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Kurzzusammenfassung

Fließprozesse von Flüssigkeiten auf kleinen Längenskalen gewinnen aktuell durch den zuneh-
menden Trend der Miniaturisierung, wie z. B. in Lab-on-a-Chip Anwendungen, an Bedeu-
tung. Infolgedessen stellen die Wechselwirkungen an der Grenzfläche zwischen Substrat und
Flüssigkeit sowie deren Einflüsse auf die Stabilität und die Fließdynamik dünner Flüssigkeits-
filme zentrale Fragestellungen dar.

Diese Arbeit beschäftigt sich mit der Charakterisierung der Auswirkungen der hydrodyna-
mischen Randbedingung an der fest/flüssig Grenzfläche auf die Rayleigh-Plateau Instabilität
(RPI). Im ersten Teil wird die RPI eines Flüssigkeitsfilms auf einer zylinderförmigen Faser un-
tersucht. Die Variation der Randbedingung zeigte einen signifikanten Einfluss auf die Dynamik
der RPI. Der Vergleich zwischen den experimentell bestimmten Wachstumsraten und einem
Dünnfilmmodell liefert ein Maß für die Schlupflänge. Des Weiteren wurde gezeigt, dass das
späte Stadium der RPI auf einer hydrophoben Faser die Bildung von sich bewegenden Tropfen
ermöglicht. Dies gestattet die quantitative Untersuchung des, durch Kapillarität getrieben-
en, Flüssigkeitstransports entlang einer Faser. Für eine entnetzende gerade Front in einem
dünnen Film auf einem flachen Substrat wurde schließlich gezeigt, dass nicht nur die Dynamik
der RPI durch die Randbedingung beeinflusst wird, sondern auch die Morphologie. Die sich
zurückziehende Front weist charakteristische Merkmale auf, die in numerischen Berechnungen
unter Berücksichtigung von hydrodynamischem Rutschen modelliert werden. Die Ergebnisse
dieser Studie heben die Bedeutung der hydrodynamischen Randbedingung auf Fließprozesse
auf kleinen Längenskalen hervor.
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Abstract

To date, flow processes of liquids on small scales have gained soaring attention due to the
increased miniaturization trend, e. g. in lab-on-a-chip applications. As a result, the interactions
at the interface between a solid and a liquid and their effects on the stability and the flow
dynamics of thin liquid films denote essential questions.

This study focusses on characterizing the impact of the hydrodynamic boundary condition at
the solid/liquid interface on the Rayleigh-Plateau instability (RPI). In the first part, the RPI of
a liquid film on a cylindrical fibre is studied. The variation of the boundary condition revealed
a significant influence on the dynamics of the RPI. The comparison between the growth rates
in the experiments and a thin film model provides a measure for the slip length. It is also
found that the late stage of the RPI on a hydrophobic fibre provides moving droplets. That
enabled the quantitative examination of the capillary-driven liquid transport along a fibre. For
a dewetting straight front in a thin film on a planar substrate it is finally shown that not only
the dynamics of the RPI is affected by the boundary condition, but also the morphology. The
receding front shows characteristic fingerprints, that are reproduced in numerical calculations
comprising hydrodynamic slip. The findings of this study highlight the importance of the
hydrodynamic boundary condition for flows on small scales.
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1 Introduction

Understanding the flow processes of liquids represents a fundamental subject which is attracting
the attention of scientists since more than 300 years. Already in the 1680s, Edme Mariotte,
a french physicist, addressed the phenomenon of a decaying water stream, flowing from a
hole of the bottom of a water reservoir, into droplets. Nowadays, the investigation of the
mechanisms which govern the flow of liquids has become even more important with respect to
many technological applications. As an illustrative example, researchers recently developed a
promising and low-cost method to harvest drinking water from fog in remote regions. Inspired
by efficient examples known from nature, as e. g. the water collection ability of the cactus family,
artificial fog nets collect water droplets by the condensation of atmospheric water vapor at their
web filaments. While small droplets may be pinned to the web, the impact of gravity causes
big droplets to flow down, coalesce with others and finally drip into a reservoir.

In contrast to the gravity-driven motion of liquids, on small scales, fluids may be forced to
flow by capillarity. For example, several species of birds rely on a capillary-driven collection of
water and nectar using their tongues acting as a capillary tube. Understanding the fundamental
mechanisms of the dynamics of fluids in various geometries, e. g. liquid films and filaments as
well as small droplets, on small length scales is of great interest. In light of the ongoing
miniaturization of fluid systems towards micro- and nanofluidic devices, understanding the
influence of interfacial effects on flow processes becomes more and more important. In this
context, in particular, the hydrodynamic boundary condition at the interface between a liquid
and a solid plays an important role. While macroscopic flows assume a no-slip boundary
condition at the solid/liquid interface, the flow behavior of fluids on small scales may, however,
reveal a deviation from the no-slip case: the fluids may show a non-zero velocity of the first
liquid molecules at the interface, i. e. the liquids may slip along the substrate.

While industrial applications, as e. g. the technology of optical fibre coating, require the fab-
rication of a homogeneous film, the fog harvesting technique benefits from the spontaneous
formation of droplets on the web filaments. In analogy to the everyday life phenomenon of the
breakup of a water jet flowing out of a faucet, the formation of surface undulations and the
final decay into a regular droplet pattern of a liquid film on a fibre is caused by the Rayleigh-
Plateau instability (RPI). The instability is named after Joseph Plateau and Lord Rayleigh,
who experimentally (Plateau, 1873) and theoretically (Rayleigh, 1878) investigated this fun-
damental instability for the first time. Patterning and printing processes represent important
technological applications that take advantage of the Rayleigh-Plateau instability. A liquid
film on a substrate does, in general, strive towards its energy minimum. This can be achieved
by either minimizing the surface area via the formation of droplets, as in case of the RPI, or
by the reduction of the contact area to the substrate. In the latter case, the film exposes the
substrate of a lower surface energy, resulting in a receding liquid rim, which grows over time
due to the accumulation of the residual film. This process is called dewetting. Besides liquid
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1 Introduction

films on fibres, dewetting straight fronts in thin films on planar substrates may also be subject
to an instability of the Rayleigh-Plateau type. The classical case of a decaying liquid cylinder
can be described by considering the free surface only. The characterization of the RPI of a
liquid film on a substrate may, however, require the consideration of the additional solid/liquid
interface.

The major goal of this work is to precisely characterize the influence of the hydrodynamic
boundary condition at the solid/liquid interface on the RPI of a viscous liquid film on small
scales. Two different geometries will be considered: a) a viscous liquid film on a microfibre and
b) a moving straight front in a viscous film on a planar substrate. The second aspect refers
to the transport of liquid droplets along a fibre driven by capillary forces. Here, the question
arises whether the hydrodynamic boundary condition influences the droplet dynamics.

All experiments are performed using polymeric liquids, as they represent ideal model fluids
to address the questions elaborated above: polymers can be obtained as nearly monodisperse
liquids while exhibiting precisely tunable chemical properties. As the viscosity reveals a unique
dependence on temperature, the time scale of the liquid flow can easily be adjusted over several
orders of magnitude. In addition, polymeric liquids may exhibit a significant amount of slip.
In this work, polystyrene of different molecular weights is used, which for the applied shear
rates displays a Newtonian liquid.

The current state of the art and open questions, addressed in this thesis, are summarized
in chapter 2. The description of the basic properties of polymeric liquids is followed by
the fundamental concepts of hydrodynamics in thin films. The Navier-Stokes equation, the
hydrodynamic boundary conditions and the thin film equation are revisited. In addition,
the stability conditions of thin liquid films as well as their mechanisms and dynamics are
illustrated. The explanation of the classical Rayleigh-Plateau instability of a free liquid cylinder
is followed by an overview of the current state of the art with respect to the RPI evolving in
different geometries. The chapter closes with a summary of recent studies on droplet propulsion
processes while putting an emphasis on the motion of droplets on fibres.

The experimental techniques, which have been applied in this thesis, are outlined in chapter 3.
The sample preparation section includes the coating of the substrates with a hydrophobic layer,
the application of homogeneous polymer films as well as the generation of moving droplets.
The description of the measurement methods is followed by a detailed overview of the data
analysis techniques.

Chapter 4 contains the results concerning the Rayleigh-Plateau instability of a viscous liq-
uid film on a fibre. The focus of the first section lies on the influence of the hydrodynamic
boundary condition at the solid/liquid interface on the spatial and temporal evolution of the
RPI. The variation of the boundary condition at the interface from no slip to slip revealed a
significant influence on the dynamics of the RPI. The comparison of the experimental data
to the developed fibre thin film theory provides a measure for the slip length. In the second
section, the slip length is varied by using a different molecular weight and by changing the
surface treatment of the fibre.

The late stage of the RPI on a hydrophobic fibre is accompanied by the spontaneous formation
of moving droplets. Chapter 5 provides results on the capillary-driven propulsion of droplets
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on hydrophobic fibres. First, the study concentrates on the propulsion dynamics, purely gov-
erned by viscous flow. The experimental results are compared to a force balance model based
on purely viscous dissipation. The second part of the chapter presents first results on the
influence of slippage at the solid/liquid interface on the droplet propulsion dynamics. The
comparison of the droplet velocity data with the force balance model, which additively super-
poses the dissipation due to friction of the liquid molecules at the interface and the viscous
dissipation, enables the estimation of the slip length.

As outlined above, the comparison of experimentally obtained data with the respective the-
oretical models provides a measure for the slip length. Chapter 6 contains a comparison of
the slip length obtained from the different studies and puts the values in perspective to the
existing literature.

In previous works it has been shown that the dynamics of the RPI of a receding straight front
in a thin film on a planar substrate is affected by slip. Beyond the impact on the dewetting
dynamics, also its morphology displays certain fingerprints, which are characteristic for the
hydrodynamic slip boundary condition. Chapter 7 revisits the main features of the RPI
in a dewetting straight front observed in experiments and establishes a direct comparison to
numerical calculations of the full instability evolution: from the onset up to the final stage of
the RPI.

In chapter 8 the presented results of this work are summarized and discussed, followed by an
outlook of possible future works.
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2 State of the art

The work at hand, in general, concentrates on the investigation of liquid flows on small scales,
where a polymeric liquid is used as a model system. The influence of the hydrodynamic
boundary condition (no-slip or slip) at the solid/liquid interface between the polymer melt and a
solid substrate is of particular interest. In the following, the short term ’boundary condition’ is
used, which always refers to the boundary condition at the solid/liquid interface. The examined
questions are on the one hand: how does slippage at the solid/liquid interface influence the
evolution of the Rayleigh-Plateau instability of a viscous liquid film on a fibre (Sec. 4) as
well as on a planar substrate (Sec. 7). On the other hand, we present results on moving
droplets on fibres with a varying boundary condition, propelled by capillary forces (Sec. 5).
In the following, we focus on the properties of polymers (Sec. 2.1) and the hydrodynamics of
thin liquid films with varying boundary conditions (Sec. 2.2 and 2.3). The description of the
dynamics of dewetting (Sec. 2.4) is followed by the current state of research concerning the
RPI in various geometries (Sec. 2.5) and droplets on fibres (Sec. 2.6).

2.1 Basic properties of atactic polystyrene

In 1920, polymer research came into focus with the description of polymers as molecules made
of covalently bonded elementary units, called monomers, by Staudinger, a german chemist,
who was awarded the Nobel Prize in 1953 [1]. At the same time, Ziegler and Natta estab-
lished a way to perform low-pressure polymerization at room temperature by using specific
catalysts (receiving the Nobel prize in 1963) [2, 3]. This pioneering invention fostered the
industrial production of modern plastics, as e. g. packing materials. Several textbooks describe
the properties of polymers, as e. g. the behavior of polymers in solutions or their viscoelasticity
[4, 5, 6, 7]. In the following, only the most relevant characteristics are described. For further
details, the reader is referred to the above mentioned textbooks.

In this work, a polymer melt is used as a model system to study the physics of fluids in confined
geometries. In general, polymers are very suitable because of their abundant availability, their
purity and monodispersity as well as the simplicity of controlling the material properties, as
e. g. the viscosity.

Polymers are synthesized by polymerization of monomers with molar mass Mmono. In our
study, we used Polystyrene (PS), which is a linear homopolymer with a molar mass of Mmono =
104 g/mol [8]. The distribution of the lengths of the polymer chains depends on the polymer-
ization process and is characterized by a statistical distribution of lengths, the measure of
which is given as polydispersity index Mw/Mn (with the weight average, Mw, and the number
average, Mn, molecular weight). Depending on the production process different tacticities can
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be generated: isotactic (all phenyl rings are located at the same side of the chain), syndiotac-
tic (alternating on both sides) or atactic (random distribution of phenyl rings). The overall
polymer architecture may vary between linear, branched, star-shaped or ringlike. A measure
for the spatial dimension of polymers in equilibrium is given by the radius of gyration RG, the
mean square displacement between monomers and the center of mass. In this work, we exclu-
sively use monodisperse, atactic polystyrene with molecular weights ranging from 4 kg/mol up
to 390 kg/mol. All chains exhibit a linear architecture with a gyration radius of RG = b2Nk/6,
where b = 1.8 nm displays the length and Nk = MN/720 g/mol the number of Kuhn-monomers
for PS [8]. In the following, we focus on the properties of the used atactic polystyrene.

Depending on the temperature, the PS melts are either in a glassy or a liquid state. By heating
them above their characteristic glass transition temperature Tg, the PS melts undergo a second-
order phase transition from glassy to liquid. Because of its random distribution of side groups,
the used atactic polystyrene does not form crystals below Tg, it is completely amorphous.
Undergoing a glass transition is a purely kinematic effect and is not caused by a restructuring
of the polymer chains. Hence, the phase transition occurs over a certain temperature range
rather than at one particular temperature. Furthermore, by considering short chains, we see
that Tg is significantly decreased due to their high mobility [8]. A reduction in the glass
transition temperature has also been observed in case of confined geometries, such as thin
films [9, 10, 11, 12, 13, 14].

2.1.1 Viscosity

Temperature has an influence on the polymer viscosity η, which is a measure of the resulting
friction forces inside a sheared fluid. As the mobility of polymer chains increases with increasing
temperature, the viscosity η decreases. The Williams-Landel-Ferry (WLF) equation describes
this temperature dependence of η [8, 15]:

η = η0 exp

(
B

f0

Tg − T
T − T∞

)
, (2.1)

where, for PS, η0 = 6.3 · 108 Pa s represents the viscosity at the glass transition temperature
Tg = Tg(∞)− C/Mw for the respective Mw, with Tg(∞) = 372 K and C = 70 K kg/mol. The
Vogel temperature is given by T∞ = Tg − 48 K and the ratio B/f0 = 30.3 [8].

Despite the dependence on T , the molecular weight Mw itself has a significant influence on
the melt viscosity: an increase in Mw results in a decreasing chain mobility, which in turn
causes the relaxation of stress inside the polymer melt to be decelerated. Hence, the viscosity
increases. If Mw is smaller than a so-called critical molecular weight Mc, a linear dependence
η ∝ Mw is predicted by the so-called Rouse model [8]. For Mw > Mc, an algebraic increase
η ∝ M3

w is expected from the reptation model by de Gennes [16], which experimentally was
found to equal η ∝M3.4

w [8]. Mc displays the critical chain length, above which polymer chains
start to form entanglements with a mean filament length of Me. For PS, Rubinstein et al.
report Mc = 35 kg/mol and Me = 18 kg/mol [8].

14



2.1 Basic properties of atactic polystyrene

Shearing a liquid, in general, leads to a strain γ. If strain rate γ̇ and shear stress σ are
proportional, the liquid is called Newtonian:

σ = ηγ̇, (2.2)

where the constant of proportionality is equal to the viscosity η. In case of Newtonian liquids,
the viscosity is independent of the strain rate γ̇. Polymers with a high molecular weight may,
however, exhibit viscoelastic effects, where the viscosity depends on the shear rate, i. e. η(γ̇)
(see Sec. 2.1.2).

To determine the viscosity η of a liquid, several independent methods have been developed:
one can measure η by using a viscosimeter [17], where the viscosity can be extracted from
measuring the drag of a fluid which is sheared by means of external driving forces. Studying
the leveling process of stepped viscous films also allows for a direct extraction of the viscosity η
[18]. By measuring the glass transition temperature Tg via e. g. the determination of the
thermal expansion coefficient of a liquid film using ellipsometry [19], the course of viscosity as
a function of molecular weight and temperature can be extrapolated by projecting the data
according to the WLF equation (Eq. 2.1). In the publications in ADDENDUM I and II,
we show further independent and rapid methods to quantify the viscosity of a fluid.

2.1.2 Viscoelasticity

If the viscosity decreases while shearing the liquid, the behavior is referred to as shear-thinning,
whereas a viscosity increase is called shear-thickening. These liquids are called viscoelastic, as
on short timescales (t < τ) they react like an elastic fluid, where deformations recover slowly.
On long timescales (t > τ), however, the liquid features purely viscous properties. The so-
called relaxation time τ is a specific timescale, on which deformations of a viscoelastic liquid
relax. Thereby shear strain γ and shear stress σ are proportional via the elastic modulus G:

σ = Gγ. (2.3)

The dynamics of the stress relaxation can be described by several models. The simplest
example is the so-called Maxwell model (linear viscoelasticity), in which the fluid is described
by a serial connection of a perfectly elastic element, which is represented by a Hookean spring,
and a perfectly viscous element, given by a dashpot (see Fig. 2.1a). Hence, the shear strain
corresponds to the sum of those two contributions:

γ = γe + γv. (2.4)

Given a constant shear stress σ, where

σ = Gγe = ηγ̇v, (2.5)

with the specific relaxation time τ given by the ratio of the viscosity η of the viscous element
and the elastic modulus G of the elastic element:

τ = η/G, (2.6)
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2 State of the art

(a) Maxwell

⌘
G

(b) Kelvin-Voigt

⌘

G

Figure 2.1: The simplest method to model the dynamics of stress relaxation is to describe
the fluid by a connection of a spring (elastic element) and a dashpot (viscous
element) when either (a) connecting them in series (Maxwell model) or (b) in
parallel (Kelvin-Voigt model).

Eq. 2.4 reads:
η

G
γ̇v + γv = γ ⇔ τ γ̇v = γ − γv. (2.7)

Hence, we see that the shear stress σ of a viscoelastic fluid is time dependent. By assuming
the initial condition γv(t = 0) = 0, the solution is given by an exponential decay of σ(t):

γe(t) = γ exp(−t/τ),
σ(t) = Gγe(t) = Gγ exp(−t/τ).

(2.8)

For small shear strains γ, the elastic modulus G and the shear strain γ are independent of each
other and the liquid shows a linear behavior (linear response region). Here, a constant shear
flow of a viscoelastic liquid can be regarded as a linear superposition of an infinite number of
small strains. For larger shear rates γ̇, however, the response is no longer linear and, hence,
the linear superposition is not valid any more.

The Kelvin-Voigt model is represented by a parallel arrangement of spring and dashpot (see
Fig. 2.1b). Consequently, all shear strains are identical and the total shear stress reads:

σ = σe + σv = Gγ + ηγ̇. (2.9)

Assuming γ(t = 0) = 0 finally leads to:

γ(t) =
σ

G

(
1− e−

G
η
t
)
. (2.10)
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2.2 Hydrodynamics in thin films

2.2 Hydrodynamics in thin films

The presented work examines the influence of the hydrodynamic boundary condition on the
morphology and dynamics of thin film flows (c. f. Sec. 4 - 7). The purpose of this chapter
is to give a brief overview of the theoretical background. The starting point is given by the
introduction of several dimensionless numbers, which characterize the rheology of liquids and
the relative importance of viscous forces, inertia, capillary forces and viscoelastic effects. The
illustration of the Navier-Stokes equation is followed by the different boundary conditions at
the solid/liquid interface. The current state of research on the slip length b is described.
Finally, the equation of motion for thin Newtonian liquid films is derived.

2.2.1 Dimensionless numbers

The Weissenberg number Wi is a measure whether a liquid behaves viscoelastic or whether
the flow dynamics is purely viscous:

Wi = τ γ̇. (2.11)

τ displays the specific relaxation time and γ̇ stands for the strain rate. Hence, we see that
viscoelastic effects do not play a role, if Wi� 1.

The Reynolds number Re, defined as

Re =
ρuh

η
, (2.12)

gives the ratio of inertia to viscous forces, where ρ displays the fluid density, u being the mean
flow velocity, a characteristic length h (here: thickness of the liquid film) and viscosity η [20].
For low Reynolds numbers, Re� 1, viscous forces are predominant, which results in a laminar
liquid flow. Turbulence and vortices occur in the inertia dominated high Re regime. In this
work, Re � 1 and, thus, all experiments are exclusively performed in the laminar liquid flow
regime.

The Weber number We gives a measure of the ratio between deforming inertia and stabilizing
surface forces for liquids flowing through another fluid phase (liquid or gas):

We =
ρu2h

γ
. (2.13)

Hence, We characterizes e. g. the atomization process of sprays or the deformation of droplets.
In the presented work, We� 1 for all experiments, which implies that the stabilizing interfacial
tension dominates inertia.

