friction. This is important to consider when modeling dynamic wetting at the molecular
scale.
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APPENDIX: SIMULATION SETUP

Following our previous study [12], the simulation systems consist of a water droplet cylinder and
an atomistic substrate. The no-slip substrate consists of rigid SiO2 triatomic “molecules” set in a
hexagonal monolayer. For the substrate with slip, several layers of closely packed simple LennardJones atoms are used. These simple atoms are noncharged and do not form hydrogen bonds with
water molecules. See Ref. [12] for further details. The initial radius R of the water droplets is 50 nm
and their width w = 4.67 nm. They consist of 1.2 million water molecules. The droplet and the
substrate are equilibrated to a temperature T = 300 K using a stochastic dynamics integrator. After
this stage a leap-frog MD integrator is used and wetting initiated by gently bringing the droplet
within the interaction range of the substrate. The water droplet is not coupled to a thermostat during
this stage of the simulation, but a velocity rescaling thermostat is applied to the substrate to dissipate
heat with a timescale of 10 ps.
The water molecules are modeled using the SPC/E model. At 300 K this has a viscosity of
8.77 × 10−4 Pa s, a density of 986 kg m−3 , and a surface tension of 5.78 × 10−2 Pa m. Note that the
surface tension is 20% slower than the experimental value. This is not an issue in this study, as we
study different contact angles and they depend on relative differences between surfaces tensions.
For the SiO2 atoms, charges are varied to obtain different static contact angles θ0 . We measured
the contact angles by letting a small droplet relax on a substrate. The final equilibrium values are
reported in Table I. The SiO2 molecules are held in place by strong harmonic potentials on both
oxygen atoms. Short-range interactions are treated fully up to a cutoff of 0.9 nm and long-range
electrostatics using PME. Periodic boundary conditions are applied along the axes transverse to the
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substrate, along which the liquid spreads. Two repulsive potential walls are set along the remaining
sides to stop molecules from escaping the system. A time step of 2 fs is used for the integrator.
Simulations were run using GROMACS 2016 [29] in double precision on the Beskow supercomputer
at KTH. When running on 1280 cores a speed of 5 ns/day was achieved.
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Abstract. The movement of the triple contact line plays a crucial role in
many applications such as ink-jet printing, liquid coating and drainage
(imbibition) in porous media. To design accurate computational tools
for these applications, predictive models of the moving contact line are
needed. However, the basic mechanisms responsible for movement of
the triple contact line are not well understood but still debated. We investigate the movement of the contact line between water, vapour and
a silica-like solid surface under steady conditions in low capillary number regime. We use molecular dynamics (MD) with an atomistic water
model to simulate a nanoscopic drop between two moving plates. We
include hydrogen bonding between the water molecules and the solid
substrate, which leads to a sub-molecular slip length. We benchmark
two continuum methods, the Cahn–Hilliard phase-field (PF) model and
a volume-of-fluid (VOF) model, against MD results. We show that both
continuum models reproduce the statistical measures obtained from
MD reasonably well, with a trade-off in accuracy. We demonstrate the
importance of the phase-field mobility parameter and the local slip
length in accurately modelling the moving contact line.

1 Introduction
The motion of a two-fluid interface contacting a flat solid surface poses a particularly
difficult problem of continuum fluid mechanics. If the traditional point of view of a
no-slip wall – a sharp transition between the phases and constant surface tension –
is to be believed, then a contradiction ensues since at the triple point or contact line
the velocity is both zero and non zero [1]. Attempts to solve this paradox and make
progress on the issue abound [2–4]. One of the most popular is the assumption of
Navier slip [5], but in general all solutions to the paradox amount to the introduction of a small length scale lµ below which the continuum model ceases to be valid
a
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as discussed by Voinov [6]. Cox [7] extended Voinov’s theory to arbitrary viscosity
ratios and contact angles. Since then, many theoretical endeavours has been directed
towards solving this problem [8–17] and the effort continues. Nevertheless, the microscopic scale physics remain somewhat mysterious as described for example in the
review by T. D. Blake [18]. Indeed, and beyond the paradox described above, there
are many uncertain features of the nanoscopic flow and interface shape: there is uncertainty about the value of the contact angle at the smallest scale, and about the
nature of the deviation from equilibrium, the effect of molecular forces, the presence
of evaporation, etc. Despite recent advancements [19], experiments have difficulty
providing interface shape and velocity field data for moving contact lines below the
micron scale. From the applied mathematical point of view, Navier slip regularisation leads to an approximation in which the curvature still diverges logarithmically
at the contact line and to a contradiction if the velocity field is continuous [20, 21].
Moreover certain fluid and surface combinations have very small slip lengths, below
the nanometer scale [22, 23]. In such systems, if one considers the problem at smaller
and smaller scales, other molecular effects will become relevant before the slippage
effects.

Thus a full experimental characterisation at the nanometer scale is difficult and
it very well may be that, at least for some time, only molecular dynamics (MD)
“numerical experiments” will provide the insight necessary to understand which regularisation is adequate, and particularly so when the slip length is small and other
effects than slip are required for a well-posed problem. However the largest possible MD simulations in three dimensions are limited in physical size to only tens of
nanometers in each direction. This would make it impossible to perform asymptotic
matching with numerical solutions of the Navier–Stokes equations. Indeed, in order
to perform the matching over all scales necessary, the Navier–Stokes equations would
have to be solved down to the nanometer scale. Moreover, for a 1 mm droplet, refining the calculation to the nanometer scale would require a range of scales of 106 ,
which implies the impossible-to-attain number of 1018 grid points. Even restricting
the computations to two dimensions of space, 1012 grid points sit on the borderline of
currently feasible computations (and not all problems warrant the use of a supercomputer). This creates the necessity either for investigations limited to much smaller
scales, technically adapted approaches to to enable the hybrid method for matching
MD and Navier-Stokes solvers [24–27], or for an intermediate-scale model, between
the molecular scales and the scale of the sharp-interface model. Such an intermediate
scale model may be provided by the diffuse interface approach, in which the hypothesis of a sharp transition between phases is replaced by that of a smooth transition
over a small length scale . In the words of L. Pismen [28] “Multiscale methods employing different techniques at disparate length and time scales is the only feasible way
to overcome the scale gap in practical computations”. Simultaneous usage of MD, a
diffuse interface model and a sharp interface model would be an implementation of
this program, with the diffuse interface approach playing a key role at the intermediate scale. In such a framework, MD would help design and define parameters for the
diffuse interface model, which in turn would perform a similar service for larger scale
sharp interface models.

Beyond offering an intermediate scale, diffuse interface models open the possibility
of regularising the contact line problem in an efficient and physically meaningful
way. Indeed, together with MD, they have led to a generalisation of the Navier slip
boundary condition (so called GNBC) that takes into account the “uncompensated
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Fig. 1. Illustration of the two-phase forced wetting configuration. Water parameters are
determined from the molecular dynamics water model, at temperature T = 300 K. The
vapour parameters for phase field and volume-of-fluid models are 1000 times smaller. The
chosen parameters lead to capillary number Ca = 2µw Ub /σ = 0.05.

Young’s stress”1 and makes the contact line motion problem well posed [30, 31]. On the
other hand, diffuse interface models [32, 33] introduce at least two√additional length
scales, the interface thickness  = β/α and the diffusion length ld = µl M (the reader
is referred to section 3 and appendix B for a presentation of the diffusion-based phasefield (PF) model parameters). The number of length scales is different, for example,
for van der Waals model [34] or Cahn–Allen model [35]. Since the newly introduced
length scales come in addition of the slip length ls there are potentially three length
scales that can play an important role in the physics of the contact line. In addition a
diffuse interface model has several other parameters specifically related to the contact
line: the so called contact line friction [36, 32], the surface energies (that lead to the
equilibrium contact angle through Young’s relation) and their spatial distribution.
This makes the selection of the parameters rather difficult: there are three length
scales and two or more other parameters to adjust or select. In a way, this is the price
to pay to have a more realistic continuum description of the nanoscale.
This motivates our choice of a physical situation where two simplifications occur:
small slip and negligible evaporation. Indeed, for water on silica far from the critical
point, slip is relatively small and evaporation is moderate. This situation may be
reproduced using MD based on the SPC/E water model, which allows us to capture
the strong hydrogen bonds between the water molecules and silica molecules on the
surface [22]. Many possible application targeted configurations can be investigated,
such as capillary driven flows [37] or forced wetting flows [18]. For the purpose of this
work, we use a two-dimensional water drop enclosed by two moving walls, as shown
in Fig. 1 at sufficiently small capillary number Ca = 2µw Ub /σ = 0.05 for existence
of steady state configuration [38, 39]. Here, Ub is wall velocity, µw is water viscosity
and σ is surface tension. The choice of water in contact with a silica-line substrate
makes the work reported here markedly different from previous MD investigations of
the contact line dynamics in the same geometrical configuration [30, 40, 18]. The chose
geometrical configuration is also known for its simplicity: it involves a symmetrical
setting with identical solid walls providing us with identical two phase interfaces.
Using this configuration we report on a first attempt to match MD, PF, and volumeof-fluid (VOF) simulations. By matching we mean finding the PF or VOF parameters
1