The influence of viscosity η compared to inertia and surface tension forces on the flow process
can be expressed by the Ohnesorge number:

Oh =
η√
ρhγ

=

√
We

Re
. (2.14)

Here, we worked in the Oh � 1 regime, indicating that the flow dynamics is influenced by
viscosity.
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2 State of the art

2.2.2 Navier-Stokes equations

In case of liquid flows, we derive the equation of continuity, as a consequence of mass conser-
vation:

∂tρ+ ~∇ · (ρ~u) = 0, (2.15)

with the liquid density ρ and the velocity field ~u = (ux, uy, uz). Given an incompressible liquid
with a spatially and temporally constant density ρ simplifies Eq. (2.15) to

~∇~u = 0. (2.16)

Based on momentum conservation, the equation of motion for an incompressible Newtonian
liquid is given by (Navier-Stokes equation) [21]:

ρ(∂t + ~u · ~∇)~u = ~f − ~∇p+ η~∇2~u, (2.17)

which is a force balance of the acting inertial forces (left side) and body forces ~f , pressure
gradients ~∇p as well as viscous dissipation. In the present work, experiments were performed
in the low Reynolds number regime, Re� 1. As a result the Navier-Stokes equation, Eq. (2.17),
simplifies to the so-called Stokes equation:

0 = ~f − ~∇p+ η~∇2~u, (2.18)

as inertia terms can be neglected.

In case of liquid flows in confined geometries, such as thin films, we assume the velocity compo-
nent parallel to the surface ~u|| to be much bigger than the perpendicular velocity component ~u⊥.
In addition, we state that the length scale of film thickness variations is much larger in the
lateral (L) than in the vertical (H) direction, which is called lubrication approximation:

ε = H/L� 1. (2.19)

In the following ε denotes the lubrication parameter. For film thicknesses much smaller than
the capillary length lc =

√
γlv/ρg, where γlv displays the surface tension between the liquid

(l) and the vapor (v) phase with lc ∼ O(10−3m) for PS and in the absence of any external
forces ~f , Eq. (2.18) reads [22]:

0 = −~∇(p+ φ′(h)) + η~∇2~u, (2.20)

where gravitational effects can be neglected, but interactions of the fluid molecules with the
substrate need be considered. This leads to an additional term, φ′(h), representing the disjoin-
ing pressure. φ′(h) is the first derivative of the effective interface potential φ(h) with regard
to the film thickness h (see Sec. 2.3).

In this work, a surface tension value of γlv = 30.8 mN/m−1 is used for PS. We note that the
surface tension of a polymer melt depends on temperature and molecular weight [23]. For
the used molecular weights and temperatures, the variation in the surface tension values is,
however, small (< 10 %) [23, 24, 25]. Furthermore, the dynamics of polymer films is governed by
the capillary velocity γ/η. The viscosity η is extremely sensitive to temperature variations (see
Eq. 2.1). As the error caused by the uncertainty of the viscosity (at least a factor of 2) is much
larger compared to the variation in surface tension, we used the mean value of γlv = 30.8 mN/m
for PS in all calculations (see the publication in ADDENDUM III).

18



2.2 Hydrodynamics in thin films

2.2.3 Hydrodynamic boundary conditions

When considering the dynamics of liquid thin film flows, the hydrodynamic boundary condi-
tions at both interfaces (solid/liquid and liquid/vapor) play an important role. As the viscosity
of the gas phase, which in most cases is air, is negligible, no shear forces are present at the
liquid/air interface. The tangent t to the free surface of the liquid is given by:

(T · n) · t = 0, (2.21)

with the surface normal n. Thereby, Tij represents the stress tensor, which is equal to
Tij = σij + pδij = η(∂iuj + ∂jui) + pδij with shear stress σij = ηγ̇ij and pressure p. Given a
homogeneous surface tension at the liquid/air interface γlv, the normal component can be
written as:

(T · n) · n = γlvκ, (2.22)

with the average curvature of the surface κ. If we consider the stationary state, with ~u = 0,
Eq. (2.22) simplifies to

pL = γlvκ = γlv

(
1

R1
+

1

R2

)
, (2.23)

which is the so-called Laplace equation. It describes the pressure difference between both sides
of the curved liquid surface. R1 and R2 are the radii of the free surface curvature. The sign
for p varies and the sign convention gives positive curvature if convex and negative for concave
boundaries. In the following, we discuss the different boundary conditions at the solid/liquid
interface, which are strongly influenced by the specific substrate composition.

The classical case of macroscopic fluid flow (e. g. oil flow in a pipeline) allows for assuming the
tangential velocity ~u|| at the solid/liquid interface (z = 0) to be equal to zero, which we refer to
as no-slip boundary condition (see Fig. 2.2). On microscopic length scales, however, slippage
of the fluid at the solid/liquid interface becomes relevant. In 1823, Navier already introduced
the linear boundary condition, which up to now is used to characterize slippage of fluids at
interfaces [26]: the tangential velocity ~u|| is proportional to the shear rate perpendicular to the
substrate:

~u|| = b~n · γ̇, (2.24)

where the constant of proportionality is given by the so-called slip length b. Assuming simple
shear flow in the x-direction while the xy-plane is representing the solid/liquid interface, the
slip length b is defined as:

b =
ux
∂zux

∣∣∣∣
z=0

=
uxη

σ
=
η

µ
, (2.25)

with the shear stress σ = ηγ̇ normal to the surface and the friction coefficient at the solid/liquid
interface µ = σ/ux. As an illustrative model the slip length can be described as the extrapo-
lation length of the velocity profile into the substrate until the velocity is zero (see Fig. 2.2).
The slip length gives a quantitative measure of the amount of slip at the solid/liquid interface.
Even the limit cases can be understood by this model: b = 0 gives the no-slip case and b =∞
represents the so-called full-slip case (see Fig. 2.2), which corresponds to e. g. a solid sliding on
top of another solid. In general, all cases are superpositions of the two limiting cases. Beyond
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no slip full slip partial slip

Poiseuille flow plug flow slip length b

b = 0

~u ~u ~u

bb = 1

~u

b
z0

apparent slip

Figure 2.2: Fluid flow profiles close to the solid/liquid interface representing the interpreta-
tion of the slip length b by Navier [26]. In case of apparent slip a non-zero slip
length can be measured, but the velocity of the liquid molecules at the interface is
zero, which is caused by a thin layer of thickness z0 exhibiting a reduced viscosity.

that, apparent slip may occur, where a non-zero slip length can be measured, but where the
velocity of the molecules at the interface is zero, which is caused by a thin layer of reduced
viscosity (see Fig. 2.2).

The slip length at the boundary can be measured by various techniques: drainage experiments,
where the force to drag a liquid, which is squeezed between e. g. a flat substrate and an atomic
force microscope (AFM) colloidal probe, is measured [27, 28] or by probing the interfacial
fluid velocity using tracer particles [29, 30]. From force/distance measurements between two
oscillating cylinders which are arranged perpendicular to each other, the slip length can be
measured via fitting a theoretical progression [31]. A very robust way to determine b of a
dewetting thin film is given by analyzing the profile of a rim surrounding a hole which forms in
the course of the dewetting process (see Sec. 2.2.5) [20, 32, 33]. Measuring the dynamics of the
growing hole also gives information about the amount of slip at the solid/liquid interface (cf. the
publication in ADDENDUM I) [34, 35]. In this work, we also show a new and robust way
to determine the slip length b of viscous films on the micro-scale by analyzing the Rayleigh-
Plateau instability of these films on fibres (cf. the publication in ADDENDUM II). In
addition, the dynamics of receding droplets on hydrophobized fibres enables the estimation of
the slip length b (see Sec. 5.2).

Several parameters can influence the slip length, as for example molecular interactions between
the liquid molecules and the substrate. In case of a substrate which is completely wettable, i. e.
interactions are attractive, friction is expected to increase which in turn causes the slip length
to decrease compared to values obtained for partial or non-wettable substrates. Consequently,
the slip length increases with increasing contact angle, which has been shown in several studies
[36, 37, 38, 39]. The roughness or the structure of the underlying surface plays also an important
role, as for different roughness length scales, the friction at the solid/liquid interface can either
increase or decrease with increasing roughness [39, 40]. Hence, a rough substrate, which is
expected to show an increased friction between the liquid and the substrate, may actually
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2.2 Hydrodynamics in thin films

exhibit a large slip length b. A potential explanation for this counterintuitive increase in the
slip length bmight be a thin layer of gas cavities located at the interface [41, 42, 43]. In addition,
the shape of the liquid molecules itself can also influence the condition at the boundary. In
this regard, it has been shown that elongated linear molecules compared to branched molecules
exhibit a higher slip length. This might be understood by the ordering of liquid molecules and
alignment effects close to an interface [44, 45, 46]. Besides this, the slip length can also be
affected by properties as the fluid flow itself, temperature, viscosity or shear rate. In case of
a slow flowing polymer melt, the measured slip lengths were found to be lower than expected
[47]. This can be understood by adsorbed polymer chains at the substrate, which in further
course of fluid motion form entanglements with chains in the melt. This in turn increases the
friction at the interface and lowers slippage. By increasing the shear rate above a critical value,
which strongly depends on the molecular weight, that is the length of the polymer chains, the
entangled chains become disentangled and slippage is enhanced [48, 49, 50, 51].

In case of long-chained polymer melts on a non-adsorbing substrate, de Gennes revealed a
significant increase of b with increasing the polymer chain length [52]:

b = a
N3

N2
e

, (2.26)

with the size of a monomer a, the number of monomers N and the entanglement length Ne.
For polystyrene, the literature values are a = 3 Å and Ne = 163 [8, 53].

This particular dependence of the slip length b on Mw has been reproduced experimentally
by studying rim profiles of holes in dewetting thin polystyrene films with varying molecular
weights on hydrophobized (amorphous AF1600 layer on top of a Si wafer) substrates [35], see
Fig. 2.3. Additionally, Bäumchen et al. found the slip length to be independent of temperature
or rather viscosity. In contrast, Fetzer et al. revealed a strong correlation between the measured
slip length and the used annealing temperature, when again studying holes in dewetting thin
films, but using hydrophobic self-assembled monolayers as substrates [32]. Hence, the specific
substrate/liquid combination of AF1600 and polystyrene provides an optimal technique to vary
the dynamics of a fluid without changing the slip length. Slippage, however, can easily be varied
by a change in the chain length b ∼ M3

w. Note that for Mw < Mc, the slip length is constant
in the range of 10 − 100 nm (see Fig. 2.3). Considering typical film heights of 100 − 200 nm,
this means that the contribution of slip vanishes, equivalent to a weak- or roughly a no-slip
situation. However, the study revealed a significantly larger entanglement length of Ne = 517
[35], indicating that close to the substrate the effective inter-chain entanglement density is
reduced by a factor of roughly 3. The reduction in Ne is corroborated by other experimental
works [54, 55]. In addition, Brown and Russell showed that the entanglement length of a
polymer close to an interface is enlarged by a factor of ∼ 4. This specific interface effect
is a result of the reduced volume, which is infused with a chain at the interface and ranges
maximum over one gyration radius away from the surface [56].
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Figure 2.3: Double-logarithmic representation of the slip length b as a function of molecular
weight Mw for PS films on AF1600 substrates. The slip length b has been de-
termined by analyzing the profile of a rim surrounding a hole in a dewetting PS
film. The black dashed line represents the model by de Gennes using the bulk
entanglement length Ne = 163 [52]. A best fit to the experimental data from
PS(35.6k) to PS(390k) is given by the blue solid line, while the average of slip
lengths for PS(5.6k) to PS(18k) is shown by the blue dotted line. Adopted from
[35].

2.2.4 Thin film equation for Newtonian liquids

To finally derive the equation of motion for thin Newtonian liquid films, we start with the
kinematic condition:

∂th = −~∇||
∫ h

0
~u||dz, (2.27)

which displays the relation between the temporal evolution of the film height h(x, y, t) and
the flow field of the liquid parallel to the substrate (~∇|| = (∂x, ∂y) and ~u|| = (ux, uy)). The
solid/liquid interface is represented by the xy-plane and the film height is aligned in positive
z-direction. In order to obtain dimensionless variables only, in the following all variables are
rescaled based on the lubrication approximation (see Eq. 2.19). As the system is translationally
invariant, we consider the one-dimensional case, which simplifies Eqs. 2.16 and 2.20 to:

∂x(p+ φ′) = ∂2
xux, ∂z(p+ φ′) = 0, ∂xux + ∂zuz = 0, (2.28)

where terms of O(ε2) have been ignored (with the lubrication parameter ε� 1 for thin films).
Thereby, the interfacial boundary conditions are described by:

∂zux |z=0=
ux |z=0

b
, (2.29)

and
uz |z=0= 0. (2.30)
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2.2 Hydrodynamics in thin films

Eq. 2.29 implies that friction at the solid/liquid interface (z = 0) causes a velocity gradient
in z-direction and Eq. 2.30 accounts for the impermeability of the substrate. As inertia terms
can be neglected, the tangential and normal boundary conditions at the free liquid interface
(z = h(x)) can be written as:

∂zux = 0 , p+ ∂2
xh = 0. (2.31)

Integration of the first and second part of Eq. 2.28 with respect to z including the boundary
conditions given by Eqs. 2.29 and the first part of 2.31 provides the velocity profile

ux =

(
z2

2
− h(z + b)

)
∂x(p+ φ′(h)). (2.32)

Eqs. 2.27, 2.32 and the second condition of 2.31 lead to the three-dimensional equation of
motion for thin liquid films:

∂th = −~∇(m(h)~∇[γ~∇2h− φ′(h)]), (2.33)

which here is given in dimensional variables and wherem(h) represents the mobility of the liquid
film. In the no-slip regime (B = b/h0 = 0) the mobility is given by m(h) = h3/3η. For systems
in the weak-slip regime (with B � 1), the mobility is represented by m(h) = (3η)−1(h3+3bh2),
whereas for the intermediate-slip regime (B ' 1) the mobility is equal to m(h) = bh2/η [22].

As a result of applying the lubrication approximation to derive the thin film equation (Eq. 2.33),
the model is only valid for weak- or intermediate slip situations. Therefore, Münch et al. and
Kargupta et al. independently developed a model including strong-slip, where the slip length is
represented by b ∼ 1/ε2. The equation of motion and the kinematic condition in one dimension
are given by [20, 57]:

u =
2b

η
∂x(2ηh∂xu) +

bh

η
∂x(γ∂2

xh− φ′(h)), (2.34)

∂th = −∂x(hu). (2.35)

2.2.5 Rim shapes

In order to gain information about the rim shape of a hole in a dewetting thin film, a linear
stability analysis is needed. Münch et al. introduced a small perturbation δh � h0, which is
traveling in the reference frame of the moving rim:

h(x, t) = h0 + δh exp(kζ), (2.36)

where
ζ = x− xc(t), (2.37)

with xc(t) the position of the three-phase contact line. Hence, the respective dewetting ve-
locity is represented by ẋc(t). As a consequence this results in the characteristic third-order
polynomial for k:

(h0k)3 + 4Ca(h0k)2 − Cah0

b
= 0, (2.38)
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with the capillary number Ca = (ẋcη)/γlv. As this model, however, is only valid for very
large slip length b compared to the initial film height h0, Fetzer et al. developed a universal
model, the so-called Stokes model [32]. Here, the evolution of a rim profile is derived from a
third-order Taylor expansion of the characteristic equation, which originates from the linear
stability analysis of a flat film while using the full Stokes equations:

(
1 +

h0

3b

)
(h0k)3 + 4Ca

(
1 +

h0

2b

)
(h0k)2 − Cah0

b
= 0. (2.39)

Respectively three solutions exist for k (see Eq. 2.38 and 2.39), where one solution is real
and positive. As the rim profiles decay, in the following we do not account for this solution.
The remaining solutions k1 and k2 are either two real numbers < 0 or a pair of two complex
conjugated numbers with a negative real part:

k1,2 = kr ± iki. (2.40)

In general, we distinguish between two different morphologies of the moving rim: (i) a mono-
tonic decay of the rim profile into the residual film or (ii) an oscillatory rim shape. Hence, the
two sets of solutions symbolize these two rim shapes, where an oscillatory shape on the ’wet
side’ of the rim is given by:

δh(ζ)osc = δh0 cos(kiζ + ψ) exp(krζ), (2.41)

with the real part kr and the imaginary part ki of k1 and k2, the amplitude δh0 and ψ repre-
senting the fitting parameters.

In case of monotonically decaying rim profiles we derive:

δh(ζ)mon = δh1 exp(k1ζ) + δh2 exp(k2ζ), (2.42)

with the fitting parameters δh1 and δh2 illustrating the amplitudes and k1 and k2 representing
the decay lengths. From solving Eq. 2.39 and fitting the respective function for a monotonic
or an oscillatory decay to the rim profiles, the slip length b and the capillary number Ca can
be determined separately:

bTaylor =
1

4h0

k2
1 + k1k2 + k2

2

k2
1k

2
2

− h0

2
, (2.43)

CaTaylor = −h0

4

k2
1 + k1k2 + k2

2

k2
1 + k2

2

+
h3

0

6

k2
1k

2
2

k1 + k2
. (2.44)

2.3 Stability of thin liquid films

Usually the studied systems are composed of multiple layers, as e. g. a PS film on a hydropho-
bized Si wafer which has a native SiO2 layer. The stability of the thin liquid films on such
substrates is determined by the effective interface potential φ, which comprises the relevant
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2.3 Stability of thin liquid films

short-range (repulsive) and long-range (attractive) interactions as a function of the film thick-
ness h [58]. The potential describes the excess free energy (per unit area) to bring two interfaces
(here: the solid/liquid and the liquid/air interface) from infinity to a certain distance h [59].
Whether a thin liquid layer on top of a substrate is stable or whether it decays into droplets, is
determined by the specific combination of the substrate properties and the liquid: for dielec-
tric systems (no charges and electrostatic interactions) φ(h) is composed of steric repulsive and
chemical interactions, which are relevant only within a few Å of film thickness h (short-ranging)
[60], and the attractive long-range van der Waals forces between molecules. The superposition
of these interactions determines the shape of the effective interface potential:

φ(h) = φshort(h) + φvdW(h) =
C

h8
− A1

12πh2
− A2 −A1

12π(h+ d1)2
− A3 −A2

12π(h+ d1 + d2)2
− ..., (2.45)

with C representing a characteristic repulsion constant and Ai being the Hamaker constants
[61] of the liquid film interacting with the i-th substrate component. h describes the thickness
of the liquid film and di stands for the thickness of layer i.
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Thin liquid films on solid substrates are present in every-
day life, e.g., as lubricant film on the cornea of our eyes or
on the piston in a car’s motor, but also as ink on a trans-
parency. In some cases, these films are not stable on their
substrate and bead up, a phenomenon that is easily observ-
able if one tries to paint an oily surface. In recent years,
much effort has been put into understanding the dewet-
ting phenomena in thin films on solid substrates, both ex-
perimentally [1–7] and theoretically [8–13]. On the one
hand, industry is interested in the prevention of dewetting
in order to achieve, e.g., stable lithographic resists. On the
other hand, basic research is still demanding general rules
to infer the rupture mechanism from the evolved dewetting
pattern. The knowledge of that mechanism and the under-
lying forces would enable us to predict stability conditions
for practical use.

Owing to the immense complexity of the involved
mechanisms, there is yet no general agreement reached
concerning the underlying physics of dewetting and
structure formation at interfaces. Earlier studies either
concentrated on the morphological characterization [1–4]
or on the simulation of dewetting patterns on the basis of
an assumed effective interface potential [12,13]. Some
studies took long-range forces into account, but faced the
difficulty that their origin and strength was not known
precisely [5–7].

We have therefore studied a model system which turns
out to account for all of the important features observed
in more complex situations. Our study focuses on the
quantitative reconstruction of the effective interface poten-
tial from the dewetting patterns. Owing to the simplicity
of the model system we used, a thin film !,60 nm" of a
nonpolar liquid on a solid substrate, it is possible to cal-
culate quantitatively the effective interface potential [14]
and to compare it to what is derived from the dewetting
morphology.

To start with, it is necessary to clarify the distinction
between stable, metastable, and unstable films. This is
straightforward in terms of the effective interface potential,
f!h", which is defined as the excess free energy (per unit
area) it takes to bring two interfaces from infinity to a

certain distance, h [15]. In our case, the two interfaces
involved are the solid/liquid interface and the liquid/air
interface, and h is the initial thickness of the liquid film.
By consequence, f ! 0 for h ! `, as shown for three
important cases in Fig. 1. Curve (1) describes a scenario
where f!h" . 0 and where the global minimum lies at
infinite film thickness. In this case the liquid film is stable.
In curve (2), there is a global minimum of f!h" at h ! h!.
Here, the system can gain energy by changing the film
thickness to h ! h!. If the initial film thickness is larger
than h!, the film will dewet [8].

Dewetting is characterized by the formation of holes,
their growth, and coalescence, finally leading to a set of
droplets on the substrate [1]. Here, two main rupture
mechanisms are possible. (i) Dry spots are nucleated.
Nucleation may be initiated by defects as, e.g., dust par-
ticles (heterogeneous nucleation) or by thermal nucleation.
(ii) Capillary waves are spontaneously amplified. The lat-
ter mechanism is called “spinodal dewetting” [8–10]. It is
readily shown that spinodal dewetting can take place only
if the second derivative of f with respect to film thickness
is negative, f00!h0" , 0, where h0 is the initial thickness
of the homogeneous film. Whenever this is the case, the
system is called unstable. Hence, curve (2) of Fig. 1 char-
acterizes an unstable film. In curve (3), the film is unstable
for small film thicknesses, where f00!h" , 0, whereas for

0
(2)

(3)
(1)

film thickness

0

FIG. 1. Sketch of the effective interface potential f!h" as
a function of film thickness for stable (1), unstable (2), and
metastable (3) films.
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Figure 2.4: Schematic representation of the effective interface potential φ as a function of
film thickness h. Curve (1) corresponds to the case of a stable liquid film, (2)
displays the unstable and (3) the metastable situation. Adopted from [58].

Figure 2.4 represents the effective interface potential φ(h) for three important scenarios. In
curve (1), φ(h) > 0 and the global minimum is reached at infinite film thickness, which causes
the liquid film to be stable. Scenario (2) exhibits a global minimum at h = h∗. By changing
the thickness of the liquid film from h to h∗, the system is able to gain energy. Therefore,
films thicker than h∗ become unstable and dewet from the substrate [62]: holes in the film
are nucleated, which grow during the dewetting process. Thereby, the three-phase contact
line recedes and the rim, which is surrounding the hole, accumulates the residual material. In
a later stage, hole coalescence occurs, which leads to the formation of liquid ridges. These
roughly semi-cylindrical ridges again become unstable due to the Rayleigh-Plateau instability
(see Sec. 2.5) [60, 63, 64] and subsequently decay into a characteristic droplet pattern [64, 65].
The dewetting process can be initiated by either any chemical or topographical heterogeneity,
referred to as nucleation, or the amplification of capillary waves (spinodal dewetting) [58, 62].
Curve (3) in Fig. 2.4 shows the typical shape of φ(h) for metastable films. Here, thin films
with φ′′(h) < 0 are unstable and start to dewet, whereas for thicker films dewetting can be
initiated by nucleation only.
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2.4 Flow dynamics of dewetting thin films
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Figure 2.5: The balance of the interfacial tensions accounts for the equilibrium contact
angle θY.

The dewetting process of a thin liquid film on a substrate, in general, ends in a specific droplet
pattern, where all droplets are in equilibrium. In this configuration, the droplets exhibit the so-
called Young’s contact angle θY, which results from the balance of all participating interfacial
tensions (see Fig. 2.5):

cos θY =
γsv − γsl

γlv
, (2.46)

with the interfacial tension γij between two phases i and j, where v represents the vapor, l the
liquid and s the solid phase. To characterize the wettability of a substrate, we introduce the
spreading parameter S, which is defined as:

S = γsv − (γsl + γlv) = γlv(cos θY − 1). (2.47)

It denotes the energy difference per unit area between a dry substrate and a liquid covered
surface. If S > 0, the substrate will be completely wetted by the liquid, whereas for S < 0 the
system is able to gain energy by lowering the contact area between the liquid and the underlying
substrate, partial wetting occurs. Thereby, a wedge-shaped liquid front with contact angle
θrec at the three-phase contact line is receding while collecting the residual material (mass
conservation), see Fig. 2.6.

The dewetting process is driven by capillary forces acting on the contact line. The driving
force, here given as force per unit length, results from balancing the interfacial tensions acting
on the contact line:

Fc

l
= γsv − (γsl + γlv cos θrec) = γlv(cos θY − cos θrec). (2.48)

On the side of the rim where the three-phase contact line is located, the so-called ’dry’ side, a
negative capillary force is pulling the contact line:

Fc

l
= S + γlv(1− cos θrec). (2.49)

The ’wet’ side, where the front merges into the residual film, however, reveals a positive
capillary force per unit length:

Fc

l
= γlv(cos θY − cos θrec) = γlv(1− cos θrec), (2.50)
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Figure 2.6: A dewetting wedge-shaped liquid front accumulates the residual material and
exhibits a contact angle θrec at the three-phase contact line.

with θY = 0. Summing up the two forces yields the effective driving force per unit length for
a receding wedge in thin liquid films:

Fc

l
= |S| = |γlv(cos θY − 1)|. (2.51)

The dewetting process is mediated by energy dissipation due to friction forces. In general, the
power balance is given by [66]:

|S|v =
∑

i

Fivi, (2.52)

with the dewetting velocity of the wedge v, the acting friction forces Fi and their respective ve-
locity contributions vi. Considering dewetting thin films, two different dissipation mechanisms
may be present: viscous friction within the liquid itself and friction of the liquid molecules at
the solid/liquid interface.

First we concentrate on the viscous dissipation term only. It has been shown that a no-
slip boundary condition at the solid/liquid interface causes the dissipation mechanism to be
dominated by viscous friction only [67]. Following de Gennes’ model [68, 69], which is based
on the findings by Huh and Scriven [70], we see that the inverse dewetting velocity is given by:

1

vv
=

3l

|S| tan θrec
η, (2.53)

where l is a logarithmic factor, which incorporates the divergence of the dissipation at the
contact line. Here, de Gennes considered exclusively the energy, which is dissipated at the
three-phase contact line. Studies by Merabia et al., however, have shown that although energy
is predominantly dissipated at the contact line, there is an additional weak contribution to the
dissipated energy term originating from the position, where the front merges into the residual
film [71]. In order to derive Eq. 2.53, both, the capillary driving force as well as the viscous
friction are weighted per unit length of the contact line. Thus, the model is invariant with
regard to the length of the contact line. Therefore, if viscous dissipation is dominant, the 2D
model can be applied to dewetting holes and straight fronts in thin films or even to receding
droplets on axisymmetric fibres, which we investigate in this work (cf. the publication in
ADDENDUM III). Experimental studies by Bäumchen et al. have shown that dewetting
holes in unentangled PS films on hydrophobized substrates (exhibiting a no-slip boundary
condition) show a linear dependence between the dewetting velocity and the inverse melt
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Figure 8. Double-logarithmic representation of the y-axis intercept
v0, normalized by the absolute value of the spreading coefficient |S|,
versus the reciprocal viscosity 1/⌘ (taken from the solid curves in
figure 14). Mean values from different experiments are plotted for
different molecular weights Mw below the critical molecular weight
Mc.

3.2. Characterizing the rim profile

A rim is theoretically described by a disturbance of a liquid,
that decays exponentially into the prepared film thickness.
Applying thin film models [10, 26], the analysis of the decay
allows for a determination of the slip length, as we have
shown in earlier studies [24–26, 29]. The rim profiles were
recorded by AFM8. The studies shown here focus on PS melts
of various molecular weights on top of AF 1600. The first part
of this section covers the investigation of the temporal and
spatial evolution of the shape of a liquid front by in situ AFM
measurements. The second part deals with the evaluation and

8 Liquids can be imaged by AFM using non-contact mode. Here, care has
to be taken to adjust the scan parameters appropriately. By scanning the
same area at different scan sizes, possible damage can be inferred. It is also
possible to quench a polymer melt to the glassy state. In non-contact mode,
our experiments did not reveal differences between the rim profiles of glassy
and liquid polymer.

interpretation of ex situ liquid rim profiles captured at a fixed
hole radius. The latter experiments and their analysis in view
of the slip length have been, in part, published in [30] and
are extended as well as discussed in detail in the following
sections.

3.2.1. In situ measurement of the evolution of the rim shape.
To probe the temporal and spatial growth of the liquid
rim, subsequent in situ AFM images during dewetting on
a high-temperature heating plate were recorded in tapping
modeTM. Cross-sections obtained from a temporal series of
AFM scans (for a time interval 1t = 640 s) for PS(13.7k)
dewetting from AF 1600 at 115 �C are shown in figure 9(a).
The rim clearly grows in height and width as dewetting
proceeds. Nevertheless, the forms of the profiles at different
times (and therefore different volumes) are very similar.
All profiles exhibit a substantial trough (see the inset of
figure 9(a)) on the ‘wet’ side of the rim, where the height
profile merges into the unperturbed film.

In order to test the self-similarity of the form of the rim,
the rim width w (the distance between the three-phase contact
line and the point, where the rim height has dropped to 110%
of the initial film thickness) is plotted as a function of the
maximum rim height H, cf figure 9(b). The linear dependence
indicates that self-similarity can safely be assumed and w /p

R (where R denotes the radius of the hole) is obtained from
the conservation of volume for growing holes (see [43]).

3.2.2. Ex situ measurement and analysis of the rim shape at
fixed hole radii. By AFM, the rim profile can be recorded
at elevated temperature, as described before, when the PS
is above the glass transition temperature and liquid, or, for
simplicity of handling the samples, at room temperature (ex
situ). The quenching from the liquid to the glassy state has in
no case led to differences in the form of the rim profile. It can
be analyzed as described before [29] (to be more precise, we
have used in the following the third-order Taylor expanded
model based on the full Stokes equations since it applies to
a non-restricted range of slip lengths, in contrast to, e.g., the

Figure 9. (a) In situ measurement of the temporal evolution (1t = 640 s) of the rim growth of a 120 nm PS(13.7k) film at 115 �C on
AF 1600. All profiles clearly exhibit an oscillatory rim shape on the ‘wet’ side of the rim (illustrated by a selection of close-up views shown
in the inset). (b) Evaluation of the corresponding rim profiles with regard to the rim width w and the maximum rim height H.

7

Figure 2.7: Double-logarithmic representation of the linear scaling between v0 normalized by
the spreading parameter |S| as a function of the inverse melt viscosity 1/η. v0 has
been obtained from the y-axis intercept of representing the dewetting velocity v
(measured from hole growth experiments in unentangled PS films with varying
molecular weights) as a function of 1/

√
R (for 1/

√
R→∞). Adapted from [17].

viscosity. They obtained a universal proportionality constant when using different molecular
weights (unentangled) of the same polymer (see Fig. 2.7) [17]. Entangled polymers, however,
imply slippage at the interface (see Eq. 2.26) which causes a significant change of the flow
field close to the three-phase contact line. Therefore, the constant of proportionality may vary
by orders of magnitude. By adjusting the theory and including the slip length b, a similar
model is capable to describe the dewetting process when slippage dominates viscous friction
[34, 53, 66, 67, 68]. The inverse dewetting velocity was found to equal:

1

vs
=

3w

|S|bη. (2.54)

As dissipation is due to the friction of the liquid molecules at the solid/liquid interface, here,
the relevant distance concerning energy dissipation is given by the width w of the moving
front. In order to depict scenarios where both mechanisms, pure viscous flow and slippage, are
responsible for the energy dissipation, Jacobs et al. presented a combination of the two models
by additively superposing their velocities: v = vv + vs [66].
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2.5 Rayleigh-Plateau instability

2.5.1 Rayleigh-Plateau instability of a free liquid cylinder

The Rayleigh-Plateau instability (RPI) is one of the most frequently observable instabilities
in our everyday life. The classical case describes the decay of a free cylindrical liquid jet into
a regular droplet pattern, e. g. the breakup of a water jet flowing out of a water tab (see
Fig. 2.8). First experimental studies have been done by Savart and mostly Plateau [72, 73].
In 1878, Rayleigh developed a theoretical model to describe the classical breakup mechanism
[63], which is in good agreement with these experimental findings. In general, the instability
evolves, because small surface perturbations, i. e. modulations of the radius R of the liquid jet,
are amplified as a result of fluid moving from thinner to thicker regions due to the difference
in Laplace pressure [63, 75]:

pL = γlvκ = γlv

(
1

R(1 +R′2)1/2
− R′′

(1 +R′2)3/2

)
, (2.55)

where R is the local radius of the jet. The prime denotes the partial derivative with respect
to z, representing the direction of the central axis of the liquid jet. The perturbed radius can
be written as:

R = R0 + εeωt+ikz, (2.56)

where R0 displays the initial radius of the jet, ε stands for the perturbation amplitude and k
represents the wavenumber in z-direction. The wavelength is given by λ = 2π/k. In comparison
to the initial shape, the formation of a sinusoidal perturbation leads to a change in the surface
area of the liquid and, hence, to a change in surface energy at a given time t [63, 75]:

∆E = Epert − E0 = 2πγ

(∫ λ

0
R(1 +R′2)1/2dz −

∫ λ

0
R0dz

)
, (2.57)

with the initial and intermediate surface energies, E0 and Epert, surface tension γ and wave-
length λ. By considering small surface perturbations with ε� R0, and thus R′ � 1, Eq. 2.57
reads:

∆E =
E0ε

2

4R2
0

[(kR0)2 − 1]. (2.58)

We see that all modes with a wavelength λ = 2π/k greater than the perimeter of the initial
cylinder exhibit a reduced energy and, hence, are unstable [63, 75].

Following the work by Rayleigh and Plateau [63, 73], we assume the liquid jet to be an in-
finitely long, steady and inviscid fluid cylinder with the initial radius R0, density ρ and surface
tension γ. Further we state that gravity is neglected and the external pressure is zero. The
pressure p0 inside the column is set to be constant and equals:

p0 = γ~∇ · ~n⇒ p0 =
γ

R0
, (2.59)

with the surface normal ~n. Assuming infinitesimal perturbations at the interface allows for
linearizing the leading equations as follows:
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water

Figure 2.8: A water jet flowing out of a faucet decays into droplets due to the Rayleigh-
Plateau instability. The droplets display a regular wavelength which is connected
to the radius of the water jet, see Eq. 2.79. Adopted from [74].

ũr stands for the radial and ũz for the axial components of the perturbation velocity, p is the
perturbation pressure. Invoking the Navier-Stokes equation (Eq. 2.17) and considering terms
to lowest order in ε gives:

∂ũr

∂t
= −1

ρ

∂p̃

∂r
, (2.60)

∂ũz

∂t
= −1

ρ

∂p̃

∂z
. (2.61)

The equation of continuity (Eq. 2.15) yields:

∂ũr

∂r
+
ũr

r
+
∂ũz

∂z
= 0. (2.62)

Furthermore, we state that the disturbances in velocity and pressure are of the same form as
the surface disturbances:

ũr = U(r)eωt+ikz , ũz = Z(r)eωt+ikz , p̃ = P (r)eωt+ikz, (2.63)

while the respective amplitudes U(r), Z(r) and P (r) are independent with respect to the
z-direction. Inserting Eq. 2.63 in Eqs. 2.60, 2.61 and 2.62 implies:

ωU(r) = −1

ρ

dP (r)

dr
, (2.64)

ωZ(r) = − ik
ρ
P (r), (2.65)
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dU(r)

dr
+
U(r)

r
+ ikZ(r) = 0. (2.66)

Combining the last three equations and deriving the last one once, produces a differential
equation for U(r):

r2d
2U(r)

dr2
+ r

dU(r)

dr
− (1 + (kr)2)U(r) = 0. (2.67)

As Eq. 2.67 is a modified Bessel equation, the solution of the differential equation can be
written in form of the modified Bessel functions of the first I1(kr) and second K1(kr) kinds.
Note that K1(kr)→∞ for r → 0. Hence, we state:

U(r) = CI1(kr), (2.68)

with C being a constant, which will be determined when applying the respective boundary
conditions. Via using the Bessel function identity I ′0(x) = I1(x), we can obtain the pressure
from Eqs. 2.64 and 2.68:

P (r) = −ωρC
k

I0(kr). (2.69)

The boundary conditions are given by (i) the kinematic condition at the free surface, which
reads:

∂R

∂t
= ~̃u · ~n ' ũr(R), (2.70)

where with Eqs. 2.56 and 2.68 it follows:

C =
εω

I1(kR)
; (2.71)

and (ii) the normal-stress balance at the free interface, which reads:

p0 + p̃ = γ~∇ · ~n, (2.72)

where the curvature can be expressed by:

~∇ · ~n =
1

R1
+

1

R2
, (2.73)

with R1 and R2 the radii of curvature of the free surface, here given by:

1

R1
=

1

R0 + εeωt+ikz
' 1

R0
− ε

R2
0

eωt+ikz, (2.74)

1

R2
= εk2eωt+ikz. (2.75)

Inserting Eqs. 2.74 and 2.75 into Eq. 2.72 leads to:

p0 + p̃ =
γ

R0
− εγ

R2
0

(1− k2R2
0)eωt+ikz, (2.76)
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which by using Eq. 2.59 ends in:

p̃ = − εγ
R2

0

(1− k2R2
0)eωt+ikz. (2.77)

The dispersion relation ω(k) finally follows from combining Eqs. 2.63, 2.69, 2.71 and 2.77:

ω(k)2 =
γ

ρR3
0

(kR0)[1− k2R2
0]
I1(kR0)

I0(kR0)
. (2.78)

Hence, the liquid cylinder becomes unstable for kR0 < 1 only, corresponding to a wavelength
which is larger than the perimeter of the unperturbed column. The fastest amplified wavenum-
ber, i e. maximizing ω(k), is k∗R0 ≈ 1/

√
2 and hence, the wavelength of the fastest growing

mode is given by:
λ∗ ≈ 2

√
2πR0, (2.79)

corresponding to a rise time of τ ≈ 3
√

ρR3
0

γ . Hence, the finale stage of the liquid column
breakup features a regular pattern of large droplets with wavelength λ∗. In between these
droplets smaller droplets, so-called satellite droplets, may occur due to the recurrent breakup
of the thinning liquid filament.

Note that the viscosity η does not affect the wavelength λ∗ of the fastest growing mode, but
has a huge impact on the dynamics of the instability [63, 75]: a large viscosity (with Re� 1)
results in the ’viscous slowing’ of the instability growth.

32



2.5 Rayleigh-Plateau instability

2.5.2 Rayleigh-Plateau instability in other geometries

The breakup of free cylindrical liquid filaments is an intensively studied problem: experimen-
tally as well as theoretically, much has been learned about the instability evolution of e. g. soft
threads [76, 77], cylinders suspended in a fluid [78] and polymer filaments [79, 80, 81].

Many other geometries underly the Rayleigh-Plateau instability, such as e. g. straight fronts in
dewetting thin liquid films on planar substrates [48, 82, 83, 84, 85], the ridge which forms as a
result of coalescing holes during dewetting (cf. the publication in ADDENDUM I) [60, 64],
liquid filaments in wedge-shaped grooves [86], viscous toroids [87, 88] (see Fig. 2.9a), viscous
liquids deposited on a cylindrical solid fibre (cf. the publication in ADDENDUM II) or
in capillary tubes [69, 89] or even the wavelength selection in a crown splash (see Fig. 2.10)
[90]. In addition to the liquid/air interface, these geometries require the consideration of the
solid/liquid interface, which adds additional complexity to the system.

The evolution of the gravitationally influenced RPI of a film coating or flowing down a vertical
fibre is well-understood (see Fig. 2.9b) [91, 92, 93, 94, 95]. There are also several studies

axis; as a result, R0 ¼ Rtip. On the other hand, the injection
flow rate and injection time determine the volume of the
torus and thus the initial dimension of its tube, a0. To show
this, we made a series of tori all with R0 ¼ 8 mm, for
different injection times, ti, while keeping the injection
flow rate equal to qi ¼ 50 ml=hr; in this way, we change
the infused volume, V ¼ qiti. We obtain that a0 increases

with V=R0, as shown in the inset of Fig. 1(d); this depen-
dence quantitatively agrees with what would be expected
for a torus, whose volume is equal to V ¼ 2!2a20R0, as
shown by the line in the same figure. Thus, our method also
provides a simple means to precisely vary the aspect ratio
of the torus, R0=a0, by independently changing R0 and a0.
After the toroidal droplet is formed, we remove the

needle and allow the system to evolve in time while record-
ing the evolution with a CCD camera. For a viscosity ratio
of the inner to the outer liquid of "i="o ¼ 1=30, we
observe that the torus breaks into a precise number of
droplets; this number depends on its initial aspect ratio,
as shown by the series of images in Fig. 2, where we show
snapshots for a wide range of R0=a0. The first row of
images corresponds to the initial state, right after the
needle is removed, the second row of images corresponds
to a time slightly before breakup, and the third row of
images corresponds to the end of the process, right after
breakup had occurred. We obtain the same number of
droplets for a well-defined range of aspect ratios, implying
that the number of breakup points in the torus, n, as a
function of R0=a0 is a step function, as shown in Fig. 3;
each step is associated with a certain range of aspect ratios,
all for the same n.
The observed breakup into a specific and discrete set of

droplets implies that only wavelengths which are integer
fractions of the overall length of the torus can induce its
breakup. Consequently,

2!R0 ¼ n# (1)

with # the wavelength associated to the mode inducing the
breakup. Controlling R0=a0 thus provides a means to con-
trol the number of wavelengths that fit inside the torus, and,
consequently, it allows us to control the number of droplets
that result from its breakup.
Interestingly, we observe that the torus often shrinks

before it breaks up into drops. For a given initial aspect
ratio, the overall radius of the torus decreases until breakup
occurs; this explains the presence of steps in Fig. 3.
Furthermore, we observe that the torus breaks when the
aspect ratio reaches the leftmost point of the step. For

a1                         b1                        c1                        d1                        e1                        f1                         g1                        h1                        i1

a3                         b3                        c3                        d3                        e3                        f3                         g3                        h3                        i3

(a1)          t = 0s   (b1)          t = 0s   (c1)           t = 0s   (d1)          t = 0s   (e1)           t = 0s   (f1)           t = 0s   (g1)          t = 0s   (h1)           t = 0s   (i1)           t = 0s

(a2)          t = 7s   (b2)         t = 21s  (c2)         t = 22s   (d2)        t = 23s   (e2)         t = 19s   (f2)         t = 22s   (g2)        t = 12s   (h2)         t = 14s   (i2)         t = 13s

(a3)        t = 17s   (b3)         t = 32s  (c3)         t = 37s   (d3)        t = 38s   (e3)         t = 42s   (f3)         t = 38s   (g3)        t = 26s   (h3)         t = 33s   (i3)         t = 28s

FIG. 2. Snapshots for the time evolution of a torus (from top to bottom) for different aspect ratios. The scale bar in (a1) corresponds
to 5 mm. In these experiments, the injected liquid is glycerin and the liquid in the continuous phase is silicone oil ("i="o ¼ 1=30).

a

Ro

o

Rtip

 (a)                t = 20s   (b)                 t =35s   (c)

(d)

FIG. 1 (color online). (a) Formation and (b) breakup of a
curved jet. In this experiment, the rotation speed is insufficient
and the torus does not form. Instead, the jet breaks up before the
torus is generated. (c) Geometrical parameters of a torus: Tube
radius, a0, and overall radius, R0. (d) Diagram for the formation
of toroidal droplets in terms of the capillary number of the outer
liquid, Cao, and Rtip=atip, where Rtip is the distance between the

needle and the rotation axis and atip is the inner radius of the

needle. The different symbols correspond to different values of
"o: (e,r) 30000 cP, (",d) 10 000 cP, (4,m) 5000 cP. The line
corresponds to Cao ¼ 5:5Rtip=atip and separates regions where

the torus forms (open symbols) or does not form (closed sym-
bols). We use water for the inner liquid and silicone oil for the
outer liquid and always add the surfactant sodium dodecyl
sulphate above its critical micelle concentration to decrease
the interfacial tension to $ ¼ 4 mN=m [22].
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II. EXPERIMENTAL PROCEDURE
AND FLOW REGIMES

A. Experimental setup

In the present work, we study the flow of Rhodorsil
silicon oil v50 !density !=963 kg /m3, kinematic viscosity
"=50 mm2 /s, and surface tension #=20.8 mN /m at 25 °C"
and v100 !!=965 kg /m3, "=100 mm2 /s, and #
=20.9 mN /m at 25 °C" on a 1.5 m long Nylon fishing
thread of various radii R with 0.2$R$1.5 mm. The experi-
mental setup is presented in Fig. 1!a". The fluid is supplied
by an entrance valve which is detailed in Fig. 2. It consists of
two cone-shaped parts: The upper part 1 is fixed on the tank.
The lower part 2 is screwed on 1. The fluid is then guided on
the fiber through gap 3 between the cones. We can thus con-
trol the entrance flow rate by varying gap 3. The axisym-
metry of the base flow is ensured by means of the two ad-
justing screws 4 and the pivot 5. The horizontality of part 1
is also adjusted by this system. Such a design limits the
entrance noise so that thickness fluctuations are of the order
of 10−3%.