The inception of the GNBC is sometimes attributed to T. D. Blake [29], who discuss the
uncompensated Young’s stress and slippage velocity in context of adsorption and desorption
modelling.
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Fig. 2. (a) Molecular view of the sheared water droplet configuration in steady regime. (b)
Close up on upper and lower contact lines. The binning for measurements from MD along
the y axis is 0.25 nm and depicted with horizontal lines. The water slab begins in the fourth
bins from the bottom and top. The coordinates of the wall atoms are marked on the right.

that best reproduces the steady shape of the interface and the steady velocity field
from the MD. This procedure is, as far as we know, original. Several other studies of
the correspondence between the PF parameters [41] or the VOF parameters [42] and
MD were performed, but not the direct attack on the contact line dynamics problem
on a no-slip substrate as we suggest here.
This paper is organised as follows. In section 2 we describe the MD simulations
and the measurements, later used for the benchmarking of PF and VOF. Then, in
section 3 we describe the PF model we use, the matching procedure to reproduce the
MD results and show how does PF and MD compare. The VOF model and comparison
between the VOF and MD is shown in section 4. Next, in section 5 we discuss the
presented results and some open questions that remain. Finally, in section 6 we draw
conclusions from this study.

2 Molecular dynamics simulations of water over silica-like substrate
Molecular dynamics describes the system on a molecular level. The simulated system
consists of water molecules, which interact with other water molecules as in the system
as well as the substrate through a specified force field. Molecule positions and velocities are then integrated over time and the results sampled to obtain a representation
of continuum variables.

2.1 Setup
To represent the chosen water-vapour geometry (Fig. 1), a two-dimensional shear
system with water in vacuum is created by placing a water slab between two walls, as
shown in Fig. 2(a). After the initial equilibration step, some of the water molecules
move to the void and essentially form a very sparse water vapour. The walls consist
of rigid SiO2 molecules which are neutral electric quadrupoles. Water cannot easily
slip over this substrate due to the electrostatic interactions between water molecules,
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which are dipoles, and the substrate quadrupoles. Water forms hydrogen bonds with
this substrate, a form of bond that is transient but strong enough to prohibit slip [23].
Due to the local nature of the hydrogen bonding, only one layer of the solid substrate
is sufficient to capture the physics of the moving contact line. The SPC/E model is the
simplest possible choice of a MD model capable of describing the hydrogen bonding.
A more complex water model would improve the agreement between the physical
properties of MD and real water, but would not yield fundamentally different results
for contact line motion. The surface-water interaction is tuned to yield equilibrium
contact angle θ0 = 97.5◦ .
Data is collected inside bins of size 0.25 × 0.25 nm2 along x and y. These bins form
a regular grid covering the entire system. The binning is visualised along the y axis in
Fig. 2(b). Average water molecule velocity, mass and temperature is sampled inside
all bins over a period of 50 ps, after which the data is stored and the bins are reset
for the next sampling period.
We perform four simulations from different starting configurations. These configurations are created by generating the initial velocity field with different seeds for the
random generator. Before the shear is applied each configuration is allowed to relax
over a period of 100 ps. Evaporation and condensation process is a liquid surface effect
and we have observed that 100 ps is sufficient to reach equilibrium vapour density.
More details about the procedure are available in appendix A.

2.2 System parameters
Parameters for the MD system are reported in Fig. 1. Bulk water density ρw , viscosity µw and surface tension σ are measured in separate simulations of pure water.
Following Quan et al. [30] the water slip over the substrate is characterised through a
friction parameter βf = µw /ls , where ls is the corresponding Navier slip length. The
friction parameter βf = 5.9 µw nm−1 is measured in a Couette flow setup using the
boundary layer of water molecules in direct contact with the wall molecules. From
this measurement, the Navier slip length ls = 0.17 nm is extracted. Finally, the interface width  is taken as the length over which the density goes from bulk to vapour
density. This change occurs over three bins, giving  = 0.75 nm.

2.3 Results
Shear experiments consist of two stages. Once the shear is applied the water slab deforms until reaching its equilibrium (steady state). For the transient state we measure
the separation ∆x(t) between the upper and lower contact line positions, which begins
at zero in the original slab geometry and increases to ∆xs (t) in the steady state. To
identify the the interface between the water phase and vapour phase, we locate the
bins with a water density measurement, which is half of the bulk density. The mean
(averaged between four different runs) separation for the four simulations is shown in
Fig. 3(a) with solid line. The steady state is reached in 5.9 ns, after which the data
has been averaged in time to obtain the final mean displacement ∆xm = 5.89 nm.
In the steady state the slabs are characterised using the full interface shape x(y)
and the flow field. We mirror the right interface along both axes and overlay it on
top of the left interface. Thus the lower end represents the receding contact line and
the upper end the advancing. The average of all interfaces from MD in the steady
regime is shown in Fig. 3(b). To gain more detailed insight into the agreement between
MD and continuum models, we introduce parametric coordinate s as illustrated in
Fig. 3(b). The interface angle θ (s) is shown in the inset of Fig. 3(a). Finally, we
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(b)

(a)

Fig. 3. (a) Shear separation ∆x(t) from the four MD simulations with mean value ∆x = 5.89
nm in the steady regime. (b) Average interface shape in the steady state. The average is
done around the midpoint, at y = 25 nm. As additional measure, we extract the interface
angle along the curvilinear coordinate s as illustrated in (b). The interface angle from MD
is shown in the inset of (a).

extract an averaged flow field from the MD runs, which we will use to discuss the
agreement between MD, PF and VOF (Figs. 4, 5, 6, 7 and 10).

3 Phase-field model
We consider a 2D phase-field (PF) model of a binary mixture to model two regions of
different densities and viscosities. The water and vapour phases in Fig. 1 are assumed
to be incompressible and the interface between the regions to be diffuse, i.e. that
quantities vary smoothly over the interface.
3.1 Governing equations for the binary mixture
The phase-field model introduces a phase variable C(x, y) ranging from 1 in the water
phase to −1 in the vapour. The derivation of the governing equations for the phase
variable can be found in [43, 33]. The phase-field variable is governed by a convectiondiffusion equation in a yet undetermined flow field ~u as


∂C
= ∇ · M ∇ βΨ 0 (C) − α∇2 C − ~u · ∇C .
∂t

(1)

The diffusive flux J~d = −M ∇φ is proportional to the gradient of the chemical potential, defined as φ = βΨ 0 (C) − α∇2 C, with proportionality coefficient M , which is
called the phase-field mobility. Due to the assumption of an incompressible flow,
the convective flux takes the simple form J~c = ~u · ∇C. In the chemical potential, we
p as
√ have two parameters α and β, which are related to the surface tension
σ = 2 2αβ/3 and the characteristic thickness of the diffuse interface as  = α/β.
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In addition, it contains the derivative of the standard double-well potential Ψ (C) =
2
2
(C + 1) (C − 1) /4.
The motion of the fluids is described by the incompressible Navier–Stokes equations with variable density and viscosity. We define the density and viscosity as
C −1
C +1
C −1
C +1
− ρg
and µ (C) = µw
− µg
,
(2)
2
2
2
2
respectively. Here ρw and µw are the density and the viscosity of the water, and ρg
and µg are the density and the viscosity of the vapour component. The Navier–Stokes
equations then become


h
n
oi
∂~u
T
ρ (C)
+ (~u · ∇) ~u = −∇P + ∇ · µ (C) ∇~u + (∇~u)
+ f~σ ,
(3)
∂t
∇ · ~u = 0,
(4)
ρ (C) = ρw

where the volume force f~σ = −C ∇φ corresponds to the surface tension force and
acts over the diffuse interface region. This form of the surface tension forcing is the
so called potential form [44], which uses a reduced pressure.
3.2 Boundary conditions for the phase-field model
The convection-diffusion equation (1) is a fourth-order partial differential equation
and requires two boundary conditions. First, we impose a non-equilibrium wetting
condition [33, 30, 32] on the solid moving wall,