The fluid level in the tank is maintained constant !to
ensure a constant flow rate" and the end of the fiber is at-

tached to a weight to guarantee its verticality. The mass flow
rate Qm is measured with computer-controlled scales placed
below the collecting tank.

The determination of the various characteristics of the
flow is achieved by means of spatiotemporal diagrams: a
vertical line !selected passing through the drops" of a linear
camera is recorded and stored at constant time intervals
which reveals the !x , t" trajectories of the patterns #Figs. 3!a"
and 3!b"$. Parallel striations reflect the motion of constant
height structures !drops or waves". Another possible orienta-
tion of the pixel line is perpendicularly to the flow. This
configuration then allows to detect fluctuations of the film
thickness with time at a position on the fiber with great sen-
sitivity #Fig. 3!c"$. The shapes of the structures are finally
captured by a fast digital camera. To study the response of
the system to periodic perturbations, a vibrating device pro-
duces periodic pressure perturbations just above the entrance
valve in the tank. The frequency and the amplitude of the
perturbations can be adjusted. We obtain forcing frequencies
f for ranging from 0.1 to 50 Hz.

In the given experiments, we confined ourselves to a
study of three different fiber radii !R=1.5, 0.475, and
0.2 mm" with a possible range of flow rate corresponding
to a range of uniform film thickness hN at the inlet 0.6R
$hN$5R.

B. Experimental observations of
the “natural” dynamics

Depending on the flow rate and the fiber radius, two
distinct scenarios are observable for the spatial evolution of
the film down the fiber.7 At small flow rates or for thin fibers,
the observed wave pattern is very regular and extends from
the top to the bottom of the fiber without noticeable varia-
tions. The system then behaves like a self-sustained oscilla-
tor selecting its own well-defined frequency. At larger flow
rates or for thicker fibers, the dynamics becomes irregular
and the flow behaves as a noise amplifier, thus responding to
inlet perturbations. We showed7 that the transition from a
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constant level
tank

linear and
fast camera

(b)(a)

vibrating device

x
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∆
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FIG. 1. !a" Experimental setup. !b" A view of the liquid film at the top of the
fiber. ! refers to the healing length.
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3 2

1

fiber

FIG. 2. Design of the entrance valve.

FIG. 3. !Color online" !a" Two positions of the pixel line of the linear
camera. !b" Spatiotemporal diagram achieved with a vertical pixel line. !c"
Thickness fluctuations in time at a given height for a horizontal pixel line.
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(a) (b)

Figure 2.9: Collection of instabilities of Rayleigh-Plateau type occurring in various geometries
as (a) a glycerin torus injected in silicone oil [87] and (b) silicone oil flowing down
a Nylon fishing thread [95].
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formed on impact into a thin layer of the same fluid at mod-
erate speed. We image the instability that appears on the
leading edge of the ejected sheet at multiple times onward
from !100 !s after impact for multiple impact speeds and
layer depths. From our images we extract the spectrum of the
instability, and compare this to the various mechanisms that
are cited in the literature. Our results for peak position and
width of the spectrum are in excellent agreement with
Rayleigh–Plateau mechanism.

The paper is formatted as follows. Section II describes
our experimental setup and procedures. Section III A de-
scribes our observations of the morphology of splashes. We
show that highly regular crown splashes in thin layers occur
only for low Reynolds number. Section III B describes our
experimental measurements of the instability spectra from
still images of the rim’s corrugation. For the majority of
experiments the spectra at any given time after impact were
produced from a single image; for our most precise experi-
ments we averaged over ten spectra obtained at equal times.
Section IV describes a comparison of our data with a calcu-
lation based on the Rayleigh–Plateau instability. For our
most precise measurements with averaged spectra the mea-
sured and calculated peak wavelengths agree within 5%.
Section V describes a comparison of our experiments with
other proposed mechanism such as Rayleigh–Taylor and
Ritchmyer–Meshkov. Our measurements exclude these
mechanisms. Section VI discusses and summarizes our re-
sults in the context of other splashing studies.

II. EXPERIMENTAL METHODS

Our experiments identified the parametric regime for
crown splashes and measured the evolution of these splashes.
A 10 cm diameter " /10 glass optical flat, coated with an
indium-tin oxide film to prevent the destabilization of the
thin liquid films due static charge build up, was placed in a
15#15 cm container with a glass bottom. Fluid was added
to the container until the optical flat was submersed, forming
a film of height h above the optical flat, as shown in Fig. 2.

The orientation of the container was then adjusted so that the
flat lay parallel to the fluid’s surface to within 3#10−4 rad.
The depth of the layer was varied between 100 and 400 !m
depending on the experiment. A single drop of diameter D
was released from a gravity fed 30 gauge hypodermic needle
at fixed height above the liquid layer. The interval between
drops was longer than 10 s, which ensured that the liquid
layer fully relaxed between impact events. The drop struck
the liquid layer with a velocity U normal to the surface.

The dimensionless parameters for describing droplet im-
pact in the absence of a surrounding gas are the Weber num-
ber We= "$DU2 /%#, the Reynolds number Re= "DU /&#, the
Froude number Fr= "U2 /gD#, and the dimensionless fluid
depth H!=h /D, where g is the acceleration due to gravity,
and $, %, & are the density, surface tension, and kinematic
viscosity of the fluid, respectively. Past studies ignored the
ambient gas and gravity on the basis that densities and vis-
cosities of liquids are much higher those of the gas, and that
the timescale for gravitational effects is long compared to the
duration of a splash. We follow this practice here, and con-
centrate on the We, Re, and H!. Nonetheless, we note that
the recent work of Xu et al.29 found a significant influence of
the ambient air on drop impact on a dry solid. We believe the
effect of air to be much weaker in our experiment, since
there is no moving contact line.

1 mm

FIG. 1. Crown splash "silicone oil: Re=966, We=874, H!=0.2#.
Optical flat
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FIG. 2. "Color online# Apparatus for observing the evolution of crown
splashes. A drop forms and detaches from a hypodermic needle held a fixed
height above a thin layer of the same liquid. The needle is gravity fed from
a reservoir. As the drop falls toward the liquid layer, it interrupts a laser
sheet focused onto a photodetector which initiates a countdown on a delay
generator. After a preprogrammed time, the delay generator fires a flash onto
a diffusion screen, and a back-lit image of the impact event is recorded from
below through the transparent substrate or from the side.
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Figure 24. Capillary instability of cylindrical interfaces: (a) liquid jet, (b) liquid film on a fibre, (c) liquid film in a tube (adapted

from [171]). The instability time τ equals
!

ρh3
0/γ for a solid inviscid jet of radius h0, and ηh4

0(γ e3
0) for a thin film of thickness e0 deposited

on a fibre of radius h0.

Figure 25. Spider web featuring condensed morning dew droplets.

3.5.2. Viscous films covering cylindrical solid bodies.
The instability of a viscous liquid film coating a fibre is
a particularly straightforward application of the long-wave
description, illustrated by droplets of dew forming on spider
webs on humid mornings (see figure 25). If the film coating the
fibre is very thin, the longitudinal motion of the liquid driven
by the Laplace pressure is likely to be affected by viscosity
because of the no-slip condition at the fibre surface. For a
fibre of radius h0 and a film of thickness e, the corresponding
lubrication approximation in the film becomes [94, 172]

η
∂2v

∂r2
= ∂p

∂z
, (91)

for h0 < r < h0 + e and assuming e/h0 ≪ 1. Inertia has
been neglected in (91), as appropriate for a very thin film.
The pressure is the usual Laplace pressure, and the motion at
the film surface is stress free ([∂v/∂r]r=h0+e = 0). Taking
e(z, t) = e0 + ϵ0e−iωt cos(kz), the mass balance reads

− 2πh0
∂e(z, t)

∂t
= ∂q(z, t)

∂z
, (92)

where q(z, t) = 2π
" h0+e

h0
rv(z, r) dr is the net flow rate in the

film. Now elementary quadratures lead to

− iω = γ

η

e3
0

3h4
0

(kh0)
2[1 − (kh0)

2], (93)

hence providing the dispersion relation. The most
amplified wavenumber is related to the fibre radius through
kmh0 = 1/

√
2. The growth of the instability is all the more

slow when the film is thin, and fast when the fibre radius is

small. The same physics holds for a thin film coating a hollow
solid tube [171], the rigorous treatment [173] featuring all the
necessary Bessel functions, and accounting for inertia as well.
The three different cases described above are summarized in
figure 24.

3.6. Absolute, convective and temporal instability

So far we have been analysing situations where a perturbation
is imprinted on the system in a spatially uniform way, as
described for example by (61); our temporal analysis applies to
perturbations growing uniformly in space. In the case of jets,
a more common situation is one in which the perturbation is
applied at the nozzle only, and perturbations grow in a frame of
reference convected with the jet speed v0, see figure 13. One
thus says that the jet is ‘convectively unstable’. In the case
of dripping, i.e. in a situation where gravity is important, a
periodic train of disturbances is generated at the nozzle, which
propagates away from it. As v0 is increased, a transition to
‘jetting’ occurs, in which perturbations only grow convectively,
cf figure 26. The dripping regime is an example of an ‘absolute’
instability.

3.6.1. Spatial growth. The first problem is to calculate the
growth rate of perturbations along the jet, which amounts to
passing to a frame of reference z = v0t that is convected
with the jet [174]. In the temporal problem, we considered
perturbations of the form

h(z, t) = h0 + ϵ0ei(kz−ωt), (94)

which is now to be interpreted in the convected frame of
reference. If one transforms back to a stationary frame
of reference, replacing z by z + v0t , one recovers (94) if
one replaces ω by ω − kv0. By making the corresponding
replacement in the above dispersion relations and keeping ω

real and equal to the excitation frequency, one is looking for
solutions that do not grow at a fixed point in space. Instead,
solutions are now expected to correspond to complex k-values.
In the context of shear flows, this idea is also known as the
Gaster transformation [175].

This analysis was performed in [174] for the dispersion
relation (57) of an inviscid jet and in [177] for the general
dispersion relation (79). By solving the resulting equation
numerically for a given ω = 2πf , where f is the excitation
frequency at the nozzle (cf (3)), one finds Im(kconv). This gives
the rate at which perturbations grow in space, which depend on
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FIG. 1. The final stages of the break-up of a droplet of human saliva (for t ≤ 92 s images are 0.21 × 1.37 mm, the last three
images are 0.42 × 3.1 mm). Its behavior is representative of other model polymer solutions described here, but note the slow
time scale, which is in the order of a minute. Time is counted from the formation of a cylindrical filament, which is shown
in the first panel. The filament is bordered by a large “main” bead at the bottom, only a small part of which is shown, to
accommodate a sufficient number of images. At t = 26 s a constriction forms above the lower drop, and a small bead becomes
visible just above it. From about t = 38 s, the filament is unstable to the formation of a periodic array of droplets, akin to a
Rayleigh instability. Subsequently, a blistering pattern of droplets of very different sizes is formed. The filament remained
stable for several minutes, and final rupture was initiated by agitating the system. This is shown in the magnified last three
images on the right. They illustrate the stiffness of the (solid) polymeric fiber that is formed between the remaining droplets
and which remains essentially straight.

method of deducing extensional rheological properties of a liquid sample. A commercial version of
this capillary break-up rheometer is also available (CaBER, Thermo Fisher Scientific, Karlsruhe,
Germany).

A highly stretched filament is shown in the first panel of Fig. 1, near the lower main drop. In
the next two panels, an isolated droplet grows at the lower end of the filament, followed by the
formation of a periodic structure. Since any localized pinching is stabilized by a further increase
of the polymeric viscosity, we conclude that the instability of the cylindrical filament is associated
with the polymer strands having reached nearly full stretch. We will refer to all structures resulting
from the instability of a highly stretched polymer strand as a “blistering” pattern. From the 5th to the
8th panel, the periodic structure becomes increasingly nonlinear, leading to the formation of smaller
drops of widely varying sizes.12, 13 Eventually a solid nano fiber is formed as a long-lasting remnant
of the fluid filament,14 shown in the last three panels of Fig. 1. As illustrated in Fig. 1, only strong
mechanical perturbations can break the fiber.

There exist two fundamentally different physical mechanisms leading to the formation of drops
(or beads) of different sizes on a polymeric filament. The first is associated with the “beads-on-
a-string” structure,3, 5–8, 11 and refers to the formation of a drop pattern out of an initially relaxed
state. Essentially, this pattern is closely related to the drop and satellite drop structure produced by
the Newtonian solvent alone. Inside a drop the polymer remains relaxed, but in the fluid necks in
between the polymer becomes stretched, leading to the formation of cylindrical filaments. The result
is a pattern which alternates between almost spherical drops and thin filaments, which thin at an
exponential rate.6, 10

If the solvent viscosity is small, the beads-on-a-string mechanism can lead to more compli-
cated patterns including smaller satellite drops between main drops,15 which are a remnant of the
corresponding structure observed for Newtonian liquids. This correspondence was analyzed exper-
imentally and theoretically in Ref. 3, where it was shown that the formation of satellites depends on
the relation between the polymer timescale and the timescale of the initial inviscid Rayleigh insta-
bility. More detailed experimental16 and computational17, 18 studies have investigated the conditions
under which more complicated beads-on-a-string structures may be formed. Note that from a point
of view of theoretical modeling, the beads-on-a-string structures should be well described by the
Oldroyd-B model, which allows for unlimited stretch of polymers. As a result, polymeric filaments
will never break in this description, but continue to thin exponentially.
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Figure 2.10: (a) A liquid jet [89], (b) a liquid film on a fibre [89], (c) a liquid film in a tube [89],
(d) a thread of human saliva [81] and (e) the generation of secondary droplets
in the crown splash [90] are also subject to an instability of Rayleigh-Plateau
type.

investigating the morphology and dynamics of viscous liquid films coating axisymmetric fibres,
where gravitational effects do not play a role (see Fig. 2.10b) [91, 96, 97]. An experimental study
by Goren verified the exponential rise of surface undulations, first stated by Rayleigh in 1878
(see Sec. 2.5). Furthermore, he found that the wavelength λ∗ of the fastest growing disturbance
of a honey film applied onto a metal wire is unaffected by material properties [96]. The
theoretical examination of the same geometry by Roe in 1975, corroborates this finding: λ∗ does
exclusively depend on the film thickness to fibre radius ratio e0/r [97]. Figure 2.11a, however,
shows that the growth rate of the fastest growing mode, here named qmax, is controlled by
both, the geometry of the system s = e0/r−1 and the specific material properties, represented
by the viscosity η [97]. For a given value of η, it is shown that if the thickness of the liquid film
is either much smaller or much larger than the fibre radius, the maximal growth rate becomes
small (see Fig. 2.11a) [97]. This can be understood by the fact that as s converges to −1, which
means a huge decrease in film thickness, the mobility of the flowing liquid film is reduced and
thus the growth of the instability is slowed down. If, however, the film thickness e0 is much
larger than the fibre radius r, corresponding to a large value for s, the curvature is reduced
and so is the driving force of the RPI. The relationship between maximal growth rate qmax and
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(a) (b)

Figure 2.11: Maximal instability growth rate qmax (a) plotted as a function of the film
thickness e0 to fibre radius r ratio, represented by s = e0/r − 1, for differ-
ent viscosity values η and (b) presented as a function of viscosity η for different
system geometries s. Both graphs are taken from [97].

viscosity η, for given values of the film thickness to fibre radius ratio s, is shown in figure 2.11b.
From this plot, we learn that in case of a low viscosity η and very thin films (corresponding
to a small value of s) the maximal growth rate is inversely proportional to viscosity. Whereas,
for thick films (large s) and low viscosities η, there is no direct dependence of qmax on η. This
indicates that for thin films the growth of the instability is controlled by viscosity, whereas in
case of thick films inertia is the leading force [97], see Eq. 2.12.

These results have been obtained implementing a no-slip boundary condition at the solid/liquid
interface. Nevertheless, we already know that the hydrodynamic boundary condition, indeed,
has a significant impact on the morphology and the dynamics of a dewetting liquid rim, which
is subject to an instability of Rayleigh-Plateau type [82, 83, 84, 85]. Compared to the classical
RPI, the system of a dewetting liquid rim displays three fundamental differences: (i) the rim
shape is semicylindrical, (ii) the dewetting rim is continuously growing due to the accumulation
of the residual film (see Fig. 2.12) and (iii) the receding rim displays a three-phase contact
line. Analyzing the morphology of the instability showed that the fastest growing wavelength
λ∗ depends on the rim width w only [83, 85]. This is consistent with the classical case of a
free-flowing liquid cylinder (see Eq. 2.79) and the film on a fibre case [63, 69, 96]. In other
words, λ∗ is entirely independent of the hydrodynamic boundary condition.

The dynamics and the rim morphology, however, are considerably affected by the boundary
condition at the solid/liquid interface: on the one hand, slippage, which facilitates a higher
mobility of the molecules at the solid/liquid interface [34, 98], accelerates the growth of the
instability (see Fig. 2.12b) [85]. On the other hand, it has been shown experimentally as well
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The difference between retracting liquid fronts on DTS
and AF1600 lies in the rise time of bulge growth, which is
controlled by the interfacial slip. This effect can be estimated
by a simple extension [35] of a model for liquid rim
undulations put forward previously by Brochard-Wyart
and Redon (BWR) [12]: A larger slip length imposes a
shorter rise time τq, including a shorter rise time of the
dominant mode. In order to compare this theoretical pre-
diction to our experiments, we recorded the lateral amplitude
Ax of the instability on both substrates, cf. Fig. 3(b). At
identical dewetted distance, the growth of Ax is significantly
faster on DTS compared to the same viscous film on
AF1600. However, the fastest growing wavelength λ for
the dominant mode remains unaffected by slip, as validated
by the experimental results shown in Fig. 3(c).
As mentioned at the beginning, polymer films under

shear may also exhibit viscoelastic properties. In the cases
we studied, viscoelastic effects in the film are entirely
absent as the shear rates _γ are low and the molecular
weights are chosen well below the entanglement length.
Thus, the longest relaxation times τrel of the polymers are
orders of magnitude shorter than the time frame of the
experiments [33]. Therefore, we would like to stress the
difference of our results to those obtained earlier by
Gabriele et al. [21]: In the terminology of Gabriele et al.,
the films are always in a relaxed (or “mature”) regime and

do not have to pass through an elastic regime before the
undulation instability appears. Finally, we also note that the
surface tension of the liquid is uniform and, thus,
Marangoni effects are not present. The undulation insta-
bility is a purely hydrodynamic effect, whose appearance
(but not whose presence) is controlled by the slip length b.
The experimental and numerical results presented here are
thus valid for all Newtonian liquids, i.e., for Weissenberg
numbers Wi ¼ τrel _γ ≪ 1.
In conclusion, we have shown that the appearance of the

Rayleigh-Plateau—type instability of a retracting viscous
front is controlled by slip on the substrate. We can predict
the characteristic stages of the evolution of the dewetting
film within the framework of a single thin-film model. This
unified description connects the different morphological
transitions seen in our experiments, in particular, (i) for no
(or weak) slip, the occurrence of a symmetric rim shape
with oscillatory decay and a symmetric instability, (ii) for
strong slip, a monotonic to oscillatory transition of the
cross-sectional rim shape towards a profile with asymmet-
ric bulges. Within the experimental error bars, the charac-
teristic wavelength of the fastest rim undulation λ is
unaffected by slip. The rise time of the bulge growth,
however, is lowered with increasing slip and serves as a
striking feature for slippage of viscous films.
A general conclusion is that liquid slip not only affects

the time scales and, hence, the velocities involved in flow
processes or—e.g., in microfluidic channels—the through-
put, it also has implications on the spatial morphology. In
other words, by monitoring a retracting front of a viscous
film through an optical microscope, one can judge whether
or not slippage is at work.
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(a)

FIG. 3 (color online). (a) AFM image of an undulated rim
(10.3 kg=mol at 125 °C on AF1600, D ¼ 97 μm, t ¼ 6360 s,
scan size: 15 μm × 90 μm) with parameters characterizing the
undulation: rim width W, rim height hmax, wavelength λ, and
lateral amplitude Ax. (b) Lateral amplitude Ax of the rim
instability in regime I and II determined from AFM images of
a PS film (10.3 kg=mol, H ¼ 115ð5Þ nm, 120 °C) show distinct
differences on DTS and AF1600. (c) For the studied film
thicknesses H ¼ 110–130 nm and molecular weights (10.3
and 13.7 kg=mol), represented by different symbols, the wave-
length λ of the instability grows continuously with dewetted
distance D and does not depend on the substrate. (d) The
Rayleigh ratio C ¼ λ=W (where W was precisely determined
from AFM images, filled symbols) as a function of D for, both,
DTS and AF1600 shows a good agreement between experiments
and theory (dashed line) [13].
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Figure 2.12: (a) Atomic force microscope image of an unstable straight front in a dewetting
thin film illustrating the characteristic instability parameters like rim width w,
maximal rim height hmax, lateral amplitude Ax and wavelength λ. (b) The
lateral amplitude Ax of the rim instability as a function of dewetted distance D
for unentangled PS films (h0 = 115± 5 nm, Mw = 10.3 kg/mol and T = 120 ◦C)
on DTS (squares), which corresponds to a slip boundary condition, and on
AF1600 (stars), equal to the no-slip case, clearly shows that slippage accelerates
the growth of the RPI. Both graphs were taken from [85].

as theoretically that the shape of the rim profiles is also controlled by the boundary condition.
While in the no-slip case, the undulations and bulges feature a symmetric shape with respect
to the front and the rear of the ridge (see Fig. 2.13b,d,f), slippage at the solid/liquid interface
leads to an asymmetric instability formation (see Fig. 2.13a,c,e). This is due to the fact that
for a slip boundary condition the dewetting velocity depends on the width w of the receding
rim: broader regions dewet more slowly than thinner ones [82, 85]. In the further course of
the dewetting process, the difference in velocity causes the formation of fingers and finally
results in the pinch-off of droplets, see Fig. 2.13a. The remaining liquid fingers are in turn
subject to this effect, i. e. in consequence there is a periodic repetition of finger formation
and droplet detachment. Hence, in the final stage, the entire sample is covered with droplets,
which exhibit a characteristic pattern, from which one can judge if slippage was present or
not. A detailed description concerning the pattern formation is given in the publication in
ADDENDUM I. In their study, Bäumchen et al. derived a single thin film model, which
is capable to quantitatively capture the characteristics of the rim evolution [85]. The aim of
the presented work was to achieve a universal quantitative agreement between experimentally
determined and theoretically predicted growth dynamics of the RPI including slippage, as this,
however, was still lacking. Therefore, we studied the influence of slip on the evolution of the
RPI of viscous liquid films on fibres while varying the boundary condition at the solid/liquid
interface between no-slip and slip (cf. the publication in ADDENDUM II).

In technological applications it might be desired to design stable and homogeneous coatings.
Thus, it is important to find systems for which the Rayleigh-Plateau instability can be sup-
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2.5 Rayleigh-Plateau instability

weights Mw of all experiments are 10.3 or 13.7 kg=mol
(polydispersity index Mw=Mn ¼ 1.03) and, thus, well
below the critical value for chain entanglements. Films
were prepared by spin-casting a toluene (Selectipur or
LiChrosolv, Merck) solution of PS on freshly cleaved mica
sheets. Subsequently, the films were floated onto an ultra-
pure water (Milli-Q synthesis system, Millipore, organic
impurities < 6 ppb, resistance at 25 °C: 18.2 MΩ cm) sur-
face and picked up with (freshly cleaned) hydrophobized Si
wafers exhibiting a native oxide layer. Dewetting of
retracting straight fronts was monitored in situ by optical
microscopy on a heating plate (Linkam) as well as ex situ by
atomic force microscopy (AFM, ICON and Dimension
3100, Bruker), respectively. The dewetted distance was
typically obtained from optical microscopy images; in
AFM experiments the dewetted distance can also be
calculated from three-dimensional scans of the rim based
on volume conservation. Values resulting from both
approaches have been checked to be in excellent agreement.
The experimental results can be described by thin-film

models that are derived consistently from the Navier-Stokes
equations for an incompressible liquid [13,41]: If the slip
length b ¼ 0 (or b ≪ H), the film flow profile is semi-
parabolic, and the dynamics corresponds to a weak-slip
regime. If b ≫ H, the dynamics corresponds to plug flow,
which arises in two subregimes, depending on whether
extensional stresses in the film become as important as
shear stresses. If only shear stresses matter, the flow regime
is called the intermediate-slip regime and otherwise the
strong-slip regime. These different regimes can be repre-
sented by a single thin-film model for the height profile h,

covering the respective limits. For simplicity, we give the
model here in 2D, i.e., the cross section of the height profile
hðx; tÞ over substrate coordinate x and in time t:

∂th ¼ −∂xðhuÞ;
u
bh

¼ 4ϵ2

h

!
1þ h

2b

"
∂xðh∂xuÞ

þ
!
1þ h

3b

"
∂xð∂xxh − ϕ0ðhÞÞ: ð1Þ

The weak-slip regime is recovered as the small lubrication
parameter ϵ → 0 in Eq. (1). The strong-slip regime is
obtained for the slip length parameter of order of magnitude
b ¼ Oðβ=ϵ2Þ, the rescaled lateral velocity u ¼ u%=ϵ2, and
the rescaled time scale t ¼ ϵ2t% in the asymptotic limit as
ϵ → 0. We also note that the well-known no-slip regime is
obtained as a special case of the weak-slip regime as b ¼ 0
and the intermediate-slip regime represents the asymptotic
limit of the weak- and the strong-slip regime for
1 ≪ OðbÞ ≪ Oðϵ−2Þ. The simulations of these equations
were adapted to the experimental system via the recon-
structed effective interface potential ϕðhÞ, given in
Ref. [17], as detailed in Ref. [35].
For the numerical calculations we use an (unperturbed)

approach with the thin-film models in 2D, and, to capture
the morphological details of the bulges as they emerge from
small initial perturbations, we also carried out numerical
computations with the full nonlinear 3D versions of the
no-slip and intermediate-slip thin-film models (given for
example in Ref. [13]). In Figs. 1(c)—1(f), we present the
comparison of our experimental AFM data of the bulge

FIG. 1 (color online). (a),(b) Dewetting of a thin viscous film of PS on DTS (top) and on AF1600 (bottom), at 120 °C, by retraction of
an initially straight front (13.7 kg=mol, H ¼ 125ð5Þ nm) as seen by optical microscopy. A semicylindrical liquid rim is formed by the
accumulation of liquid material (dark grey). The advance of the front is characterized by the dewetted distance DðtÞ. (c),(d) AFM top-
view images of a typical bulge on DTS (c) at DðtÞ ¼ 39ð2Þ μm and AF1600 (d) at DðtÞ ¼ 45ð3Þ μm. (e),(f) Top-view 3D numerical
simulations for intermediate-slip (e) and no-slip (f) boundary conditions [13], which match the respective experimental bulge
morphology.M is the position of the highest point in the contour line plots, S the saddle point. Isoheight lines are set to each 200 nm. In
the numerical results, the bulge width has been scaled to one.
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Figure 2.13: Optical micrographs showing the morphology of unstable straight fronts in
dewetting unentangled PS films on (a) DTS (slip) and (b) AF1600 (no slip).
During dewetting, both fronts pass through different regimes: the semicylinder
becomes unstable (I) and the resulting undulations grow and form bulges (II). A
no-slip boundary condition features a symmetric instability with respect to the
front and the rear of the rim, whereas in case of slip, the resulting asymmetry
causes the formation of fingers (III) with a final droplet detachment event (IV).
The experimental AFM images (c, d) as well as the 3D numerical simulations
(e, f) emphasize the distinct difference in the morphological evolution of the rim
instability for varying boundary conditions. Images adopted from [85].

pressed. Possible ways to do so are e. g. applying a radially decaying azimuthal magnetic field
caused by a current in a wire, which is in turn coated with a magnetic fluid [99]. Mora et al.
exhibited that the capillary instability of a thin elastic filament is counterbalanced by elastic
forces [76]. When r < γ/(6G), with the filament radius r and γ/G the ratio of surface tension
to elastic modulus, the RPI is completely depressed. This is also valid for an elastic fluid coat-
ing a fibre. In case of placing the elastic fluid inside a cylindrical tube, Henann et al. found
a threshold of ri = γ/(2G), where ri is the inner tube radius [77]. Another way to suppress
the growth of surface perturbations when applying a coating might be achieved if the phase
transition from the liquid to the solid state is accompanied by a cooling of the coating [100].
The regular formation of liquid beads is nevertheless very useful for various applications as we
will learn in Sec. 2.6.
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2.6 Droplets on a fibre

Droplets located on a fibre are an everyday life phenomenon: the most familiar example are
dew drops on a spider’s web [101]. While the small droplets stick to the web filament, big
droplets may flow down due to gravitation. As explained in the previous section and in the
publication in ADDENDUM II, even initially homogeneous films supported by a fibre
can become unstable and breakup into a regular droplet pattern due to the Rayleigh-Plateau
instability (see Sec. 2.5.2). Many technological applications require the application of stable
and homogeneous films to fibres. Quéré et al. studied e. g. the coating of fibres, when pulling
them out of a liquid bath [102, 103], and the flow of annular films on vertical fibres driven
by gravity [104]. Nevertheless, there is a large number of applications on microscopic length
scales, which take advantage of the regular droplet pattern formed by the RPI. These are water
collection techniques [105, 106, 107], patterning [108] and printing [109] methods or chemical
reactions [110, 111] to name just a few.

Using microfluidic devices is a common and well-established way to generate and transport
equally sized drops on the micro scale [112]. As described above, the breakup mechanisms
of liquid films on cylindrical fibres have also been studied intensively in the past and much
has been learned about gravity-driven droplet motion along a filament [93, 104, 113, 114, 115,
116, 117]. Quéré investigated the flow of annular films on vertical fibres, where the downward
flow is induced by gravity [104]. Studying films that are thin compared to the fibre radius r
showed that films with a thickness of e < ec flowing down a vertical fibre do not exhibit surface
undulations. The growth of the RPI is suppressed by the vertical liquid flow, where the film
is stabilized by van der Waals intermolecular forces [104]. Rotating a vertical fibre with a
stable film of thickness e ≈ ec by 90 ◦, resulting in a horizontally oriented fibre, shows that,
after a short time, the instability sets in, as the stabilizing vertical flow is missing. Placing
the fibre vertically again, consequently, causes the undulations to disappear [104]. The critical
film thickness ec was found to scale as r3 [104]. For thick films compared to the fibre radius
r, the flowing film does, however, develop a regular droplet pattern due to the RPI. As a
consequence of gravity being present, the droplets likewise flow down the fibre [104]. Studies
by Quéré and Gilet et al. revealed that the droplet velocity is determined by the balance of
viscous friction and gravity [104, 115]. The bigger the droplet, the faster its dynamics. Hence,
big droplets eventually coalesce with others. In addition, it has been shown that big, rapidly
flowing droplets leave behind a residual film, which likewise breaks up into droplets (for e > ec)
[104, 115]. The related loss of material, however, causes the gravity-driven flow of the droplet
to slow down [115].

Up to date, the mechanisms inducing the movement of drops along filaments, where gravitation
is absent, is less investigated: here, droplet motion is achieved by e. g. a temperature gradient
[118] or a pressure difference [119, 120]. A study by Style et al. using planar substrates showed
that even a gradient in stiffness of the underlying material can lead to droplet propulsion [121].
The behavior of droplets at fibre intersections or rather in networks, however, gains more and
more attention, as it plays an important role when e. g. performing chemical reactions on small
scales [110, 111, 114] or designing highly efficient water collection webs [107].

The shape of droplets on a fibre, in general, has been investigated by many studies [122, 123,
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2.6 Droplets on a fibre

barrel clamshell

100 µm

Figure 2.14: Droplets (polystyrene with Mw = 186 kg/mol at T = 200 ◦C) on fibres exist in
two competing morphologies: barrel or clamshell shape.

124, 125]. Caroll showed that, for droplets which are smaller than the capillary length lc (see
Sec. 2.2), the Laplace pressure of a droplet in equilibrium located on a fibre, is constant and
is given by [122]:

pL =
2γ

R+ r
, (2.80)

with the maximal droplet radius R and fibre radius r. Furthermore, the mechanisms to form
different droplet conformations, barrel or clamshell shape (see Fig. 2.14), have been studied in
detail [125, 126, 127].

Several studies investigated the velocity of droplets climbing up conical fibres [119, 120]. Here,
the droplets were forced to move by the gradient in the fibre radius r, corresponding to a
gradient in Laplace pressure, see Eq. 2.80. All fibres exhibited a no-slip boundary condition at
the solid/liquid interface. In order to avoid material loss during droplet motion, the fibres were
pre-wetted with the respective liquids. After releasing the droplets at the hollow tip of the fibre
(see inset of Fig. 2.15b), the velocity of the moving droplet was measured for different liquids
exhibiting different viscosities. In general, the velocity was found to be nonuniform: Li et al.
showed that for very low viscosities (consequently high Reynolds numbers), large droplets
accelerate at first, reach a maximum velocity vmax at a certain cone radius r and subsequently
decelerate (illustrated in Fig. 2.15a using the example of water) [120]. The decrease in velocity,
when moving towards the region with lower curvature, can be understood by the decrease of the
driving force, which is proportional to 1/r2. In addition, the velocity is decreasing due to the
fact that as the fibre becomes thicker, the viscous friction force, which mostly acts within the
liquid wedge (see Sec. 2.4), increases [119]. A study by Lorenceau et al. corroborates this by
showing that, when using liquids with high viscosities, the droplet speed decreases right from
the beginning of the movement [119]. The initial acceleration regime (see Fig. 2.15a), when
using low viscosity liquids, can be understood by considering inertia: whereas, Lorenceau et al.
used liquids with a high viscosity, Li et al. mostly studied low viscosity liquids, which leads
to an enhanced influence of inertia effects. Furthermore, Li et al. found that with increasing
the volume of the droplet, the velocity maximum is shifted to a larger cone radius (Fig. 2.15a)
[120]. The influence of both parameters, viscosity η and droplet volume, on the speed of a
climbing droplet is summarized in the characteristic capillary-inertial time scale, which here
can be estimated as: τ ∼

√
ρR0(r +R0)2/(2γα), with maximal droplet radius R0, cone radius

r, surface tension γ and semi cone angle α. Hence, large droplets provide large values for
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FIG. 3. Speed of (a) water, (b) methanol, (c) 10 cSt silicone oil, (d) 100 cSt silicone oil, (e) 1000 cSt silicone oil, and
(f) perfluorohexane droplets along a conical fiber for various droplet volumes. Cone tips pointed downwards. Cone-tip size
r0 = 8 µm.

(h − r)/L and critical velocity Vc defined in Eq. (4) then can be calculated with time. It is found
that for all the three thin droplets shown in Fig. 4(a), the calculated Vc is always lower than the
real droplet velocity V, implying that the viscous dissipation should be always considered as global.
This is reasonable as a thin droplet is always stretched to resemble a global macroscopic wedge, as
shown in Fig. 1(c).

Following Lorenceau and Quéré8 we first investigate the relationship between droplet velocity
and the quantity α[(h − r)/L]/r3. As shown in Fig. 5(a), for thin droplets with a fixed volume, droplet
velocity is proportional to the quantity α[(h − r)/L]/r3, with the proportionality constant changing
with droplet size. This agrees well with the results of Lorenceau and Quéré8 and implies that the
deceleration along the climbing is due to a decrease in driving force as well as an increase in the
friction force. Figure 5(b) presents the droplet velocity V thin

global evaluated by Eq. (5) for 3 different
droplet volumes. It is clearly shown that after normalizing by droplet volume " and capillary viscous

FIG. 4. (a) Speed of small water droplets of three different volumes during climbing. Data points collected when the local
fiber radius r > R0. Cone tip pointed downwards. Cone-tip r0 = 33 µm. (b) The effects of the cone orientation on the speeds
of water droplets moving along a conical fiber. Cone tip pointed upwards (!), horizontally (⃝), and downwards (△) for r0
= 9 µm.
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FIG. 7. (a) Maximum droplet speed as a function of the capillary-viscous velocity of the various liquids listed in Table I.
The trendline has a slope of 1. (b) Measured droplet speed vs V sphere

local of Eq. (6), for droplets of different liquids moving
along identical conical fibers, with r0 = 8 µm. The trendline has a slope of 1. All cone tips pointed downwards.

linear increase as a function of the capillary-viscous velocity σ /µ on a log/log scale with a slope of
1, a typical feature in a viscous dominated flow. This is further suggested by the highest Reynolds
numbers Re = ρV 2R0/µ in the experiment, which are around 60 for water, 35 for methanol, and
even smaller for the silicone oils. Thereby, after a short acceleration phase for the smallest viscosities,
the droplets should reach a balance between the capillary driving force and viscous friction. The
results are expected but still encouraging to see it work over 3.5 orders of magnitude.

Figure 7(b) presents droplet velocity V sphere
local defined by Eq. (6) for different liquids. Experi-

mental results show excellent agreement with Eq. (6) as all the curves fall onto the same straight
line which has a slope of 1.

D. Effects of gravity

Gravitational effects have been ignored in all the previous equations, which is expected to be
valid for the smaller droplets or for horizontal fibers. To evaluate this effect directly, experiments
have been carried out with water droplets traveling along the same fiber, but with the cone tip pointed
downwards, horizontally, or upwards. The results are presented in Fig. 4(b) with each colour marking
droplets of similar sizes, but traveling in the three different directions.

For the smallest droplets, the gravitational effects are minimal. However, for relatively big
droplets (R0 > 90 µm), the ones moving along the gravitational direction (when the cone tip points
upwards) have the highest velocities (denoted here by V1); the ones moving against gravity (when
the cone tip points downwards) have the lowest velocities (denoted by V3); and the ones moving
horizontally have intermediate velocities (denoted by V2). The largest differences between V1 and V3

are about 45%, 24%, and 18% for R0 ∼ 195 µm, 125 µm, and 95 µm, respectively. This difference
becomes insignificant for the smallest droplets, and the curves for V1, V2, and V3 almost overlap
each other. Keep in mind that this D0 = 2R0 = 180 µm is 15 times smaller than the capillary length
for water and would thereby have little effect on the sphericity of a drop. However, the driving force
arises from the gradient of the capillary pressure and is a weaker force. The Bond numbers are
always low in our study in the range from 2E-04 to 0.026.

For the largest droplets we can use this gravity-affected velocity difference to obtain two
independent equations to find the strength of the capillary driving force and the resistive viscous
stress. Newton’s second law gives

ma =
!

F = Fσ − Fµ ± ρg#, (7)

where Fσ is the capillary pressure driving force, Fµ is the viscous friction, and the last term
representing gravity for upwards (+) and downwards (−) facing cone. For quasi-spherical droplet
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FIG. 1. (a) Shape of a wetting droplet on a conical fiber with r the local fiber radius and α the semi-angle of the fiber.
(b) A droplet (equivalent spherical radius R0) on a fiber with R0 = 175 µm and r = 11 µm. (c) A thin droplet on a
fiber with R0 = 42 µm and r = 66 µm. (d) Images of a pulled glass capillary tube. Image includes two straight lines to
guide the eyes. (e) A scanning electron microscope (SEM) image showing profile and surface smoothness of the pulled
cones used in the study. (f) Radius r (left ordinate) and semi-angle α (right ordinate) of the conical tube vs length. (g)
Climbing of a 10 cSt silicone oil droplet on a downwards pointing cone. Times relative to first frame are 0, 136, 272, and
408 ms. R0 = 220 µm and r0 = 8 µm. (h) A schematic showing a cone inside the sealed glass tank. Close-up schematic
drawing shows the liquid flow directions inside and outside the cone (red arrows). The wetting layer is much thinner than
sketched.
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Figure 2.15: (a) Velocity v of water droplets climbing up a conical fibre with radius r for
different droplet radii R0. (b) Maximum droplet velocity vmax as a function of
capillary velocity γ/η using different liquids. Modified from [120].

τ and, thus, the initial motion needs to be considered within the acceleration phase until a
balance between capillary driving force and viscous friction is reached [120]. For t > τ , the
droplet motion process is dominated by viscous forces. In general, both studies revealed that
an increase in viscosity and consequently an increase in viscous dissipation causes the droplet
speed to decrease (see Fig. 2.15b and Eq. 2.53) [119, 120].