∂C
−µf 
+ ~u · ∇C = α∇C · n̂ − σ cos (θ0 ) g 0 (C) ,
(5)
∂t
where µf is a contact line friction parameter, having the same units as bulk dynamic
viscosity. Here, θ0 is the equilibrium contact angle and g (C) = 0.5 − 0.75C + 0.25C 3
is a switching function describing a smooth transition from water to vapour. The unit
normal vector n̂ is directed from the fluid to the surrounding solid, which is standard
definition in numerical approaches. If one sets µf = 0, the dynamic contact angle is
always enforced to the equilibrium angle θ0 . Non-zero contact line friction allows the
dynamic contact angle to evolve naturally as a function of contact line speed. The
second boundary condition for the phase function is zero diffusive flux of chemical
potential through the boundaries, i.e. ∇φ · n̂ = 0. On the outer sides of the domain,
periodic boundary conditions are enforced.
The fluid momentum equations are subject to zero wall-normal velocity, uy = 0.
For the tangential velocity component, we first consider the classical no-slip condition,
which is equivalent to setting the fluid velocity near the moving wall to the velocity of
the wall, ux = Uw . In this situation, the only mechanism through which the contact
line can move is the diffusion of the phase-field variable. We also impose the Navier
slip condition, ux = Uw − ls ∂y ux n̂y , where ls is the Navier slip length. The final
boundary condition which we investigate for the PF model is the generalised Navier
boundary condition (GNBC). This boundary condition (using the friction factor βf
for the slip velocity [30]) takes the form
βf (ux − Uw ) = −µ ∂y ux n̂y + [α ∂y C n̂y − σ cos (θ0 ) g 0 (C)] ∂x C

(6)

where the second term is the uncompensated Young’s stress. We assume a constant
slip length ls over the whole solid surface. This leads to a friction coefficient βf , which
varies in the same way as the liquid viscosity. The equations are implemented in a
finite-element solver (for more details see appendix B).
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3.3 Comparison with molecular dynamics
The PF parameters contain quantities uniquely determined from MD (ρw , µw , σ, θ0 ,
) and quantities that are less known or fully unknown (µf , M , ρg and µg ). The
vapour properties are not known due to the small system size, which renders any
measurements from the MD outside of the liquid phase impractical. Therefore we
have fixed both ρg and µg in the PF (and also later in the VOF) simulations as small
as numerically feasible, ρg = 10−3 ρw and µg = 10−3 µw , see also Fig. 1. The limiting
factor for our implementation is viscosity ratio. The small density and viscosity in
vapour phase is motivated by the fact that in MD there are only a handful of vapour
molecules outside the water droplet (appendix A), and those consequently does not
exhibit any notable stress on the liquid phase. An alternative approach could be to
read off the density and viscosity data from measurements [45, 46], which would yield
ρg = 2.64 · 10−5 ρw and µg = 1.13 · 10−2 µw . We have checked that using density and
viscosity from literature for PF simulations yields only minor changes and does not
affect the conclusions of this study. The remaining unknown parameters (µf and M )
are fitted to the MD data.
The fitting procedure I, which we later refer to as “fit I”, is as follows:
1. adjust the contact line friction (µf ) individually for advancing and receding contact lines to match the MD dynamic contact angles;
2. adjust the phase-field mobility (M ) to match the MD drop displacement ∆xm .
Results are shown in Fig. 4(a,b). There is a local error in the interface angle (Fig. 4b)
near the advancing contact line. The drop displacement from PF agrees with ∆xm
with an accuracy of 2%, which we consider a very good match. The parameters needed
to arrive with the corresponding PF results along with the obtained drop displacement
are listed in Tab. 1.

(a)

(b)

Fig. 4. Results of the fitting procedure I (accurate dynamic contact angle). Steady interface
shape (a) and angle distribution over the interface (b) from MD simulations and fitted
PF simulations with different boundary conditions. Static contact angles for advancing and
receding contact lines are indicated with dotted black lines.
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µf a /µw
µf r /µw
Pe = U L/ (M σ)
∆x

PF no-slip
2.5
3.0
0.070
5.85 nm

PF Navier-slip
2.8
3.3
0.070
5.87 nm

9
PF GNBC
12
13
0.075
5.75 nm

MD
5.89 nm

Table 1. Summary of the obtained phase-field parameters and displacement, fit I.

A 10 nm × 10 nm close-ups of MD streamlines near the advancing and the receding
contact lines are shown in Fig. 5(a,c), respectively. For comparison, in Fig. 5(b,d) we
show 20 nm × 10 nm close-ups of streamlines from PF with GNBC. We observe that
PF streamlines cross the interface and extend several nanometers into the vapour.
This is in contrast to the MD results and therefore the PF predictions obtained
through fitting procedure I provide un-physical flow fields. The PF flow with no-slip
and Navier-slip conditions show slightly worse agreement and are not reported. The
extent of which PF streamlines cross from water to vapour in the PF results can be
characterised with the Pe number (appendix B), quantifying the relative importance
between convection and diffusion and defined as Pe = U L/ (M σ). From the last row
in Tab. 1 we observe that all fits have resulted in a Pe which is much smaller than
unity: a high diffusion regime, in contrast to the convection dominated MD data.
The high diffusion leads to the many streamlines crossing the PF interface. However,
if one would use a much larger Pe number (much smaller mobility) but keep other
parameters the same, the MD steady state drop displacement ∆xm would be largely
overestimated.
(a) MD adv.

(b) PF GNBC adv.

(c) MD rec.

(d) PF GNBC rec.

Fig. 5. Flow field results of the fitting procedure I. Streamlines near advancing contact line
(a,b) and near receding contact line (c,d) from MD simulations (a,c) over a 10 nm ×10 nm
patch and PF simulations with GNBC boundary condition (b,d) over 20 nm ×10 nm patch.
With red line, we indicate the isoline of C = 0, which represents the interface. The light
blue background field show the variation of the phase-field variable C.

To obtain a more physical flow field, we devise another fitting procedure, in which
we relax the requirement on the dynamic contact angle. Fitting procedure II (“fit II”)
is defined as:
1. for PF simulation with no-slip boundary conditions, we select µf = µw and then
vary M to match the drop displacement ∆xm observed in MD;
2. for PF simulations with Navier-slip and GNBC boundary conditions, we adjust
µf to match the contact angle in the final no-slip simulation, carried out in point
1. of this strategy, and then fit M to match the drop displacement ∆xm from the
MD.
We carry out these fits for all considered boundary conditions. By investigating the
obtained interface angle distribution (Fig. 6,a) we see that overall agreement is good,
while the local error near contact lines is increased. This difference is, however, not
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(b) MD

(a)

(d) PF Navier-slip

(c) PF No-slip

(e) PF GNBC

Fig. 6. Results of the fitting procedure II (larger error on dynamic contact angle). Angle distribution over the interface (a) from MD simulations and fitted PF simulations with different
boundary conditions. Streamlines near advancing contact line (b-e) from MD simulations (b)
over a 10 nm ×10 nm patch and PF simulations with different boundary conditions (c-e)
over 20 nm ×10 nm patch. With red line, we indicate the isoline of C = 0, which represents
the interface. The dark blue line represents a streamline originating 0.25 nm away from the
wall within the liquid drop.

µf a /µw
µf r /µw
Pe = U L/ (M σ)
∆x

PF no-slip
1.0
1.0
0.8
5.84 nm

PF Navier-slip
1.1
1.1
1.4
5.82 nm

PF GNBC
2.0
2.0
1.8
5.81 nm

MD
5.89 nm

Table 2. Summary of the obtained phase-field parameters and displacement, fit II.

visible in the interface shape: practically the same agreement as presented in Fig. 4(a)
is obtained. However, investigating the flow field near the advancing contact line reveals much better agreement with the MD results, although there is a small overshoot
through the interface of streamlines close to the wall (for fair measurement of the overshoot, we have identified a single streamline in all the simulations, which originates
0.25 nm away from the wall within the drop). The improved agreement with the MD
(and smaller overshoot of the streamlines) is due to a smaller phase-field mobility (or
larger Pe number, see Tab. 2). The reduced contact line friction is the reason why it
is possible to use smaller phase-field mobility. Reducing contact line friction leads to
smaller displacement of the drop, which consequently allows to reduce the phase-field
mobility to increase the drop displacement back to the ∆xm .
These results suggest that as the phase-field mobility M is reduced (or Pe number
is increased), the flow field near contact line approaches the one observed in MD.
Therefore we devise the final fitting procedure III (“fit III”), which is defined as:
1. set the contact line friction µf = 0 (fixing the dynamic contact angle to the
equilibrium one). This gives minimum friction at the contact line;
2. fit the phase-field mobility M to obtain the drop displacement ∆xm .
The obtained Pe numbers using fitting procedure III are given in Tab. 3. The results
from PF simulations with Navier-slip boundary condition from all fitting procedures
are shown in Fig. 7. For the fitting procedure III it is meaningless to use GNBC, since
the GNBC is equivalent to Navier-slip boundary condition for µf = 0. In Fig. 7(a) we
see the increasing local error of angle near the contact lines, which remains localised in
a thin region near both walls. By investigating the streamlines (Fig. 7,b-e) we conclude
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(a)
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(c) PF Navier-slip fit I

(d) PF Navier-slip fit II

(e) PF Navier-slip fit III

Fig. 7. Compilation of PF simulation results with Navier-slip boundary condition, including
results from fit III. Same measures are reported as in Fig. 6.

µf a /µw
µf r /µw
Pe = U L/ (M σ)
∆x

PF no-slip
0.0
0.0
2.9
5.84 nm

PF Navier-slip
0.0
0.0
6.0
5.82 nm

MD
5.89 nm

Table 3. Summary of the obtained phase-field parameters and displacement, fit III.

that indeed as the PF mobility is reduced, the overshoot of the streamlines in PF is
reduced and consequently the agreement with MD improves. Similar conclusion can
be drawn from no-slip PF simulations.

4 Volume-of-fluid model
The VOF model is known to be well-suited for solving interfacial flows. The interface
between water and vapour in VOF – in contrast to the PF – is reconstructed in a
sharp manner. Therefore the VOF model is a good candidate and is typically used
to solve two-phase flows in macroscopic systems. In this section we investigate how
accurately the model can capture the behaviour of the nanoscopic droplet.
4.1 Governing equations for the two-phase flow with VOF model
In the VOF method, the fluid momentum is governed by exactly the same equations
as in the PF method, namely, incompressible Navier–Stokes equations with variable
density and viscosity (3–4). The difference in methods lies in three aspects. First, the
governing equation for the concentration function C, which within VOF method is
typically called volume fraction, is a convection equation
∂C
+ ~u · ∇C = 0,
∂t

(7)

instead of the convection–diffusion equation (1) for the PF concentration. Second,
the volume fraction C varies from 0 in the vapour phase to 1 in the fluid phase and
consequently fluid density and viscosity becomes
ρ (C) = C ρw + (C − 1) ρg

and

µ (C) = C µw + (C − 1) µg ,

(8)
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respectively. The third difference lies in the fact that the surface tension force within
the momentum equation (3) takes form
f~σ = σ κ δs n̂,

(9)

where κ is the local curvature of the interface, δs is a discrete Dirac distribution
function used to spread the surface tension force to the fluid mesh and n̂ is the normal
of the two-phase interface. The curvature and interface normal are approximated using
the Continuum-Surface-Force approach, which states that
κ ≈ ∇ · n̂

and

n̂ ≡

∇C
.
|∇C|

(10)

The accuracy of the surface tension term is directly dependent on the accuracy of the
curvature calculation. The height-function methodology is a VOF-based technique
for calculating interface normals and curvatures. The interested reader can find more
details on the VOF method in appendix C.
4.2 Boundary conditions for the VOF model
For the VOF model used in this work, we use a similar set of boundary conditions as
for the PF model. As we have two sets of unknowns (flow field and volume fraction),
we need boundary conditions to determine both. Due to the fact that we are interested
in steady regime only, we use a constant angle wetting condition. The angle is imposed
through modification of height functions near the boundary and essentially sets the
orientation of interface normal as illustrated in Fig. 8. The imposed contact angle
affects the overall flow calculation in two ways. First, it defines the orientation of
the VOF interface reconstruction in cells that contain the contact line and, second,
it influences the calculation of the surface tension term by affecting the curvature
computed in cells at and near the contact line.

Fig. 8. Illustration of wetting condition employed for the VOF model. We use a constant
contact angle setting that defines the normal n̂cl of the interface at the contact line.

The second boundary condition is the velocity condition for the fluid flow. Although the VOF method does not allow for any diffusive transport of the contact
line, there is always some mesh dependent numerical slip of the contact line [47].
This, however, does not provide accurate control over the results, therefore the explicit specification of a boundary condition compatible with a moving contact line is
desired. As we have observed from PF result comparison with MD, the Navier-slip
condition alone is sufficient to match the MD results, therefore we restrict the study
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on VOF only on the Navier-slip condition. Furthermore, since the observed slip length
from the MD is very small – recall ls = 0.17 nm – we made choice to localise the slip
condition in the near vicinity of the moving contact line and away from the contact
line impose the wall velocity ux = Uw . The localised Navier-slip condition takes form
 
d
ux = Uw − f
ls ∂y ux n̂y .
(11)
b
Here locality of the slip condition is enforced using the bell function
  ( h 1+cos(πd/ ) i2
b
d
|d| < b ,
2
f
=
b
0
|d| ≥ b .

(12)

The bell function takes as an argument the distance from the contact line d = x−xCL
and the width of the bell function b . For coordinates further than b away from the
contact line the function is set to zero to recover the no-slip condition. The wall
normal velocity component is set to zero uy = 0, same as in PF. For more details on
implementation of the velocity condition in the VOF model, see appendix C.
4.3 Comparison with molecular dynamics
To obtain results from the VOF method, we carry out a fitting procedure, described
as follows.
1. Fix the width of the bell function b = 3.91 nm or five grid sizes in order to capture
the variation of the slip length with sufficiently many points.
2. Fix the advancing and receding contact angle to θa = 101◦ and θr = 93◦ to
represent the dynamic angle in the steady regime.
3. Adjust the magnitude of the local slip length ls to match the drop displacement
∆xm from the MD.
Note that for the wetting condition, ideally we would like impose some relationship
or governing law relating contact angle and contact line velocity. However, because
we are looking only at steady regime currently, we bypass the implementation of a
proper dynamic contact angle model for simplicity.
Using this procedure, we have found that the local slip length, which provides
the best match between the VOF and the MD is ls = 8 nm. In Fig. 9 we show the
interface shape and interface angle comparison between the VOF, PF and MD results.
From Fig. 9(a) we observe that interface shapes are practically indistinguishable.
The interface angles from VOF, however, show similar local errors as the PF angles.
Interestingly, for the first and last interface angle we observe a rather large jump in
the VOF result, which might be an artefact of the constant contact angle imposition
on the first mesh cell next to the wall.

5 Discussion
5.1 The role of the velocity boundary condition
As we have observed in the results of the PF simulations, the velocity boundary
condition applied to the fluid momentum equation does not seem to be important for
global measures, such as the drop displacement. Regardless of the imposed boundary
condition, the drop displacement can be captured correctly. Therefore, for the VOF
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(a)

Fig. 9. Results of VOF simulations with local Navier-slip boundary condition in comparison
with MD results and best PF results. Interface shape in (a) and angle distribution over the
interface (b).

slip in vapour phase
slip in liquid phase
slip at contact line
CLM mechanism

PF no-slip
0.0 nm
0.0 nm
0.0 nm
dif.

PF Navier-slip
0.17 nm
0.17 nm
0.17 nm
dif., slip

PF GNBC
0.17 nm
0.17 nm
0.17 nm + UYS
dif., slip

VOF
0.0 nm
0.0 nm
8.0 nm
slip

Table 4. Summary of the simulations carried out in this work, the corresponding boundary
conditions in liquid and gas phases (“UYS” stands for uncompensated Young stress), as well
as the mechanism of contact line motion (CLM) – either diffusion (“dif.”), slippage (“slip”)
or a combination of both.

investigations, we have focused only on local Navier-slip boundary condition. For an
overview of the fluid slippage conditions used in different types of simulations carried
out in this work, we provide a summary in Tab. 4.
As for the interface shape, which is a more local measure, we have concluded that
both benchmarked continuum models (PF and VOF) had their shortcomings and the
obtained interface angle always has some local errors near contact line. Notably, the
PF has been successful in describing the interface angle at the receding contact line
(Fig. 4,b), but it always produced local error near the advancing contact line (for
s > 40 nm, Figs. 4,b; 6,a; 7,a; 9,b). The possible reasons for this disagreement could
be an improperly chosen wall location as discussed in section 5.2, and/or a misalignment of physics between the MD and PF as discussed in section 5.3. Furthermore,
when trying to match the interface angle as close to the MD as possible, we observe
that the PF model provides non-physical flow field near the interface (Fig. 5), with
streamlines crossing the interface and continuing in the vapour phase. This inaccuracy can be averted by allowing larger local errors for the interface angle (Figs. 6,a
and 7,a), which then reduces the streamline crossing into the vapour phase significantly (Figs. 6,c-e and 7,c-e). Note that the local error can be only observed when
plotting the interface angle (Figs. 6,a and 7,a), while the interface shape is globally
indistinguishable (Fig. 4,a).
The improvement of the flow field was obtained irrespective of chosen boundary
condition (Fig. 6,c-e), while the choice of the boundary condition introduce minor
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local improvements in either the flow field (if we demand the same accuracy of local
interface angle near contact line) or in the local interface angle near contact line (if
we demand the same accuracy of local flow field, set by the chosen PF mobility). The
reason for improved flow field is that adding more slippage (first with Navier-slip, and
then with GNBC) allows us to use smaller PF mobility M and consequently obtain
streamlines that follow the two phase interface more accurately.
For the best possible representation of the flow field, we have set the dynamic contact angle to the equilibrium values, which allowed us to use the smallest PF mobility
parameter. This choice renders the GNBC condition obsolete. By comparing no-slip
and Navier-slip conditions, Navier-slip has produced the most accurate streamlines
with still acceptable representation of the interface shape. However, it is also possible
to use the no slip condition with minor decrease of the flow field accuracy. Therefore
our results indicate that the GNBC condition (or even Navier-slip condition) is not
necessary for physically acceptable predictions for the flow system considered in the
present work using the PF model. In addition, increase of the diffusive transport near
the contact line seem to always worsen the flow field prediction, which suggests that
sharp interface method could bet the best possible choice for modelling the present
system.
For the accurate representation of the drop displacement in the VOF, we have
fixed the width of the local Navier-slip condition and adjusted the amplitude. We have
observed that using one particular slip length locally near the contact line allowed
us to reach exactly the same drop displacement as MD. However, similar as for PF,
the interface shape has small local errors in angle (Fig. 9), while interface shapes are
globally indistinguishable.