Even though these studies provide insight into droplet motion processes on filaments, all mea-
surements are accompanied by a variation of the experimental parameters during the course
of the experiments. Inducing droplet motion by e. g. a temperature gradient, is accompanied
by significant variations in viscosity (see Eq. 2.1) [15]. Studies on droplet motion on conical
fibres, in contrast, have the advantage of using liquids with a constant viscosity, but do exhibit
an inhomogeneous fibre geometry (see inset of Fig. 2.15b) [119, 120]. Inducing droplet motion
by stiffness gradients of the underlying material again implies a drastic change of the surface
properties [121]. For this reason, a very interesting and open-ended question is the propulsion
of liquid droplets with a constant viscosity on fibres, where both, the radius as well as the
surface properties, are kept constant during the entire motion process. In the presented work,
we studied droplet propulsion of viscous polystyrene droplets on hydrophobized fibres, with
a constant viscosity η, radius r and surface properties. Experimental details and results are
explained in the publication in ADDENDUM III. In addition, we present first results on
the influence of slippage on the droplet dynamics (see Sec. 5.2).
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3 Experimental techniques

Experiments to study the evolution of the Rayleigh-Plateau instability and the flow dynamics
of thin films were performed on substrates with varying boundary conditions and of different
geometries. This chapter comprises the employed sample preparation and sample characteri-
zation techniques as well as the experimental methods, followed by a detailed explanation of
the data analysis.

3.1 Sample preparation

3.1.1 Planar AF1600 substrates

In order to study the RPI of a receding straight front in a thin PS film, hydrophobized silicon
(Si) wafers were used as substrates. Prior to the application of a hydrophobic layer, the
Si wafers (Si-Mat, Landsberg) with a native SiO2 layer were cleaned: adhering particles were
mechanically removed by using a focussed jet of CO2 crystals (Snow Jet, Tectra, Frankfurt). To
get rid of organic residues, the samples were subject to the well-established ’piranha’-cleaning
procedure: here, the Si wafers are exposed to a 1:1 mixture of unstabilized hydrogen-peroxide
H2O2 (Merck, Darmstadt) and concentrated sulfuric acid H2SO4 (BASF, Ludwigshafen) for 30
minutes. To remove residues of the ’piranha’-solution, the samples were rinsed in hot MilliQTM

water (Millipore, USA) for 15 minutes. These steps were repeated two times for 15 minutes
each. By using a jet of ultra clean nitrogen (Praxair) the samples were dried. As e. g. any dust
particle may act as a nucleus for the dewetting process, prior to any further use, the cleanliness
of all samples was checked by dark field microscopy using a magnification of 500x.

In order to hydrophobize the Si wafers, the samples were coated with a thin amorphous flu-
oropolymer layer via dip-coating. Using a 0.5 w/v% solution of AF1600 (Poly[4,5-difluoro-
2,2-bis(trifluoromethyl)-1,3-dioxole-co-tetrafluoroethylene]) (Aldrich) dissolved in a perfluoro-
compound solvent (FC75TM, Arcos Organics) and a dip-coating speed of 1 mm s−1 leads to a
14±1 nm thick Teflon R© layer, which exhibits a RMS roughness of 0.5±0.03 nm. The thickness
of the AF1600 layer was measured by using ellipsometry and the roughness was obtained from
atomic force microscope (AFM) measurements (see Secs. 3.2.3 and 3.2.4). Following the pro-
duct handling informations by DuPontTM, the AF1600 samples were annealed at 112 ◦C for 10
minutes in ambient conditions, in order to remove the excess solvent. To improve the adhesion
of the coating, the substrates were heated for additional 10 minutes at a temperature of 165 ◦C,
which is well above the glass transition temperature of the fluoropolymer (Tg = 160 ◦C).
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3.1.2 Fibres

To generate fibres with diameters on the micro-scale, heated glass capillary tubes (World
Precision Inst.) were pulled to a final radius varying between 10 < r < 25µm (see Fig. 3.1b).
The capillary tubes are made of borosilicate glass with an outer diameter of 1 mm, an inner
diameter of 0.58 mm and a length of 152 mm. We used a pipette puller (Narishige, PN30),
consisting of two clamps (one is static and one can be moved), where the capillary tube is
mounted on. In order to heat the glass, the capillary is put through a semicylindrical platinum
plate. By heating it up to ∼ 900◦C, the glass locally melts and by quickly pulling the movable
clamp, the capillary is stretched and thins out. At the end of the pulling procedure, the
capillary breaks into two parts: one very long fibre (length ∼ 5− 7 cm), which we use for the
experiments and a short one (length ∼ 1−2 cm). We made sure to prepare homogeneous fibres.
Although the pulled fibres exhibit a very small diameter gradient at both ends (at the very
tip and where the pulled fibre merges into the initial glass capillary), the fibre does not show
any measurable thickness variation in between the two ends. In each case, the fibre radius
r is determined from optical micrographs by using two independent techniques: by an image
analysis software (Image Pro Plus, Media Cybernetics) and by a custom-made edge detection
software written in MATLAB (see Sec. 3.3.1). Hereby, the radius can be determined with an
accuracy of ±1µm. Given this precision and the fact that, in the experiments, we record fibres
with a length of ∼ 2200µm, the cone half angle is always safely smaller than 0.05 ◦. In all
experiments presented in this work, we ensured to use parts of the fibres with a homogeneous
radius. Thus, the influence of a fibre radius gradient on the presented results can safely be
excluded. In addition, Li et al. showed that the surface roughness of glass fibres remains very
low after heating and pulling, with an upper bound of 50 nm obtained from a scanning electron
microscope (SEM) image [120].

In order to vary the boundary condition at the solid/liquid interface, the glass fibres were
hydrophobized by dip coating in a 0.5 wt% solution of AF2400 (Poly[4,5-difluoro-2,2-bis(tri-
fluoromethyl)-1,3-dioxole-co-tetrafluoroethylene]) (Aldrich) in a perfluorocompound solvent
(FC72TM, Fisher Scientific). A dip coating velocity of 1 mm s−1 leads to a nanometric thin
amorphous fluoropolymer (AF2400) layer, which has a glass transition temperature of Tg =
240 ◦C. The thickness of the AF2400 layer can be estimated from ellipsometry measurements
of planar substrates which were prepared by using AF1600 in FC75TM as well as in FC72TM

solutions with a concentration of 0.5 wt% and a dip-coating speed of 1 mm s−1 (see Sec. 3.1.1)
[129]. To remove the excess solvent, the AF2400 fibres have been annealed in ambient condi-
tions at T = 80 ◦C for 90 minutes. Note that, in order to study the RPI on fibres, AF2400
instead of AF1600 was used as annealing temperatures well above Tg = 160 ◦C of AF1600 were
needed.

In addition, the boundary condition at the fibre/liquid interface was varied by silanizing
the glass fibres with dodecyl-trichlorsilane (DTS, Sigma Aldrich) forming a hydrophobic self-
assembled monolayer (SAM) [34]. The samples were prepared following the detailed prepara-
tion instructions given in [130]. For details concerning the surface properties and the prepara-
tion process the reader is referred to [130].
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Figure 3.1: (a) Optical micrograph and (b) schematic illustration of the initial stage of the
PS-coated fibre. The width of the optical image is 560µm. Modified from [128].

3.1.3 Films on planar substrates

To prepare thin polymer films on planar substrates, Polystyrene (PSS, Mainz) with a molecular
weight of Mw = 5.6 kg/mol and 101 kg/mol (with a polydispersity index of Mw/Mn ≈ 1) was
dissolved in toluene (Merck, Darmstadt).

Homogeneous PS films generated via spin-coating can be achieved e. g. by using hydrophilic
substrates as Si wafers. The AF1600 surfaces are, however, hydrophobic. Therefore, the PS
films can not directly be applied to these substrates. As a substrate, freshly-cleaved mica sheets
(Plano, Wetzlar) with a size of 25 x 25 mm2 were used, which are hydrophilic and exhibit a
roughness on the atomic scale. Hence, the PS films were applied to the mica sheets by spin-
coating (WS-200-4NPP, Laurell, USA). Here, a droplet of the PS solution is positioned on a
sample, which is located on a rotation plate. Immediately after the droplet deposition, the
sample starts to rotate with a speed of ω. As a result of the rotation, the solution is spread over
the entire sample, the solvent evaporates and a thin homogeneous PS film forms. The thickness
h0 of the remaining film is controlled by the concentration c of the solution, the rotation speed
ω, the acceleration of the rotation as well as the molecular weight Mw of the polymer. A given
Mw and using the maximal acceleration leads to h0 ∝

√
c3/ω. The parameters used in this

work are summarized in Tab. 3.1.

Mw / kg/mol c / w/v% ω / rpm h0 / nm

5.6 33.8 3500 125± 5
101 25.5 3300 106± 4

Table 3.1: The thickness h0 of a polymer film with a certain molecular weight, which results
from spin-coating the polymer solution with concentration c while using a spin-
coating speed of ω (at maximum acceleration), scales with

√
c3/ω.

In order to transfer a PS film from a mica sheet to a hydrophobized wafer, the so-called floating
technique was used: by slowly dipping the mica sheet into a bath of MilliQ water (where the
angle between the mica sheet and the water surface is ∼ 45 ◦), the PS film peels off and
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starts to float on top of the water surface. The film can easily be picked up with a hydrophobic
substrate. Therefore, the wafer is dipped into the water while touching the PS film from above.
By pulling the sample out of the water, where the surface of the wafer is parallel to the water
surface, the PS film sticks to the AF1600 and forms a flat layer. When using a short-chained
PS melt, the film on the water surface often is disrupted into several pieces. Using a highly
entangled PS melt results, however, in a homogeneous layer without any gap. Hence, studying
the RPI of a receding front in a film made of a long-chained PS melt requires, first of all, the
preparation of a straight front. Following the procedure described in [131], a straight front was
generated by scratching a heated PS film with a heated AFM tip (with a radius of 2 nm). The
temperature of both, sample and tip, was T = 97 ◦C. As the phase transition from the glassy
to the liquid state of a polymer film occurs over a certain temperature range, the PS film is
nearly liquid, although T = 97 ◦C < Tg. This strongly facilitates the scratching process, but
keeps the flow dynamics slow enough to prevent the film from a sudden dewetting after the
preparation of the contact line.

3.1.4 Films on fibres

motorized linear translation stage
constant velocity

C

A
B

A
D

B

Figure 3.2: Schematic of the horizontal PS film preparation setup, where a droplet of the PS
solution (D) is placed on a fibre (C), which is positioned close to a glass plate
(A). Separated by two Si spacers (B), the system is covered with a second glass
slide. The PS solution is dragged along the fibre with a constant speed by using
a motorized linear translation stage. As a result, a homogeneous axisymmetric
PS film with a thickness of e0 is formed. Adopted from [132].

In order to apply homogeneous PS films on fibres (see Fig. 3.1), we prepared concentrated
solutions (c ∼ 35 wt%) of atactic PS (Polymer Source Inc.). The molecular weights varied
between 4 and 390 kg/mol (Mw/Mn = 1.05). The evolution of variations in the height of the PS
film caused by evaporation [133] is avoided by dissolving PS in chloroform (Fisher scientific),
instead of the commonly used toluene, as the vapor pressure of chloroform (pv = 213 mbar
at T = 20 ◦C) is much higher than the one of toluene (pv = 29 mbar at T = 20 ◦C) [134].
Note that the chloroform does not dissolve the hydrophobic AF2400 layer. Considering the
evaporation effects on the formation of the PS film, we changed from the typical vertical dip
coating arrangement to a horizontal setup, shown in Fig. 3.2. Here, a fibre is positioned close
to a glass plate and a PS droplet is placed on the fibre. Separated by two Si spacers, the
system is covered with a second glass slide. By using this ’sandwich’ technique (glass slide
- fibre in PS droplet - glass slide while using spacers), it can be guaranteed that the fibre is
located in the center of the PS droplet without being in direct contact with one of the two glass
slides. The PS droplet forms a perfect meniscus at the ends. Via a motorized linear travel
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3.1 Sample preparation

100 µm

Figure 3.3: As a result of preparing a film on a fibre, where the PS solution has been used
right after the shaking step, entrapped air bubbles in the film may occur randomly
upon annealing the sample (Mw = 78 kg/mol at T = 180 ◦C).

stage (Newport), the entire setup, yet without the fibre is moved with a constant velocity.
Hence, the fibre is solely pulled out of the PS solution, which causes the formation of an
axisymmetric homogeneous PS film surrounding the fibre (see Fig. 3.1). By changing either
the concentration c of the PS solution or the pulling speed of the stage, the thickness e0 of
the PS film can be varied. Here, we obtained thicknesses ranging from e0 = 5 to 93µm (see
Fig. 3.1), when varying the speed between 80− 150 mm s−1. All samples have been prepared
at room temperature, well below Tg for all molecular weights.

To reproducibly prepare homogeneous polymer films on fibres, a few experimental tricks should
be considered:

• Usually, the last step of preparing a polymer solution is to fully dissolve the polymer
powder by shaking the solution for several hours. If a freshly prepared solution is used
to apply a film on a fibre, the film may form a homogeneous layer surrounding the
fibre. The subsequent annealing of the sample above Tg, however, might cause large air
bubbles and bumps to occur randomly all over the sample (see Fig. 3.3). In the course
of further annealing these samples, the air bubbles may extend until they burst. As
the concentration of the used PS solutions is quite high (c ∼ 35 wt%), the solutions are
very viscous. As a consequence, it takes some time for the entrapped air, caused by the
shaking procedure, to vanish. The answer to this problem is to leave the fully dissolved
solution at rest for at least 3 hours.

• Even air bubbles caused by the pipetting procedure of the PS solution may cause this
effect. Therefore one has to be careful to avoid the formation of air bubbles, already,
when bringing the PS solution into the pipette.

• An inhomogeneous film on the fibre can also be caused by a fibre which is not positioned
right in the center of the PS solution or even a fibre which is in direct contact with
one of the glass slides. Hence, moving the PS solution along the fibre might cause a
homogeneous film, which is not axisymmetric. Therefore, it is very important to make
sure that the fibre is placed in an appropriate position before moving the stage.

• When applying the PS solution to the fibre and covering the system with the second glass
slide, one has to be very careful to be fast enough, as the chloroform evaporates very
quickly. If the time interval between applying the PS droplet to the fibre and moving the
stage is too long, a significant gradient in the solvent concentration occurs, which causes
an inhomogeneous film thickness.
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• Furthermore, it has to be ensured that the amount of polymer solution applied to the
fibre is large enough in order to make a good contact with the second glass slide. If the
amount of liquid is too low, there is no meniscus at the end and the formation of an
axisymmetric homogeneous film is also rather unlikely.

3.1.5 Moving droplets on fibres

Figure 3.4: The final stage of the RPI of a viscous liquid film (PS with Mw = 78 kg/mol
at T = 180 ◦C) on a fibre consists of a regular droplet pattern, where the large
droplets exhibit a wavelength of λ∗ = 2

√
2πh0 (see Eq. 2.79). The film in between

the large droplets is again undergoing a RPI, which leads to the formation of
satellite droplets. The width of the optical image equals 1500µm.

In order to study the motion of polymer droplets on fibres (cf. the publication in ADDEN-
DUM III), moving droplets were generated by taking advantage of the Rayleigh-Plateau
instability. In the final stage of the liquid column breakup, the fibres are decorated with a
regular droplet pattern, shown in Fig. 3.4. Since the mass of the individual droplet is too
small for gravitational forces to be significant, interfacial forces dominate the form and all
droplets are in an axisymmetric barrel-shaped conformation (see Fig. 2.14). Furthermore, we
discovered that in case of using hydrophobized fibres a three-phase contact line at one side
of a droplet can be formed spontaneously in the course of further annealing of the sample
above Tg. The thinning film in between the droplets is metastable and, hence, any chemical or
topographical heterogeneity can lead to a random rupture of the thinning film (see Sec. 2.3).
Thus, a three-phase contact line at one side of a droplet is formed. The distance λ∗ between
the biggest droplets is determined by the initial radius h0 via λ∗ = 2

√
2πh0 (see Sec. 2.5 and

the publication in ADDENDUM II). Consequently, the width w and the maximal height
hmax of the big droplets are both related to the initial film thickness e0 and the fibre radius
r. The same argument holds for the satellite droplets (see Fig. 3.4). Here, the used system
geometries, e0 and r, led to an initial droplet width varying between w(t0) = 100 − 320µm
and a maximal height in the range of hmax(t0) = 40 − 200µm (see Fig. 3.5b). The formation
of a three-phase contact line at one side of a droplet is accompanied by the adjustment of the
contact angle to the receding contact angle θrec (see Fig. 3.5). The other side, however, where
the droplet merges into the residual PS film with a typical thickness of eres = 0.5 − 1µm,
exhibits the apparent contact angle α. As a consequence of the difference in the contact angles
at the two sides of the droplet, a capillary imbalance is induced, which in turn causes the
droplet to dewet on the fibre (see Sec. 2.4). Hence, by further annealing the sample above Tg,
the droplet keeps moving along the fibre while accumulating the residual PS film and thereby
growing in size (see Fig. 3.5a).
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Figure 3.5: (a) Optical micrographs (image width: 1120µm) representing the dewetting pro-
cess of a PS droplet (Mw = 8.1 kg/mol at T = 150 ◦C) on a hydrophobized fibre.
(b) Schematic of a receding droplet on a fibre, illustrating the relevant parameters.
Adopted from [132].

3.2 Measurement techniques

3.2.1 Experimental setup to study thin films on fibres

The as-prepared samples (PS film on a fibre, shown in Fig. 3.1a) were placed across two teflon
spacers (∼ 0.5 mm thick). To guarantee a good image contrast, these spacers were located on
top of a reflective Si wafer. The entire setup was placed on a hot stage (Linkam). To ensure
temperature control within 1 ◦C, the freely suspended fibre is surrounded by a metal ring (in
direct contact with the hot stage) which is covered by a glass slide (see Fig 3.6). In addition,
the heating plate is surrounded by a metallic housing which can be sealed by the means of
a metallic lid. The fibres were annealed in ambient conditions at temperatures ranging from
T = 140−220 ◦C, which is well above Tg. Optical micrographs were in situ recorded in certain
time intervals. All images were taken with a very high image contrast between the background
and the actual sample (see Fig. 3.1a and Fig. 3.5a).

3.2.2 Optical microscopy

The RPI of a film on a fibre has been recorded with an optical microscope (Olympus BX51)
using a long distance objective with 5x magnification. The camera had a resolution of 1392
x 1040 pixels (QImaging, QIClick). The pixel resolution yields 1 pixel/1.28µm. Experiments
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Figure 3.6: Schematic representation of (a) the side view and (b) the top view of the experi-
mental setup. On top of a hot stage (A), a Si wafer (B) with two teflon spacers
(C) is placed. To generate free standing fibres (D), they are positioned across the
spacers. Temperature control is ensured by surrounding the fibres with a metal
ring (E) covered by a glass slide (F). Adopted from [128].

concerning the motion of droplets on fibres have been recorded with an Leica DM 2700 M
optical microscope using a 5x and 10x magnification long distance objective. The resolution
of the camera (Leica MC 170 HD) was 1024 x 768 pixels, which results in a pixel resolution of
1 pixel/2.1µm for the 5x objective and 1 pixel/1.05µm in case of the 10x objective. The RPI of
straight fronts in dewetting thin films on planar substrates was measured using a reflected-light
microscope (Leitz Laborlux, Leitz Wetzlar) with 50x and 100x magnification objectives. An
additional magnification by a factor of 10 is achieved by placing an objective into the light
path. In order to record images, a CCD camera (Coolsnap Pro) with a resolution of 1392 x
1040 pixels was used. Thereby, the pixel resolution equals 1 pixel/0.14µm using the 50x and
1 pixel/0.07µm using the 100x objective. The cleanliness of the planar sample surfaces was
checked using dark field microscopy and a magnification of 500x.

3.2.3 Atomic force microscopy

Using an atomic force microscope (AFM) provides the opportunity to measure the topography
and the surface properties, as e. g. the elasticity, of a sample. The information is gained from
moving a probe along a surface and measuring the interactions between the probe and the
sample. The probe of an AFM consists of a tip (made of silicon), which is mounted on a
cantilever. Typically, the radius of the tip is in the order of several nanometers. While the
tip is moved along the surface forces between the tip and the sample cause the cantilever to
deflect. A laser beam is pointing on the back side of the cantilever and the reflected light is
detected by a segmented photodiode.

In general, an AFM provides different modes of operation. In the presented work, only tapping
modeTM was used (Multimode R©, Dimension Icon R© and DimensionFastScan Bio R©, Bruker).
Here, the cantilever is forced to oscillate close to its resonance frequency. In consequence,
approaching the surface leads to a damping of the oscillation, caused by e. g. van der Waals
interactions between the tip and the surface. Hence, the frequency is decreased. The frequency
difference contains, however, information about differences in the height of the surface. The
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raw images were analyzed by using the AFM image analysis software (Nanoscope Analysis,
Bruker). With the help of several image processing steps, the raw data was flattened with
respect to different scan lines and by a first-order plane fit, a potential tilt of the whole image
was eliminated. As a result, the desired quantities can directly be measured from the processed
images, as e. g. the rim profile of a straight front in a film or the height of the initial film close
to a float gap. In order to determine the roughness of a substrate, several images at different
spots all over the sample with a size of 1µm x 1µm each were recorded. The roughness of the
surface was determined from the root mean square of the height data. For further details on
the basic principles and the different work modes the reader is referred to [135, 136].