5.2 Wall location and slip condition
To gain further insight into which boundary condition would be the most appropriate
to model the system consisting of a water drop between two no-slip plates, we look
at velocity distribution as a function of a distance from the contact line. The MD
results are obtained as an average over the 4 runs centred to the moving contact line.
The MD results are shown in Fig. 10 with black crosses.
For comparison we show PF with Navier-slip condition, zero contact line friction
µf = 0 and Pe = 6, which yielded the best fit of streamlines. Sampling the velocity
field along the wall (Fig. 10, red dashed) provides unsatisfactory agreement with
the MD both in the near vicinity of the contact line and also deeper in the drop.
However, if the sampling location is moved 0.75 nm away from the wall (Fig. 10,
green dash-dotted), very good agreement is observed between MD and PF. Similar
observations we have also made with the VOF method, see Fig. 10, blue dotted line,
in which we present VOF results sampled 0.60 nm away from the wall. This location
provides the best agreement with the PF results away from the wall and away from
the contact line. Moving the sampling location up or down would yield a similar effect
as demonstrated using the PF. Here, an interesting observation is that the VOF flow
field seems to be less sharp compared to the PF, which probably stems from the fact
that mesh resolution near the interface in VOF (∆sV OF = 0.782 nm, appendix C.1) is
much coarser than the resolution of the PF model (∆sP F = 0.195 nm, appendix B.2).
These observations raise two important questions about the presented benchmark.
First, the Navier-slip condition – based on the slip length measured from the MD
(ls = 0.17 nm) – does not seem to produce accurate slip velocity even more than
10 nm away from the contact line. This naturally leads to a question about where the
solid wall in the continuum modelling viewpoint should be located, compared to the
MD molecular picture (Fig. 2). The wall location is important for application of the
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Fig. 10. Velocity near advancing (a) and receding (b) contact lines as a function of d –
the distance from the contact line. MD results are compared with PF results (providing
best streamlines) at two different vertical sampling locations. and with VOF results at one
vertical sampling location.

Navier-slip condition, as displacement of the wall would cause a direct influence on
the needed slip length. Previous studies [48, 49] have found that the liquid structure
near a solid surface exhibits layering effect, which is an additional hint to a nontrivial correspondence between continuum models and molecular reality. The velocity
profile agreement at 0.75 nm distance from the wall in the continuum simulation
seem to suggest that for the best agreement between MD and PF, the wall in the PF
simulations should be shifted downwards by 0.75 nm corresponding to the center of
the first bin in Fig. 2(a). The other option would be to use much larger slip length at
the wall (larger by a factor of 4 compared to what is currently measured in the MD).
The same discussion applies also to the VOF results with slightly different shift of
the wall. The slip and wall location therefore remain open questions.

5.3 Diffusion of phase-field model
The Péclet number in theory exists in the MD system, because one can define a selfdiffusion or a heat diffusion coefficient. For the currently used MD water model, the
self diffusivity is [22]
Dw = 2.3 · 10−9 m2 /s.
(13)
However, the MD system has a single species and thus has no mass diffusion. By
“mass diffusion” we mean that one species diffuses relative to the other, that is if
you consider the mass m1 of one of the species, or its density ρ1 , it obeys a diffusion
equation.
The PF model in the current work, on the other hand, is incompressible and
consequently does not contain any state, energy or heat equation and does not model
any self diffusion. The PF model is, however, based on the diffusion of the phasefield variable C, see equation (1), and consequently models mass diffusion of liquid.
This leads to mismatch between the parameters used in the PF model and diffusion
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properties determined from the MD system. The Péclet number determined using the
self diffusion of the water, relative wall velocity and height of the water drop is
Pe =

2Uw L
20 · 50 · 10−9
= 72.5,
=
Dw
6 · 2.3 · 10−9

(14)

while maximum value we have been able to use in PF simulations and represent the
MD results accurately is an order of magnitude smaller, i.e. P e = 6 (see Tab. 3).
In our opinion, the reason we need to have a moderate P e number in the PF is
twofold; (i) the P e number can not be tow small because we need to capture the phenomena of very small cross-interface mass transport (equivalent to no evaporation),
but on the other hand (ii) P e number can not be too large because it also controls the
amount of diffusive transport very close to the contact line and controls the finally
obtained drop displacement. Nevertheless, due to differences in physical effects MD
and PF capture, a perfect agreement in results should not be expected.

5.4 Density variation of diffuse interface
Related to the PF diffusion, as discussed in section 5.3, another interesting question
is the shape of density profile exactly at the interface. In order to gain an insight
in this question, we have performed a smaller MD simulation (consisting of 10 nm
× 10 nm water droplet) of exactly the same water model in static conditions, i.e.,
between two stationary walls (appendix A). The obtained density variation at each
vertical location has been centred to half of the water density and the mean has been
computed between all the vertical locations and all data points in time. The result
is shown in Fig. 11(a) with black crosses for 10 ps averaging window. For this time
window the shift from vapor to bulk density occurs over 0.7 nm, matching the value
of 0.75 nm reported in section 2.2 where the used bin sizing was 0.25 nm.

(a)

(b)
Fitting tanh(x) to MD water density
1.0

0.8

0.8

0.6

0.6

ρ/ρw [1]

ρ/ρw [1]

MD water density across the interface
1.0

0.4
0.2

10 ps window
100 ps window
1 ns window

0.0
−0.5

0.0
x [nm]

0.5

0.4
0.2
Fitted curve
100 ps window

0.0
−0.5

0.0
x [nm]

0.5

Fig. 11. Density variations across the interface from MD with various averaging windows
(a) and PF equilibrium fit to MD data with 100 ps averaging window. The MD data is
centred at one half of the water density.
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What this distribution captures for the current MD water model is essentially
thermal fluctuations of the water-vapour interface, as well as small scale capillary
waves. Consequently, this distribution is not invariant with respect to the averaging
window. We illustrate this by showing two more density distributions in Fig. 11(a).
When the averaging window is increased in time, the interface has more time to
fluctuate over a larger distance and consequently the interface appears more diffuse.
To assess if the diffuse interface in the PF method can be quantitatively matched
with the results we obtained from MD, we recall from the PF theory [43] that in the
equilibrium the phase function C can be expressed analytically as


x
√
C = tanh
,
(15)
2
where x is distance from the midpoint of the interface. We use this function in conjunction with the definition of the density (2), set the vapour density to zero ρg = 0
and fit the  parameter to match the MD results with 100 ps averaging window. The
obtained fit is shown in Fig. 11(b). The agreement is very good.
This fit, however, does not have a direct correspondence to the PF diffuse interface,
which in theory would describe a region where two liquid species are mixed an have
an intermediate density. In the MD water model, however, the density profile in this
interpretation is perfectly sharp, i.e., there is no region of water/water-vapour mix
having intermediate density. This comparison, however, shows the potential of the PF
model to describe the diffusiveness due to thermal fluctuations and/or capillary waves.
More detailed investigations are needed to determine the extent of such applicability.
For example, it is not clear how large the averaging window should be chosen and if
this interpretations holds all the way down to the contact line.