3.2.4 Ellipsometry

The layer thicknesses as well as the optical properties, as e. g. the index of refraction, of
a sample can be obtained from analyzing the reflection and interference of polarized light
using an ellipsometer. To determine the thickness of the hydrophobic AF1600 layer on a Si
wafer, an EP3 (Accurion, Göttingen) ellipsometer was used. The wavelength of the laser beam
was 532 nm and the angle of incidence AOI could be varied between 54◦ and 80◦. With a
varying AOI, laser light was emitted through a polarizer (causing linearly polarized light) and
a compensator (elliptically polarized light) to the sample. Given a parallel arrangement of the
different layers of a sample, the reflected light is again linearly polarized. The intensity of the
reflected light is measured as a function of the position of an analyzer. The relative positions
of the polarizer and the analyzer, measured for the intensity being minimal, provide a measure
for the ellipsometric angles Ψ and ∆, where tan(Ψ) represents the ratio of the amplitudes
and ∆ is the phase shift. By theoretically modeling Ψ and ∆ as a function of AOI [137],
which incorporates the dielectric properties and the thicknesses of the underlaying material,
the refractive index and the thickness of the AF1600 layer can be measured.
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3.3 Data analysis

3.3.1 Rayleigh-Plateau instability of a PS film on a fibre

Influence of Slip on the Plateau-Rayleigh Instability on a Fibre

Sabrina Haefner,1, 2 Michael Benzaquen,3 Oliver Bäumchen,2, 4 Thomas Salez,3 Robert
Peters,2 Joshua D. McGraw,1 Karin Jacobs,1 Elie Raphaël,3 and Kari Dalnoki-Veress2, 3, ⇤

1Department of Experimental Physics, Saarland University, D-66041 Saarbrücken, Germany
2Department of Physics & Astronomy, McMaster University, Hamilton, Canada

3PCT Lab, UMR CNRS 7083 Gulliver, ESPCI ParisTech, PSL Research University, Paris, France
4Max Planck Institute for Dynamics and Self-Organization (MPIDS), 37077 Göttingen, Germany

The Plateau-Rayleigh instability (PRI) of a liquid column underlies a variety of
hydrodynamic phenomena that can be observed in everyday life. In the classical case
of a free liquid column, linear perturbation theory predicts characteristic rise-times and
wavelengths of surface undulations. In contrast to a free liquid column, the description
of a liquid layer on a solid fibre requires consideration of the solid-liquid interface in
addition to the free interface. Here, we revisit the PRI of a liquid layer on a solid
fibre by varying the hydrodynamic boundary condition at the fibre-liquid interface
from no-slip to slip. We find that the growth rate of the undulations strongly depends
on the system geometry as well as on the hydrodynamic boundary condition, which
is in excellent agreement with theory. While the wavelength is not sensitive to the
boundary condition, the rise-time is strongly a↵ected and provides an opportunity to
quantify the slip-length.

Glistening pearls of water on a spider’s web [1], or the
breakup of a cylindrical jet of water into droplets, are fa-
miliar manifestations of the Plateau-Rayleigh instability
(PRI) [2, 3]. By evolving into droplets, the surface area
of the liquid, and consequently the surface energy, are re-
duced. This instability also acts for a liquid film coating
a solid fibre [4–12], though the flow boundary condition
at the solid-liquid interface provides additional complex-
ity to the system. While the breakup of a homogenous
film into droplets on a fibre may be a nuisance in coating
technologies of e.g. wires and optical fibres, this funda-
mental instability turns out to be very useful: take for
example water collection through fog harvesting [13, 14],
a biomimetic approach that is perfected in nature by the
spider’s web [1]. Here, we take advantage of the PRI on a
fibre to gain physical insight into the solid-liquid bound-
ary condition. Indeed, understanding the break-down of
the no-slip boundary condition [15] is of major interest to
the scientific and industrial communities as it has prac-
tical implications in areas that involve small-scale fluid
systems, such as lab-on-a-chip devices, flows in porous
media as well as biological flows to name a few.

The classical case of the breakup of a laminar free
flowing liquid stream is dependent on material proper-
ties and geometry [16]. While there are some studies of
this instability in geometries other than free cylindrical
liquid flows [17–23], the role of the boundary condition
at the solid-liquid interface on the evolution of the PRI
is less well understood [24, 25]. It has been shown that
the appearance of a dewetting liquid rim undergoing a
Plateau-Rayleigh-type instability is influenced by the hy-
drodynamic boundary condition at the solid-liquid inter-
face [26]; however, a general quantitative match between
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FIG. 1. Plateau-Rayleigh instability on a fibre.
(a) Schematic and (b) optical micrographs illustrating the
PRI for a liquid polystyrene film on a glass fibre. At t = 0,
the polystyrene film on the no-slip fibre has a thickness
e0 = 13.2 ± 1 µm and the glass fibre radius is a = 9.6 ± 1 µm.
The width of the optical images is 560 µm.

the growth dynamics of the PRI in experiments and an-
alytical theory involving hydrodynamic slip has thus far
not been achieved.

Characterization of slip boundary conditions at in-
terfaces and their controlling parameters has been ac-
tively investigated in the literature [27–31]. The classical
boundary condition assumes no slip at the solid-liquid in-
terface. That is, for simple shear flow in the x direction
along a solid interface placed at z = 0, the tangential
flow velocity, vx(z), vanishes at the solid-liquid interface:
vx(0) = 0. However, as already noted by Navier [32],
there is no fundamental principle requiring vx(0) = 0,
and one can also have hydrodynamic slippage at this in-
terface, as defined by the slip length: b = [vx/@zvx]|z=0,
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Figure 3.7: (a) Schematic representation and (b) optical micrographs displaying the RPI of
a PS film with a thickness of e0 = 13.2±1µm on a glass fibre with a radius equal
to r = 9.6 ± 1µm (Mw = 78 kg/mol at T = 180 ◦C). In course of heating the
sample above Tg, the PS film becomes liquid and decays into droplets. Modified
from [128].

In order to study the evolution of the Rayleigh-Plateau instability of PS films on fibres, the
optical micrographs were analyzed by using a custom-made edge detection software written in
MATLAB: after rotating the image from a random to a horizontal orientation of the fibre, the
area of interest was picked by hand. With choosing a certain intensity threshold, the software
starts to detect the upper and lower edges of the fibre while exporting the respective height
profiles h1(x, t) and h2(x, t) for every image (see Fig. 3.8). Hence, it is important to record
images with a sufficiently high contrast. From h1(x, t) and h2(x, t) information about e. g.
volume, surface area, diameter and amplitude as a function of time can be gained.

The initial total radius h0 of the system can be calculated from the absolute difference in the
height profiles for t = 0:

h0 =
1

2
|h2(x, t0)− h1(x, t0)|. (3.1)

Similarly, the radius r of the fibre can be determined from the minimum in the absolute
difference of the profiles regarding the final equilibrium stage at t = tf. Here, only parts of the
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Figure 3.8: The temporal evolution of the RPI can be measured by using an edge detection
software: for all times t the height profiles h1(x, t) and h2(x, t) along the fibre
axis x are extracted from detecting the change in the position of the intensity
threshold at the edge of the fibre.1

fibre in between the droplets are considered:

r = min

(
1

2
|h2(x, tf)− h1(x, tf)|

)
. (3.2)

Note that, in the final stage of the RPI, the fibre is still covered with a very thin residual PS film
in between the droplets (cf. Fig. 3.4). For hydrophobized fibres, however, a complete dewetting
of the PS film on the fibre can occur (see Sec. 3.1.5 and the publication in ADDENDUM
III). Measuring r from the late stage of the RPI and from a fully dewetted fibre showed that
the error in r, caused by the residual film, is within the error bar. In consequence, the thickness
e0 of the PS film results from:

e0 = h0 − r. (3.3)

By independently using the edge detection process and additionally the image analysis software
Image Pro Plus (Media Cybernetics), the geometry of the system can be measured with an
accuracy of ±1µm.

To gain information about the temporal evolution of the RPI, the change in the amplitudes ζ
of all evolving bulges was measured (see Fig. 3.7a). As the instability evolves symmetrically
around the fibre, the bulges exhibit the maximal amplitude. The position of the n bulges is
given by x = xbj (cf. Fig. 3.8), where j = [1; n] is the number of the respective bulge. Hence,

1Note that for the purpose of clarity, the red lines are exaggerated, which causes the reduction of the image
quality.
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the evolution of the amplitudes ζ(xbj , t) equals:

ζ(xbj , t) =
1

2
|h2(xbj , t)− h1(xbj , t)| − h0. (3.4)

In order to measure the pure capillary-driven RPI, drainage effects must be absent. Hence,
volume conservation of the liquid films within the area of interest has been checked for all
experiments. As known from theory (see Sec. 2.5 and the publication in ADDENDUM
II), the growth of the surface undulations is exponential for early times. Hence, from plotting
the logarithm of the amplitudes ζ(xbj , t) as a function of time t (with t small enough), the
respective growth rate 1/τbj of every bulge growing on one fibre can be extracted separately
from the slopes. In the publication in ADDENDUM II, we developed a theory for the
growth rates 1/τ∗ of the fastest growing modes with respect to the system geometry h0. We
respectively consider only the largest growth rate values when measuring 1/τbj for several
bulges on the same fibre. Note that all experiments concerning the RPI, presented in the
publication in ADDENDUM II, were performed by using the same molecular weight
(Mw = 78 kg/mol) and the same temperature (T = 180 ◦C). The resulting constant material
properties of the liquid combined with a given no-slip boundary condition (glass fibre) enable
us to determine the capillary velocity γ/η: when comparing the measured no-slip growth rates
1/τ∗ for different system geometries h0 with the respective theoretically predicted growth rate
values, the capillary velocity γ/η is the only free parameter. The value for γ/η was applied to
the measured growth rate data of the slip fibres. Here, the comparison of the experimentally
obtained growth rate values 1/τ∗ with the predicted theory leaves the slip length b as a fitting
parameter (see the publication in ADDENDUM II).

Besides the growth of the instability amplitude, also the wavelength formation provides a char-
acteristic fingerprint of the RPI. Therefore, the fastest growing wavelength λ∗ (see Fig. 3.7a)
of the surface undulations was measured. As the linear stability analysis is only valid for
the initial stage of the instability, the wavelength was analyzed at early stages of the RPI
(see Fig. 3.7a and b with t = 20 min). Typically, within one experiment, the wavelength was
averaged over 4− 5 wavelengths.

3.3.2 Dewetting process of a PS droplet on a hydrophobic fibre

In order to study the motion of droplets on fibres, an extended version of the edge detection
program (see Sec. 3.3.1) was used. Again, all geometric parameters (ho, r and e0) were de-
termined as stated above. The position xc of the three-phase contact line on the fibre was
detected via measuring the height profiles h1(x, t) and h2(x, t) close to the contact line. The
fibre was always positioned in an orientation where droplets moved from left to right, which
corresponds to a contact line that moves along the fibre starting at a small value for x. From

h(xc + 1.28µm, t) > h(xc, t) + 3µm, (3.5)

with h = {h1, h2} the position xc of the contact line on the fibre was determined as a function
of time. The difference in x of 1.28µm equals the size of one pixel. By choosing a height profile
difference of 3µm, we ensured to eliminate any noise. From plotting the travelled distance

d(t) = |xc(t)− xc(t = 0)| (3.6)
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of the three-phase contact line as a function of time t, the mean global dewetting velocity v was
measured from the slope of the curve. Following a model by de Gennes [68, 69], which is based
on the findings by Huh and Scriven [70], we developed a theory, which is explicitly explained in
the publication in ADDENDUM III. In order to compare the measured data with theory,
only those sections were considered, where the moving droplet accumulates the residual thin
film. Coalescence steps with static droplets sitting on the fibre were ignored. By applying the
Savitzky-Golay algorithm with a frame size of n = 3 and a second order polynomial (p = 2)
to these portions of the data sets, we determined the local dewetting velocity v.

The receding and the equilibrium contact angle, θrec and θe, of the droplets were determined
by using again both techniques, the MATLAB software as well as the image analysis software.
In MATLAB, the droplet profile near the contact line is used to determine the contact line
position xc, which is given by the minimum of the best fitting second order polynomial:

p = p2x
2 + p2x+ p3. (3.7)

The slope of of the droplet profile at x = xc, which is equal to

p′(xc) = 2p2xc + p2 (3.8)

yields the respective contact angle. In the image analysis software, the angle measurement tool
is used, where one line is drawn parallel to the substrate and a second line which is tangential to
the droplet profile h(x, t) close to the contact line. Hence, the contact angle is enclosed between
the two lines. Both measurement techniques provide consistent results (cf. the publication in
ADDENDUM III).

The width w(t) as well as the maximum droplet height hmax(t) were measured by using the
image analysis software. The definition of both quantities is illustrated in Fig. 3.5: the maximal
droplet height hmax(t) at a specific time t is given by the difference of the droplet radius R(t)
and the fibre radius: hmax(t) = R(t)− r. The width w(t) of the droplet is usually obtained as
the horizontal distance between the three-phase contact line and the position where the rim
merges into the residual film.

3.3.3 Rayleigh-Plateau instability of a dewetting straight front in a thin PS
film

For the purpose of investigating the evolution of the RPI of a receding straight front in a thin PS
film on a planar substrate, the recorded optical micrographs were analyzed by using the image
analysis software. The instability of a receding rim is not axisymmetric and, consequently,
the edge-detection software could not be applied. As the dewetting dynamics is, in general,
significantly influenced by the viscosity of the polymer melt (see Sec. 2.4), only the comparison
of different films with the identical thickness h0 at the same dewetted distance D(t) provides
the same volume of the receding front. Following the method described in [131], the dewetted
distance D(t) was determined as follows: for every image, we measured the distance d(t)
between the receding straight front and a reference line parallel to the front. In order to
account for a potential drift of the optical image during the experiment, the reference line
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is usually placed across e. g. a dust particle. Hence, via D(t) = |d(t) − d(t0)| the dewetted
distance D(t) of the receding straight front can be calculated for all times t. In addition, the
height profiles h(x, t) of the front were measured using AFM (see Sec. 3.2.3).
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4.1 The influence of the hydrodynamic boundary condition

As discussed in Section 2.5.2, instabilities of Rayleigh-Plateau type are present in many differ-
ent systems. In addition, we already know that for the complex system of a straight front in a
dewetting thin film, the dynamics as well as the morphology of the RPI are strongly influenced
by the hydrodynamic boundary condition at the interface between the liquid and the solid sub-
strate [85]. So far, a quantitative agreement between experiments and theory for the growth of
the instability with a varying boundary condition was still missing. Here, the simplest setup
is chosen to study the influence of slip on the RPI: a polymer film with a thickness of e0 is
prepared on a cylindrical fibre of radius r, which displays the classical case of a fluid cylinder,
but involves the contact with a solid/liquid interface. The initial total radius of the system
is equal to h0 = e0 + r, which is non-dimensionalized via H0 = h0/r. A no-slip system was
generated by covering a pure glass fibre with a polystyrene film (with a molecular weight of
Mw = 78 kg/mol) [18]. The same PS melt can be forced into a slip boundary condition if
prepared on a non-adsorbing substrate, e. g. in our case a teflon R© surface [52]. From an earlier
study, we know that polystyrene with a molecular weight of Mw > Mc, with Mc = 35 kg/mol,
on a teflon R© surface represents a system where slippage is present [35]. Thus, in order to study
the influence of a variation of the boundary condition, the PS films were applied to glass fibres
with or without a thin amorphous fluoropolymer layer (similar to teflon R©, called AF2400), for
the preparation see Sec. 3.1.2.

The influence of the boundary condition on the spatial as well as the temporal evolution of the
RPI was investigated by recording the evolution of the instability on both types of substrates:
bare glass fibres (’no-slip fibres’) and hydrophobized fibres (’slip fibres’). All experiments were
performed using a constant temperature of T = 180 ◦C. As shown in the publication in
ADDENDUM II, the wavelength λ∗ of the fastest growing mode is not affected by slippage
at the fibre/liquid interface. In agreement with earlier findings [85], λ∗ does exclusively depend
on the initial total radius h0 = e0 + r of the fibre system. In addition, we found that at short
times the surface undulations grow exponentially on both, slip and no-slip fibres, which again
is consistent with former studies [63, 91].

The analysis of the growth rates 1/τ∗ of the fastest growing modes shows a significant dif-
ference when varying the boundary condition: slippage at the solid/liquid interface induces a
considerable increase of the growth rates. In the publication in ADDENDUM II a thin-
film model including slippage is developed, which is in perfect agreement with the experimental
data (wavelength as well as growth rates). The comparison of the measured growth rates with
the theoretically predicted values for the no-slip case enables the determination of the respec-
tive capillary velocity γ/η. The obtained value of γ/η = 294 ± 43µm/min was found to be
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in excellent agreement with former studies, based on the extrapolation of available data using
the WLF equation (Eq. 2.1) [17, 18]. Applying the measured γ/η value in order to compare
the experimental and theoretical values of 1/τ∗ in the presence of a slip boundary condition
provides a robust way to obtain the corresponding slip length b. Thereby, the studied PS(78k)
films on AF2400 fibres reveal a slip length of b = 4.0± 0.4µm.

Aside from the slip-induced amplification of the instability, the growth rates 1/τ∗ show a
similar geometry dependence for both boundary conditions: in agreement with the results
of Roe [97], we found a decrease in the fastest growth rates 1/τ∗ for either very thin films
compared to the fibre radius or for very large ratios of e0/r. This can be understood by the
fact that as the film thickness e0 decreases, the mobility of the liquid is reduced. Large ratios
of e0/r, however, display a lowered curvature, which results in a decrease of the driving force.
In accordance with the developed theory, 1/τ∗ shows a maximum for e0/r ∼ 4 with a given
no-slip boundary condition. Using slip fibres, however, causes an enhanced mobility of the PS
melt at the interface and as a consequence, the maximum in the growth rate 1/τ∗ is shifted
to a smaller e0/r value. As thinner films are much more sensitive to the non-zero mobility at
the interface, the slip-induced amplification of the instability is more pronounced as the film
thickness to fibre radius ratio e0/r decreases. For the smallest value of e0/r ∼ 0.4, the growth
of the RPI is enhanced by a factor of ∼ 4.

A detailed description of the experiments, the theoretical model and a discussion of the results
is given in the publication in ADDENDUM II.

4.2 The influence of increasing slippage

Motivated by these results, first measurements on the effect of a further increased slip length b
at the solid/liquid interface on the RPI have been performed. For Mw > Mc, the slip length b
is known to scale with b ∼M3

w [35, 52]. Thus, PS with a molecular weight of Mw = 186 kg/mol
was used. Since entangled polymers may show viscoelastic effects, the upper limit of the
Weissenberg number Wi (see Sec. 2.2.1) regarding the presented experiments for PS(186k)
will be calculated in the following. Concerning the RPI, the strain rate γ̇ along the fibre axis
can be estimated by γ̇ = v/∆x, where the velocity is defined by the growth of the amplitude
ζ during the initial regime ∆t and the typical distance is given by ∆x = λ∗/2. Consequently,
with the largest measured velocity of v = 2.6 nm/s and ∆x = 221µm, the largest strain rate
is found to equal γ̇ = 1.2 · 10−5 1/s. Using the respective relaxation time2 of τ = 0.13 s for
PS(186k) at T = 200 ◦C, the Weissenberg number is given by Wi = 1.5 · 10−6. Considering
the strain rate component in z-direction, the typical distance is equal to ∆z = eres + b. As will
be shown in the following, the slip length for PS(186k) can be estimated by b = 10 ± 3µm.
With a typical residual film height of eres = 1µm, the Weissenberg number, which corresponds
to the dominating z-component of the shear rate (γ̇ = 2.4 · 10−41/s), reads Wi = 3.1 · 10−5.
Hence, as Wi � 1, the influence of viscoelastic effects on the evolution of the RPI can safely
be neglected.

2For PS(390k) at T = 130 ◦C, Bach et al. measured a relaxation time of τ = 11300 s [139]. Projecting this value
according to the WLF equation (Eq. 2.1) yields the desired relaxation time τ for PS(186k) at T = 200 ◦C.
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Figure 4.1: Wavelength λ∗ of the fastest growing mode as a function of the initial total radius
h0 for PS(78k) on glass and AF2400 fibres as well as PS(186k) on AF2400 fibres.
The black dashed line represents the theoretical prediction (Eq. 4.1). The error
bars are determined from the error in the geometry and the inaccuracy in the
measurement of the wavelength. Modified from [128].

Figure 4.1 illustrates the measured wavelength λ∗ of the fastest growing modes as a function of
the initial total radius h0 for PS(186k) on slip fibres (squares) in comparison to the wavelength
data for PS(78k) on no-slip (triangles) and slip (circles) fibres. The dashed line displays
the theoretically predicted dependence between λ∗ and h0, given by (cf. the publication in
ADDENDUM II):

λ∗ = 2
√

2πh0. (4.1)

As expected from the results for PS(78k) and Eq. 4.1, the fastest growing wavelength λ∗ of
PS(186k) is not affected by slippage and grows linearly with the initial total system radius h0.