6 Conclusions
We have carried out simulations of steady water drop sheared between two moving
plates using of MD, PF and VOF methods. The MD simulations allow us to probe
the detailed physical picture of the moving contact line and also global measures such
as drop displacement amplitude, interface shape and flow field.
By comparing the results from PF simulations to MD we have observed that a
perfect match is not possible. There is however a choice of parameters and boundary
conditions which provide a reasonable approximation of MD. We observed a trade-off
between accuracy of interface shape and accuracy of the flow field. The best match
with respect to the flow field provided the largest error in the interface shape and vice
versa. Particularly interesting conclusion from this study is that the exact boundary
condition for the flow in the PF simulation does not seem to play a major role. On
the other hand, we have observed that for accurate predictions there is an upper limit
of the Péclet number one can employ (Pe = 6.0). This is an important insight if one
considers using PF model as a substitute for nanoscale simulations, as proposed by
Kronbichler and Kreiss [50]. This is also in contrast to previous drop spreading MD
and PF comparisons [22], where Pe = 1400 was used. This suggests that the PF
parameters analysed here are not universal and depend on whether the contact line is
advanced through forced wetting or capillary spreading. We have also concluded, that
the GNBC, which in the literature is proposed as a solution for the moving contact
line problem, is not necessary to model the selected configuration.
Based on the results from PF and MD comparison, we have decided to only
investigate a localised Navier-slip boundary condition for the VOF method. With
this approach, we managed to capture the drop displacement accurately, while the
interface shape had similar local errors as observed in the PF model.
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By comparing the bottom water layer velocity from MD with the results of PF
and VOF, we have identified an interesting open question about the accuracy of
the slip condition and the wall location. It is possible that from the perspective of
the continuum modelling of such small systems, the wall location might play even
more important role than the chosen boundary condition. We have discussed the role
of diffusion in PF model and the physical phenomena it models, which is different
to what happens in MD simulations, therefore a perfect agreement should not be
expected. Another possible future direction would be to investigate the width of the
localised Navier-slip condition in the VOF model and its influence on the agreement
between VOF and MD. Furthermore, comparing the transient behaviour between the
MD and continuum methods would provide additional insight into the robustness of
the obtained continuum parameters.
The results of this study will lay rigid foundations for continuum models of moving
contact line in realistic water/no-slip substrate two phase systems. We believe that
this is the essential first step towards obtaining predictive and robust moving contact
line model, suitable for many real world applications.
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A Details of molecular dynamics simulations
The system described in section 2 and figure 2 consists of two parts: the water slab
and the moving walls. The water molecules forming the slab are modeled as SPC/E
water [51]. This is a relatively cheap water model which retains important qualities of
real water: the three-point structure and a dipole moment. These features gives the
ability for the molecule to form hydrogen bonds with other molecules, which leads to
a very low slip length (ls = 0.17 nm, which is smaller than a molecular diameter) and
high surface tension.
The walls are built of rigid SiO2 molecules. Partial charges qSi = −2qO are set
to the atoms, making the molecules overall charge neutral but with a quadrupole
moment. This electrostatic interaction works with the water molecules to create the
aforementioned hydrogen bonding. The charge value qO = −0.40e is used to yield the
static contact angle θ0 = 97.5◦ . The molecules are set in an fcc (111) structure with
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a spacing of 0.45 nm. They are kept in the desired formation by applying harmonic
restraints with spring constant k = 10,000 kJ mol−1 nm−2 to the oxygen atoms of
each molecule. The molecules are thus free to rotate in the surface normal plane. To
move the walls at a desired speed we shift these restraining positions which pulls the
molecules along with them while still allowing for natural thermal motion. Remaining
details about the wall are described in [22].
Simulations are performed using Gromacs 2019 [52] in double precision. Atomic
positions and velocities are updated using the leap-frog integrator with a time step
of 2 fs. Non-bonded van der Waals interactions are treated fully up to a cutoff of
0.9 nm. Coulomb interactions are treated using PME electrostatics which interact
over infinite range, including all periodic images of the system. Periodic boundary
conditions are applied along x and z. Along the y axis reflecting walls are placed
at each end to contain molecules to the system, although water molecules are kept
from reaching these reflecting walls by the physical SiO2 walls. A velocity rescaling
thermostat is applied to the SiO2 walls to dissipate excess energy with a time scale
of 10 ps and keep the system at simulation temperature T = 300 K. Outside of the
initial 100 ps equilibration period, the thermostat is not applied to the water molecules
which can only dissipate energy by interacting with the walls through friction. The
size of the full simulation domain along x is 150 nm, twice that of the water slab. We
have checked that the dissipation of the heat through walls is sufficient to keep the
average droplet temperature near T = 300 K. For evaluating the initial equilibration
of the system, we have used the water vapour pressure and density from the literature
[45] to compute the average number of water molecules in the vapour phase at the
equilibrium, which for the current system size yield 15.2 molecules on average. This
is roughly the amount we see in vapour phase after equilibration. The reason why the
system equilibrates in such a short time is that the evaporation is a surface effect.
Whereas a continuum model can be purely two-dimensional, a molecular system
is naturally three-dimensional. A quasi-2D system is created with a system thickness
of 4.667 nm in addition to the domain width and height. With this thickness, a width
of 75 nm and height 50 nm, the water slab for the simulation is constructed with
∼ 580,000 water molecules.
The small simulation used to determine the water density variation over the interface (section 5.4) is modified as follows. The binning resolution has been increased
from the previous 0.25 nm × 0.25 nm (Fig. 2,b) to 0.025 nm × 0.025 nm to smoothly
capture the density variation. The data in each bin is sampled over a time interval of
10 ps and the density variations are captured from this data. The simulation is run
over 32 ns to obtain sufficient sampling of the density variation, which is the average
of 3200 samples. To obtain the results for larger average windows, we have combined
10 and 100 of the original samples for 100 ps and 1 ns averaging windows, respectively, in one sample. This construction does not shift the profile of each individual
profile to the center position, and therefore produces more spread of the interface.
Then final result is obtained from centred average of 320 and 32 samples for 100 ps
and 1 ns averaging windows, respectively.

B Details of phase-field simulations

In this appendix, we describe in more details the non-dimensional governing equations
as well as numerical implementation of these equations.
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B.1 Dimensionless equations and dimensionless numbers
In order to render the dimensional governing equations (1,3,4) and the corresponding
boundary conditions dimensionless, we choose the relative plate velocity U = 2 Uw ,
the drop height L and the ration U/L as characteristic scales for velocity, length
and time, respectively. Under this assumption, the convection-diffusion equation for
phase-field variable C (1) becomes
∂C
3 1 2
+ ~u · ∇C = √
∇ φ, with φ = Ψ 0 (C) − Cn 2 ∇2 C,
∂t
2 2 Pe

(B1)

where all variables are now dimensionless. This procedure gives rise to Péclet number
and Cahn number,

U L
and Cn = .
(B2)
Pe =
Mσ
L
The Péclet number is quite important as it provides a measure of relative importance
between convective and diffusive transport of the PF concentration function C. This
number we use in the main text to report the needed PF mobility values for the
agreement between PF and MD, see Tabs. 1, 2 and 3.
The incompressible Navier-Stokes equations (3–4) in non-dimensional form becomes


h
n
oi
∂~u
3 C ∇φ
T
Re ρ (C)
+ (~u · ∇) ~u = −∇P + ∇ · µ (C) ∇~u + (∇~u)
− √
, (B3)
∂t
2 2 Cn Ca
where again all variables now are non-dimensional. During this process, two new
dimensionless numbers are introduced, namely Reynolds and capillary numbers, as
Re =

ρw U L
µw U
.
and Ca =
µw
σ

(B4)

The density and viscosity is normalised with respect to the parameters of water, and
therefore in the dimensionless setting becomes




1
ρg
1
µg
ρ (C) =
(C + 1) −
(C − 1) ,
µ (C) =
(C + 1) −
(C − 1) , (B5)
2
ρw
2
µw
where ρg and µg are the density and the viscosity of the vapour part, as shown in
Fig. 1.
Finally, the dimensionless wetting condition becomes
√
√


2 2
2 2
∂C
−µf
Ca Cn
+ ~u · ∇C = Cn ∇C · n̂ −
cos (θ0 ) g 0 (C) .
(B6)
3
∂t
3
√
Note that the numerical pre-factors 2 2/3 appearing in certain places of the dimensional governing equation stems from relationship between
√ the dimensional phase-field
constants α and β and the surface tension, i.e., σ = 2 2αβ/3.
B.2 Numerical implementation
The dimensionless governing equations introduced in the appendix B.1 are linearised,
cast into the weak form and solved using a symbolic finite-element toolbox femLego
[53], which allows easy specification of finite-element weak form to solve. The solver
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is based on finite-element package deal.II and includes adaptive mesh refinement to
resolve the sharp transition of phase-field variables over a thin interface [54]. Linear
elements were used for the phase-field variables, while the fluid flow was resolved
using Taylor-Hood elements (quadratic for velocity and linear for pressure).
Mesh resolution was selected after a refinement study based on PF simulation with
a no-slip condition. The final resolution selected and used for all other simulations
is ∆s1 = 3.125 nm far from the interface, and down to ∆s2 = 0.195 nm within the
interface region. Constant time step was used through the simulation as ∆t = 0.002
dimensionless time units.

C Volume-of-fluids model
In this appendix, we describe in more details the numerical implementation of the
solver, the height functions employed for the VOF model, as well as the implementation of velocity boundary condition.
C.1 Numerical implementation
In our study of the sheared droplet system, we used the free software Basilisk, successor of Gerris, developed at the Institut Jean le Rond d’Alembert (Sorbonne Université) [55], [56], [47], [57]. The incompressible Navier-Stokes equations are discretised
using the finite volume method and are solved using second order Bell-Colella-Glaz
projection scheme [58]. The solver is coupled with VOF method for interface tracking.
For obtaining the solution, we have used a uniform mesh spacing of ∆s = 0.782 nm.
C.2 Height functions

Fig. 12. Construction of the 2D height-functions.

The height-function methodology is a VOF-based technique for calculating interface normals and curvatures. About each interface cell, fluid “heights” are calculated
by summing fluid volume in the direction most normal to the interface. In 2D, a 7 × 3
stencil around an interface cell is constructed (Fig. 12) and the heights are evaluated
by summing volume fractions horizontally, i.e.
hi =

k=j+3
X
k=j−3

Ci,k ∆,

(C1)
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where ∆ is the grid spacing. The heights are then used to compute the the interface
normal n̂ and the curvature κ as
n̂ = (∂x h, −1) and κ =

2
∂xx
h
3/2

(1 + (∂x h)2 )

,

(C2)

2
respectively. Here, ∂x h and ∂xx
h are discretised using second-order central differences.

C.3 Implementation of velocity boundary condition
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Fig. 13. Left side : velocities profiles at the solid interface for the no-slip and slip boundary
conditions. Right side : 3x3 stencils with the ghost boundary layer used to impose the
boundary condition.

In order to impose the velocity boundary condition at the wall in the selected
numerical implementation, one has to work with discretisation stencils near the solid
boundary. These stencils will extend beyond beyond the wall and make use of so
called ghost points (Fig 13). The stencil values outside the domain (ghost values)
need to be initialised. These values are set in order to provide the discrete equivalent
of the NBC as
~ux [ghost] + ~ux [ ] ~ux [ghost] − ~ux [ ]
+
= Uw
2
∆
(C3)
2∆
2ls − ∆
⇐⇒ ~ux [ghost] =
Uw +
~ut [ ],
2ls + ∆
2ls + ∆
where ~ux [ghost] is the tangential velocity at the ghost cell, ~ux [ ] is the tangential
velocity of the cell inside the domain and ∆ is the grid spacing. This implementation
is used to impose the locally specified Navier-slip condition, presented in equation
(11).
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We use large-scale molecular dynamics to study dynamics at the three-phase contact line in electrowetting of water and electrolytes on no-slip substrates. Under the applied electrostatic potential
the line friction at the contact line is diminished. The effect is consistent for droplets of different
sizes as well as for both pure water and electrolyte solution droplets. We analyze the electric field
at the contact line to show how it assists ions and dipolar molecules to advance the contact line.
Without an electric field, the interaction between a substrate and a liquid has a very short range,
mostly affecting the bottom, immobilized layer of liquid molecules which leads to high friction since
mobile molecules are not pulled towards the surface. In electrowetting, the electric field attracts
charged and polar molecules over a longer range which diminishes the friction.

INTRODUCTION

Recent developments in the study of liquid droplets
spreading on surfaces have shown that the dynamics can
be limited by a mixture of inertia, viscous and contact line energy dissipation. The term that dominates
the process can be determined from the balance of nondimensional Ohnesorge numbers, which relate viscous
friction to surface tension
and inertial forces.
These are
√
√
given by Oh ≡ µ/ ργR and Ohf ≡ µf / ργR where µ
and ρ respectively are the liquid viscosity and density,
γ the liquid–vapor surface tension, R the initial droplet
radius and µf a contact line friction parameter which has
units of viscosity. When Oh  1 viscous forces dominate the wetting dynamics over surface tension. Similarly, when Ohf  1 contact line friction does [1]. This
is the case for certain hydrogen bonding [2, 3] or microstructured substrates [4].
Surprisingly, applying an electric potential to a
droplet, a phenomenon covered under the umbrella of
electrowetting (see [5, 6] for comprehensive reviews and
[7–9] for some recent experiments), diminishes contact
line dissipation [10]. Moreover, a recent study using
lithographed substrates shows that under electrowetting
the wetting can shift from a line friction dominated to
a viscously dominated regime [11]. The authors refer to
this as an electrostatic cloaking of the microscopic substrate features.
It is not yet known how the contact line advancement is
affected to reduce the influence of line friction under these
conditions. This is not helped by the fact that although
models of contact line friction have been proposed for
different length scales (including our previous work on
molecular wetting [3] and of Perrin et al. on microscopic
[12]), we lack a holistic understanding of the phenomena.
In this paper we investigate how electrowetting affects
contact line friction on a molecular level, using computer
molecular dynamics simulations of pure water and an
electrolyte solution. We consider how the cloaking effect
relates to our previously proposed model of molecular

(a)

(b)

Figure 1: Electrowetting system with a 15 nm radius
water droplet. (a) shows a two-dimensional slice of the
system, highlighting the electrode charge. Below the
substrate is a layer of counter charges. (b) shows the
system during an electrowetting experiment.

line friction.

METHOD

Electrowetting systems were constructed for molecular
simulations with three base components: A planar substrate, a liquid droplet and an electrode (figure 1).
The used atomic substrate is a no-slip silica-like of
SiO2 electrostatic quadrupoles set in a mono layer with
fcc packing. The equilibrium contact angle θ0 is set by
tuning the atomic charges while keeping the molecules
neutral, with qSi = −2qO . We use three sets of charges
with equilibrium contact angles of 70◦ , 90◦ and 110◦ . For
the liquid droplet we use both pure water (PW), which
hydrogen bonds with the SiO2 quadrupoles, and a KCl
electrolyte solution [13, 14] at a concentration of 3M. The
water model is SPC/E [15] which has ρ = 990 kg m−3 ,
γ = 5.8 · 10−2 Pa m and µ = 8.8 · 10−4 Pa s at the simulated system temperature of 300 K. The initial droplet
radii R0 are 7.5 and 15 nm, with respectively around
59,000 and 470,000 liquid molecules. As an electrode a
neutral carbon nanotube with radius 1 nm was used, with
its interaction parameters tuned to give a 90◦ contact an-

2
R0 (nm)
15
7.5
7.5
7.5
7.5

θ0 (deg)
110
70
90
110
90

θ0∗ (deg)
65
56
57
59
55

U (V)
±110
55
55
55
11

1.5
r/R0

Droplet
Pure water
Pure water
Pure water
Pure water
KCl

◦
PW+
15 110

1.0

◦
PW−
15 110
◦
PW+
7.5 70
◦
PW+
7.5 90

0.5

◦
PW+
7.5 110

KCl+ 90◦

Table I: Initial and final droplet states of simulations.
R0 is the initial droplet radius and θ0 the static contact
angle for no electric potential. θ0∗ is the static contact
angle for the applied potential U .
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RESULTS AND DISCUSSION

Wetting simulations were performed in two stages. First
the droplets were allowed to relax to their equilibrium

100
80
θ (deg)

gle.
An electric potential difference U is created by putting
a single fixed charge Q close to the bottom of the electrode and n opposite charges qn below the planar substrate such that nqn = −Q. These lower charges are
free to move in the plane below the substrate. This creates a non-homogeneous electric field directed towards
(or away from) the lower end of the electrode. For the
7.5 nm droplets we used n = 1000 and Q = 200e while
for the 15 nm droplets n = 4000 and Q = ±400e, where
e is the electron charge. The larger droplet was run for
both a positive and negative potential by switching the
charge signs.
The charge values were selected to produce a large
change in contact angle θ0∗ from the static contact angle θ0 . The electrostatic potential difference U was then
measured from the surface to the electrode using the
pmepot plugin of VMD [16, 17]. Contact angles θ0 ,
θ0∗ and potentials U are reported in table I.
Simulations were performed using Gromacs 2018 [18]
in double precision with a leap-frog integrator and time
step of 2 fs. Short ranged interactions were treated fully
up to a cutoff of 0.9 nm. Long ranged electrostatic interactions were treated using the particle-mesh Ewald
method which has infinite, periodic interaction range.
Periodic boundary conditions were applied along the x
and y axes, and repulsive walls were placed at the simulation box edges along z to contain particles to the system. We verified that the periodic boundary treatment
does not significantly affect the results by increasing the
periodic distances.
Contact angles θ(t) were measured for each output simulation frame at time t using the approach introduced by
Khalkhali et al. [19]. The wetting radius r(t) was calculated using a radial density distribution of the bottom
layer of water molecules, from its center.

60
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200
300
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(b)

Figure 2: Spreading base radius (a) and contact angle
(b) for all systems. The droplet radius is noted for the
pure water (PW) systems. The applied potential sign is
shown for all systems.

states on the substrates while the electrode and belowsubstrate atoms where uncharged. After equilibration,
the charges were increased to their final values over 50 ps
using a sigmoid activation function. As the electric field
is created, the droplet spreads out to a smaller equilibrium contact angle θ0∗ modeled by the Young–Lippmann
relation cos θ0∗ = cos θ0 − cU 2 /2 for the substrate capacitance c. Unlike a prior computational study of electrowetting on gold [20], no precursor film is present.
We record the base radius r(t) and contact angle θ(t)
starting from the fully applied field. These are presented
in Fig. 2 with the final states given in table I. The final state is reached quickly for all systems, although
the 15 nm and electrolyte droplets overshoots it and
retracts to their final θ0∗ (not shown in figure). Contact line friction is measured by how much the contact
line speed v is damped compared to what we would expect from the Young driving force [10, 21, 22]. With
µf being the friction parameter the velocity is given by
v = γ(cos θ0∗ − cos θ)/µf . Since we can calculate v from
the spreading radius r(t) we estimate the friction parameter for our data sets using this relation. These results
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Figure 3: Measured contact line friction during the
spreading phase for all systems. The boxes contain first
to third quartiles with the line marking the median
value and the whiskers extending to 1.5 IQR. The
smaller water droplets have a large spread but they are
all within the error of the larger 15 nm droplet values.

are presented in Fig. 3, using only the data from before
the droplets reach their new equilibrium.
Consistent with previous studies we see that the line
friction is very low for our electrowetting systems and
that all systems have very similar amounts of friction,
0.2–0.6µ. We have previously shown [3] that spontaneous wetting of pure water on the 70◦ substrate without
an electric field gives a line friction that increases from
2–8µ as the equilibrium is approached, while its average
is below 0.5µ with the electric field. Electrowetting thus
decreases the line friction on a molecular level by an order
of magnitude, for molecularly flat substrates.
It is interesting to relate our results to the regime map
of the Ohnesorge numbers Oh and Ohf [1], as discussed
earlier. For the 15 nm droplet we have Oh = 0.94.
With a friction factor of µf = 5µ, as for spontaneous
wetting, the same system gives Ohf = 4.7. This places
our system in the regime where line friction dominates
the contact line advancement. With a friction coefficient
smaller than unity, measured for electrowetting, we shift
into the regime where inertial or viscous forces dominate
(Ohf < 1).
We finally consider where this decrease in line friction
originates. Our previous model [3] of contact line friction on no-slip substrates proposes that it is an effect of
a molecule having to cross an energy barrier ∆E of order kB T in a thermal fluctuation to reach the substrate
and advance the contact line, which causes significant
friction. This energy barrier stems from the internal hydrogen bonding network between water molecules at the
contact line and is given by
∆E = a(cos θ + 0.5 sin θ)2 ,

(1)

transformed from the reported equation by introducing
the Boltzmann factor kB T into the exponential (due to

it being a thermally activated process) and using some
trigonometric identities. At T = 300 K the value a =
1.1kB T matched the same silica substrate used here.
That this barrier creates friction comes from another
observation: the effective force between the substrate and
water has an extremely short range, barely affecting more
than the bottom-most layer of water molecules. A water
molecule cannot feel the attraction from the surface until
it gets very close, which means that there is little-to-no
assist in crossing the barrier. In electrowetting this situation changes greatly at the contact line. The potential
difference creates an electric field E = −∇U . Ions, as in
our KCl electrolyte, are directly attracted along this field,
leading to a direct assist in crossing the energy barrier.
For neutral molecules, like water, the situation is more
complicated. There is no net attraction in a homogeneous
electric field but polar molecules with moment p experience a force Fp = (p · ∇)E if the field is non-uniform. As
water is a dipole this force will be present at the contact
line, where the electric field changes abruptly.
Our molecular data allows us to measure both E and
p throughout our system. Figure 4 shows an example
radial distribution of the polarization inside a 15 nm pure
water droplet during the spreading phase, where the data
is averaged over 10 ps. To estimate the influence of Fp we
calculate it for the same system but after it has reached
an equilibrium state with fixed contact angle θ0 = 65◦ .
We calculate it along the droplet interface, averaging over
the range inside the radial distribution where the mass is
40–60% of the bulk value.
Figure 5 shows the radial components Fr and Fz of Fp
at different heights z from the top oxygen atom in the
SiO2 substrate. We also show a term F45◦ which is the
force projected along a unit vector pointing towards the
surface at an angle 45◦ . This is to (roughly) represent
the force pointing along a path towards the substrate.
The z-component of the force is very high close to the
surface, owing to the large gradient of the z-component
of the electric field in that range. The radial component
has a longer tail.
How does this compare to the energy barrier ∆E?
With θ = 65◦ and a = 1.1kB T , (1) gives ∆E = 0.84kB T
and with θ = 90◦ it is ∆E = 0.28kB T . Since it is unclear
which path a water molecule will move when advancing
the contact line we cannot directly calculate its energy
gain in the electric field, but even movements of a single water molecule diameter (∼ 0.25 nm) with the Fr
component yields an estimate of 0.17kB T , a significant
part of the energy barrier at 90◦ . Integrating F45◦ up
to 1 nm gives 1.75kB T . The dipole force term is thus
significant over a range of at least 1 nm, which will assist
molecules in crossing the energy barrier, if not remove it.
We highlight the contrast to the Young force in Fig. 6.
Some additional effects related to the polarization at
the contact line may contribute to the line friction decrease. As seen in Fig. 4 the water dipoles are highly
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Figure 4: Radial distribution of measured dipole orientation inside droplets during spontaneous (left) and
electrowetting (right) of pure water. Insets show the averaged dipole direction and magnitude at contact lines where
the arrows are scaled by a factor of 5 for the spontaneous view. The moment is normalized by the dipole moment of
the water molecule.
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Figure 5: Radial components of the dipole force Fp for
water molecules at height z above the top substrate
atoms. Fz is positive for a force directed towards the
substrate.

ordered at the contact line due to the electric field. This
ordering may by itself affect the ease of contact line advancement. We analyze two properties which are affected by the ordering: the hydrogen bonding network of
molecules which have to pass the barrier and how bulk
viscosity is changed by the high shear stress and ordering.
For the hydrogen bond network we identify the water
molecules which are about to advance the contact line by
rolling down from the second water layer. The number
of hydrogen bonds between these and the surrounding
molecules are then counted for the states shown in Fig. 4
by using the hbond tool provided by Gromacs with default settings. For the spontaneous wetting case an average of 2.6 hydrogen bonds were identified per molecule.
For the electrowetting case with high dipole ordering we
counted 2.0 hydrogen bonds per molecule.
Thus the energy barrier for a molecule rolling to the
contact line is lower by up to 0.6 times the free energy
of a hydrogen bond ∆G. For liquid water at room tem-

Figure 6: The Young force FY between the substrate
and liquid mostly affects the bottom water layer (shaded
red with thick outlines). The dipole force Fp as a longer
range, reaching upper molecule layers (shaded blue).

perature ∆G = 5.7 kJ/mol = 2.3 kB T [23], which gives
0.6∆G = 1.4kB T . Note that this number may in part be
due to the high ordering and in part due to the transition
state having been modified by the electric field and the
dipole force Fp . We can measure the effect but not the
cause.
Finally, we consider shear thinning, which may occur
for the high shear rates at the contact line during electrowetting. To quantify this effect, we used a simple
Couette flow shear setup. We do not observe a significant change in viscosity due to the shear. However, if
we additionally apply an electric field which creates 75%
dipole ordering, the viscosity becomes anisotropic. The
viscosity with shearing in the direction of the electric
field increases by 30%. This means that local viscous
dissipation will decrease due to the high ordering, but
the change is quantitatively much smaller than the the
weakened hydrogen bonding network described above.
The droplets used here are several order of magni-
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tude smaller than typical droplet sizes. When scaling the
droplet size, the voltage can be kept constant to maintain
the same contact angle. The electric field drops sharply
at the liquid interface, at a molecular length scale [24]. As
the reduction in contact line friction is due to the strong
electric field and its gradient at the contact line, it will be
present for larger droplets, consistent with experiments.
We want to note that this purely molecular effect is
not the first seen in electrowetting using MD simulations.
Daub et al. have reported on the asymmetry of water
molecules yielding dynamics which depend on the sign of
the applied potential [25]. Yuan and Zhao on how the
precursor film (not present here due to the quadrupole
substrate) forms a molecular network with unique transport properties [20]. And Liu et al. observed that contact
angle saturation occurs as individual molecules are pulled
out of the contact line to shield the rest of the interface
from the applied potential [26], an effect that is clearly
visible for macroscopic systems. Along with these, our
report again highlights how the molecular nature of liquids can influence dynamic and macroscopic behavior.

CONCLUSIONS

Through molecular simulation we have verified that application of an electric field decreases contact line friction of smooth, molecular systems, consistent with experiments on Teflon coated and micro-structured substrates. It is consistent for systems of pure water with
different initial radii and an electrolyte. The decrease in
line friction is large enough that electrowetting shifts systems which show line-friction dominated spreading into
the regime where this is no longer a relevant factor.
We have identified two sources at the molecular level
for the decrease in friction. The first and main source is
that the interaction range between the surface and liquid
increases, which largely avoids the high energy barrier
that a single layer of water molecules has to cross to
advance the contact line. For electrowetting this comes
from the electric field and its gradient, which is strong
in a region of a few nanometers around the contact line.
The other effect is the high ordering of dipoles at the
contact line, also due to the strong electric field. This
changes the local hydrogen bond network, decreasing the
overall number of bonds that water molecules have to
break in order to advance the contact line.
Several open questions remain. Most of the above discussion relates to single water molecules independently
advancing the contact line. But wetting is a more collective phenomena, where a single advancing molecule
pulls along one or more other molecules. Such correlated
movements could further influence how we view line friction, but are difficult to study due to the thermal velocity
being much higher than the contact line velocity.
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