Hence, the respective growth rates 1/τ∗ need to be considered, in order to resolve an influence
of an increased slip length on the evolution of the RPI. According to the developed thin film
theory, the dimensionless growth rate 1/τ∗ of the fastest growing mode is given by (see the
publication in ADDENDUM II):

1

τ∗
= αB + β, (4.2)

where B = b/r is the dimensionless slip length and

α = α(H0) =
1

16H3
0

(
H0 −

1

H0

)2

, (4.3)

β = β(H0) =
1

64H3
0

(
4H2

0 logH0 − 3H2
0 −

1

H2
0

+ 4

)
(4.4)
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4 The Rayleigh-Plateau instability on a fibre

are dimensionless parameters which depend on the geometry only. Thus, the no-slip case is
represented by B = 0, corresponding to 1/τ∗ = β. According to Eqs. 4.2 - 4.4, the fastest
growth rate 1/τ∗ is expected to increase with increasing the slip length b, for a given system
geometry H0. Similar to the results shown in the publication in ADDENDUM II, we
measured the growth rates 1/τ∗ of the fastest growing modes of PS(186k) films on slip fibres
for different geometries H0. In order to determine 1/τ∗ using slip fibres, the respective capillary
velocity γ/η is needed. For PS(78k), γ/η has directly been determined from the comparison of
the experimentally measured and theoretically predicted values of 1/τ∗(H0) (see Sec. 3.3.1 and
the publication in ADDENDUM II). The measured γ/η value turned out to be in good
agreement with earlier works [17, 18]. Hence, in order to determine 1/τ∗ of PS(186k) at T =
200 ◦C, the corresponding capillary velocity γ/η was determined as follows: the viscosity η was
calculated from independent viscosimeter and ellipsometric measurements [17] by extrapolating
the data according to the WLF equation (Eq. 2.1). The surface tension γ was taken as
γ = 30.8 · 10−3 N/m [23] (see Sec. 2.2).

Figure 4.2 displays the measured growth rate data 1/τ∗ for PS(186k) on slip fibres (squares) in
comparison to the measured data for PS(78k) on no-slip (triangles) and slip (circles) fibres. In
order to determine the slip length b, the inset of Fig. 4.2 shows 1/τ∗ normalized by the no-slip
case β as a function of α/(βa), representing the geometry of the system (see Eq. 4.2). Note
that a large value of α/(βa) corresponds to a small value of H0 = e0/r+1, i. e. a very thin film
e0 as compared to the fibre radius r. The ratio 1/(τ∗β) shows that increasing the molecular
weight indeed causes an increase in the growth rate of the RPI. From a best linear fit to the
PS(186k) data shown in the inset, the slip length is found to equal b = 10±3µm (see Eq. 4.2).
Note that only two data points were provided to the fitting procedure. Hence, the slip length
for PS(186k) displays a rough estimate and more data points are needed to confirm this trend.
A detailed discussion about the slip length obtained from analyzing the growth rates of the
RPI is presented in chapter 6.

By knowing the slip length b as well as the fibre radii r, the respective values of the dimen-
sionless slip length B = b/r can be calculated. Here, we obtain B = 0.40 for r = 25.2µm
and B = 0.89 with r = 11.2µm. The main plot of Fig. 4.2 shows the measured dimensionless
growth rates 1/τ∗ as a function of the dimensionless initial total radius H0 (filled symbols),
which are in excellent agreement with the respective theoretically predicted values (open sym-
bols), see Eq. 4.2. As presented in the publication in ADDENDUM II, the values of
the fibre radius regarding the experiments using PS(78k) on slip fibres are in the range of
r = 11 − 16µm and the slip length was found to equal b = 4.0 ± 0.4µm. Consequently, the
values for B vary between 0.25 and 0.37. Therefore, in Fig. 4.2 a typical curve for PS(78k)
is introduced as a guide to the eye, where B = 0.3 with r = 13.5µm (red thin dashed line).
In order to compare the course of 1/τ∗(H0) with respect to the used molecular weights, the
theoretically predicted curve using the slip length b = 10±3µm of PS(186k) and a fibre radius
of r = 13.5µm (equal to the fibre radius used to obtain the PS(78k) curve) is added to Fig. 4.2
(Eq. 4.2 with B = 0.74, magenta thick dashed line). The identical fibre curvature (r =const.)
enables the direct comparison of the two curves with regard to the influence of slippage. We
see that, in general, the amplification of the growth of the instability is more pronounced as
the molecular weight and, hence, the slip length increases. This can be understood by the fact
that the mobility of the PS melt at the solid/liquid interface increases with the slip length b
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Figure 4.2: The influence of slip on the growth rate. The inset displays the dimensionless
growth rate 1/τ∗ rescaled by the no-slip case β for PS(78k) on glass and AF2400
fibres as well as PS(186k) on AF2400 fibres as a function of α/(βa), representing
the geometry of the system (see Eq. 4.2). From a best linear fit to the respective
data (dash-dotted lines) the slip length b of PS(78k) and PS(186k) can be deter-
mined. The main plot displays the dimensionless growth rates 1/τ∗ of the fastest
growing modes as a function of the dimensionless initial total radius H0 = e0/r+1
of the system (filled symbols). The theoretically predicted growth rates 1/τ∗ for
the respective slip length values are calculated according to Eq. 4.2 by using the
corresponding experimental geometry (open symbols). The solid line represents
the theoretical curve for B = 0. In order to compare the course of the curves
with respect to the used molecular weights, the theoretical curves are shown by
the dashed lines using the respective slip length of b = 4µm for PS(78k) and
b = 10µm for PS(186k), while the fibre curvature is kept constant (r = 13.5µm).
The error bars are calculated from the error in the geometry and the inaccuracy
of the growth rate measurements. Modified from [128].

[34, 98]. In addition, Fig. 4.2 shows that the maximum of 1/τ∗ for PS(186k) in comparison
to PS(78k) is shifted to an even smaller value of H0. As the fibre curvature of the presented
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4 The Rayleigh-Plateau instability on a fibre

curves for B = 0.3 and B = 0.74 is constant, the enhancement of the mass transport at the
interface for PS(186k) compared to PS(78k) is also responsible for the horizontal shift.

Short Summary

• The wavelength λ∗ of the fastest growing mode is unaffected by an increase in the slip
length b, induced by a long-chained molecular weight. In excellent agreement with former
experimental and theoretical results, presented in the publication in ADDENDUM
II, the wavelength λ∗ grows linearly with the initial radius h0 of the system.

• An influence of the increased slip length is, however, observed for the growth rates 1/τ∗

of the fastest growing modes. The comparison of 1/τ∗ for PS(78k) on glass (no-slip) and
AF2400 fibres (slip) showed a slip-induced amplification of the growth of the instability.
The results for PS(186k) on slip fibres reveal an additional enhancement of the RPI for
a given geometry.

4.3 The influence of changing the origin of slippage

Based on the results concerning the RPI on AF2400 fibres, the question arises whether the
origin of slip has an influence on the evolution of the RPI. So far, the presented results were
obtained from measurements, where slippage is induced by the molecular weight [35]. From
earlier works, we know that slippage can also be generated by the choice of the substrate,
e. g. by silanizing the substrate with a hydrophobic self-assembled monolayer, here DTS (see
Sec. 3.1.2) [34]. In order to study the influence of the origin of slip, the PS(78k) films were
applied on glass fibres coated with DTS. Hence, slippage is now induced by both, the substrate
as well as the entanglements [34, 35]. Using the same annealing temperature of T = 180 ◦C
enables the direct comparison to the results for PS(78k) on glass and AF-coated fibres. Note
that, in contrast to AF-coated fibres, the slip length b on DTS substrates was found to exhibit
a significant temperature dependence: for a given molecular weight, the slip length decreases
with increasing the temperature [34].

Figure 4.3 displays the measured wavelength λ∗ of the fastest growing modes as a function
of the initial total system radius h0 for PS(78k) on DTS fibres (diamonds). In comparison,
the results obtained for PS(78k) on glass (triangles) and AF2400 fibres (squares) as well as
for PS(186k) on AF-coated fibres (circles), are shown. The dashed line represents again the
theoretically predicted relation between the wavelength λ∗ and the system radius h0, given by
(see the publication in ADDENDUM II): λ∗ = 2

√
2πh0. From Fig. 4.3, we see that the

wavelength λ∗ of the fastest growing modes is not affected by the origin of slip and increases
linearly with the initial total radius h0 of the fibre system. Hence, the spatial evolution of the
RPI is invariant with respect to the mechanism, chosen to generate slippage.

The presented results concerning the growth rate 1/τ∗ of the fastest growing mode revealed
an increase with increasing the slip length b, for a given system geometry H0 (see Sec. 4.2).
In analogy, Fig. 4.4 illustrates the measured growth rate data for PS(78k) on DTS fibres in
comparison to PS(78k) on glass and AF2400 fibres as well as PS(186k) on AF-coated fibres.
Equivalent to the results presented earlier in this chapter as well as in the publication in
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Figure 4.3: Wavelength λ∗ of the fastest growing mode as a function of the initial total radius
h0 for PS(78k) on glass, AF2400 and DTS fibres as well as PS(186k) on AF2400
fibres. The black dashed line represents the theoretical prediction (Eq. 4.1). The
error bars are determined from the error in the geometry and the inaccuracy in
the measurement of the wavelength. Modified from [128].

ADDENDUM II, the illustration of 1/τ∗ normalized by β as a function of α/(βa) enables
the determination of the slip length b (see the inset of Fig. 4.4). From the best linear fit to the
data for PS(78k) on DTS fibres, we determined a slip length of b = 1.4± 0.8µm (see Eq. 4.2).
For a detailed discussion of the slip length values we refer to chapter 6.

The main plot of Fig. 4.4 illustrates the measured dimensionless growth rates 1/τ∗ for PS(78k)
on DTS fibres as a function of the dimensionless initial total radius H0 (filled black diamonds),
showing excellent agreement with the respective theoretically predicted values (open black
diamonds), see Eq. 4.2. The experimental and theoretical results for PS(78k) on glass (tri-
angles) and AF2400 fibres (circles) as well as for PS(186k) on AF-coated fibres (squares) are
shown in comparison (see Fig. 4.4). In analogy to Fig. 4.2, the course of the 1/τ∗(H0) curves,
with respect to the used molecular weights and substrates, is illustrated by typical theoreti-
cal curves (dashed lines), using the measured slip lengths, but for a constant fibre curvature
of r = 13.5µm. Hence, the dimensionless slip length for PS(78k) on DTS fibres results in
B = 0.1. The measured growth rates as well as the theoretically predicted curve for PS(78k)
on DTS-coated fibres do additionally corroborate the influence of slip, in particular the influ-
ence of the amount of slip, on the temporal evolution of the RPI (see Fig. 4.4). As the mobility
of the liquid molecules at the interface is lowered by the lowered slip length for PS(78k) on
DTS in comparison to AF2400 fibres [34, 98], the RPI evolves more slowly on DTS fibres, for
a given system geometry. In addition, the maximum of 1/τ∗ is shifted to a larger value of
H0. Although it is clear from the inset of Fig. 4.4 that the origin of slip is varied by using
DTS-coated fibres, the characteristics of the spatial as well as the temporal evolution of the
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Figure 4.4: The influence of slip on the growth rate. The inset displays the dimensionless
growth rate 1/τ∗ rescaled by the no-slip case β for PS(78k) on glass, AF2400
and DTS fibres as well as PS(186k) on AF2400 fibres as a function of α/(βa),
representing the geometry of the system (see Eq. 4.2). From a best linear fit to
the respective data (dash-dotted lines) the slip length b can be determined. The
main plot displays the dimensionless growth rates 1/τ∗ of the fastest growing
modes as a function of the dimensionless initial total radius H0 = e0/r + 1 of
the system (filled symbols). The theoretically predicted growth rates 1/τ∗ for
the respective slip length values are calculated according to Eq. 4.2 by using the
corresponding experimental geometry (open symbols). The solid line represents
the theoretical curve for B = 0. In order to compare the course of the curves with
respect to the used molecular weights and substrates, the theoretical curves are
shown by the dashed lines using the respective slip length of b = 4µm for PS(78k)
on AF2400 and b = 1.4µm on DTS fibres as well as b = 10µm for PS(186k) on
AF2400 fibres, while the fibre curvature is kept constant (r = 13.5µm). The
error bars are calculated from the error in the geometry and the inaccuracy of
the growth rate measurements. Modified from [128].
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RPI are not affected (see Figs. 4.3 and 4.4).

However, since both slip-inducing possibilities were combined (silane substrate and entangle-
ments), it remains open whether slippage, purely induced by the choice of the substrate, in
comparison to slippage generated by the molecular weight shows a difference in the evolution
of the RPI. Results on the RPI of receding straight fronts in thin PS films on planar sub-
strates provide evidence that the characteristic fingerprints of the RPI are identical for both
slip mechanisms. For details the reader is referred to chapter 7.

Short Summary

• The aim of these series of experiments was to probe the effects of the origin of slip on
the results described in the previous sections of chapter 4, where the slip was solely
achieved by increasing the molecular weight. Here, a combination of both slip-inducing
mechanisms - a silane substrate and entanglements - was used in order to vary the origin
of slip.

• All results of Secs. 4.1 and 4.2 were corroborated: (i) the wavelength λ∗ of the fastest
growing mode is not affected by the origin of slip. λ∗ grows linearly with the initial total
system radius h0 and (ii) the temporal evolution, i. e. the growth rate 1/τ∗, of the RPI is
also unaffected by the mechanism chosen to induce slippage. Simply the lowered value of
the slip length b causes the instability to evolve more slowly, for a given system geometry.
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5 Capillary droplet propulsion on a fibre

The present chapter depicts results on the dynamics of moving droplets on hydrophobized
fibres, which are generated by taking advantage of the Rayleigh-Plateau instability (see Sec. 4
and the publication in ADDENDUM II). The first part covers the capillary-driven droplet
motion which is exclusively governed by viscous dissipation. Section 5.2 deals with the influence
of slippage at the fibre/liquid interface on the droplet motion. Here, a global analysis of the
droplet dynamics is followed by a detailed examination of the local droplet speed. The local
analysis of the dewetting speed is divided into two regimes: (i) the initial droplet motion
regime, which is defined as the period between the onset of motion right after the formation
of a contact line and the first coalescence event with a static droplet and (ii) the later stages
of droplet motion. The resulting findings concerning the dewetting speed of the initial droplet
motion regime enable the estimation of the respective slip lengths.

5.1 Droplet motion governed by viscous flow

The propulsion of liquid droplets, in general, is an intensively studied topic (see Sec. 2.6). Up
to now, the motion of liquid droplets on fibres, where gravity is absent, has been studied by
varying at least one parameter during the course of the experiments: either the liquid properties
[118], the substrate composition [121] or the system geometry [119, 120]. In the publication
in ADDENDUM III, we examine the motion of viscous liquid droplets on hydrophobized
fibres while keeping those parameters constant in the different experiments. In the system
studied, the droplets move due to an imbalance of contact angles: in order to generate droplets
on a fibre, we utilized the fact that a homogeneous liquid film decays into a regular droplet
pattern due to the Rayleigh-Plateau instability (cf. the publication in ADDENDUM II).
As explained in Sec. 3.1.5, a moving droplet originates from the spontaneous formation of
a three-phase contact line at one side of a droplet on a hydrophobic fibre. This process is
accompanied by the adjustment of the contact angle to the receding contact angle θrec. At the
other side of the droplet, however, the apparent contact angle remains constant and is equal
to α, with α < θrec (cf. Fig. 3.5). The resulting capillary imbalance at the two sides of the
droplet provides the driving force, which causes the droplet to move along the fibre. Hence,
the movement and the accumulation of the residual material by the moving droplet lasts as
long as θrec < θe, with θe being the contact angle of a droplet in equilibrium. We obtained
θrec = 60 ± 5 ◦ and θe = 83 ± 5 ◦ (see Sec. 3.3.2), which is in excellent agreement with former
studies on polymer films on planar hydrophobized surfaces, where θe/θrec ≈

√
2 has been shown

as a fixed ratio between equilibrium and receding contact angle [17, 34, 138].

The dewetting process of the droplets was studied as a function of molecular weight Mw and
temperature T . Therefore, the travelled distance d(t) = |xc(t) − xc(t = 0)| of a droplet was
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measured as a function of time t. A detailed description of the determination of the three-
phase contact line position xc(t) is given in Sec. 3.3.2. Here, the molecular weight was varied
from Mw = 4.2 kg/mol to 78 kg/mol. Plotting the temporal evolution of the dewetted distance
d(t) showed that the droplet motion is linear for all times t and geometry invariant within
the range of tested droplet sizes. Hence, from the slope of these curves, the mean value of
the dewetting velocity v could be obtained for every experiment. The analysis of the entire
motion process, however, revealed the alternation of the droplet speed around the mean value
v. In detail, during the accumulation of the residual thin film a constant dewetting speed was
obtained. A coalescence event with a residual static droplet on the fibre, however, caused the
contact angle at the three-phase contact line to decrease and, hence, the dewetting speed to
increase. At the end of the coalescence process, the receding contact angle θrec readjusted and
the speed decreased. For the reason of simplicity, the coalescence steps have been neglected.
The evaluation of the local velocity v considered only portions of the motion process, where
the droplet consumed the residual thin film.

For the used molecular weights and temperatures, the inverse local dewetting velocity 1/v was
found to scale linearly with viscosity η, which is consistent with the findings by Lorenceau et al.
and Li et al. [119, 120] as well as the classical force balance model of a dewetting liquid wedge
based on purely viscous dissipation by de Gennes [68, 69]. A single proportionality constant
was determined to describe the data, consistent with an earlier work on the dynamics of holes
in dewetting thin films (unentangled PS) on hydrophobized planar substrates, exhibiting a
no-slip boundary condition at the solid/liquid interface [17]. For Mw > Mc on AF-coated
surfaces, however, we know that slippage is present and from the study on the RPI of viscous
liquid films on AF2400 fibres a slip length of b = 4 ± 0.4µm has been measured for PS(78k)
(cf. the publication in ADDENDUM II). Hence, the fact that a universal constant of
proportionality is capable to describe the measured droplet motion data suggests that viscous
dissipation at the three-phase contact line dominates slippage at the solid/liquid interface.
This can be understood by considering the range of measured droplet sizes: in all experiments,
the maximal height hmax(t) of the droplets is at least ten times larger than the respective slip
length: b/hmax(t) < 0.1. Consequently, the effect of the enhanced mobility at the interface
on the dewetting dynamics is negligible. The experimental details, an explicit description of
the force balance model as well as a discussion of the results is given in the publication in
Addendum III.

66



5.2 The influence of slippage at the solid/liquid interface on the droplet dynamics

5.2 The influence of slippage at the solid/liquid interface on
the droplet dynamics

In the light of technological applications, as e. g. the collection of water by using fibre networks
and performing chemical reactions on small scales, an enhancement of the droplet dynamics on
a fibre would be beneficial. As known from [35], the mobility of a PS melt at the solid/liquid
interface can be enhanced by using high molecular weights on AF-coated surfaces. The results,
presented in the publication in ADDENDUM III, showed that the droplet dynamics of
PS(78k) on AF2400 fibres is governed by viscous dissipation, although PS(78k) exhibits a slip
length of b = 4.0± 0.4µm. Within the range of tested droplet sizes, the effect of the enhanced
mobility for PS(78k) is negligible. Therefore, we studied the dewetting process of polystyrene
droplets with a molecular weight of Mw = 186 kg/mol and 390 kg/mol on AF2400 fibres. In
the following, the molecular weights ranging from Mw = 4.2 kg/mol−78 kg/mol are referred to
as ’short-chained PS’ or ’short entangled PS chains’. Mw = 186 kg/mol and 390 kg/mol are
respectively named ’long-chained PS’ or rather ’long entangled PS chains’.

In analogy to the experiments outlined in the publication in ADDENDUM III, Fig. 5.1
shows typical data for the travelled distance d(t) of the three-phase contact line as a function of
recording time t for PS(186k) at T = 200 ◦C and 210 ◦C as well as PS(390k) using T = 210 ◦C.
The solid black lines indicate the respective linear best fit to the data with a fixed intercept
at d(t = 0) = 0. Thus, the slopes represent the mean droplet speed v (see Tab. 5.1), including
both processes: the accumulation of residual thin film and the coalescence steps with static
droplets.

5.2.1 Global droplet dynamics

First, we focus on the motion of droplets with a molecular weight of Mw = 186 kg/mol (see
Fig. 5.1a). Note that the presented data has been obtained right after the formation of the
three-phase contact line. The comparison of the global mean velocity v for two separate
measurements using PS(186k) at T = 200 ◦C reveals a difference by a factor of ∼ 2 (see
Fig. 5.1a, symbols: ♦ and C and Tab. 5.1). Hence, in contrast to the results on dewetting
droplets using PS with low molecular weights (see the publication in ADDENDUM III),
this result indicates that the motion is not exclusively controlled by the viscosity η. From earlier
studies on the dewetting process of liquid fronts on planar substrates exhibiting a slip boundary
condition, it is known that the dewetting velocity is influenced by the material properties (as
e. g. the viscosity η), the slip length b and the width w of the moving front (see Eq. 2.54)
[34, 53, 66, 67, 68]. In particular, the inverse of the dewetting velocity 1/v is expected to scale
with w in the presence of hydrodynamic slip, for the same molecular weight and temperature.
The analysis of the global dewetting process of PS(186k) droplets at T = 200 ◦C exhibits a
velocity ratio of v♦/vC = 2.4 ± 0.6. Measuring the initial widths w(t = 0) of the respective
droplets yields a ratio of wC(t0)/w♦(t0) = 2.4 ± 0.1, suggesting a first agreement with earlier
works (see Tab. 5.1).

In addition, Fig. 5.1a (symbols: ∗) shows the temporal displacement of a PS(186k) droplet
at a temperature of T = 210 ◦C, corresponding to a change in the melt viscosity η. From
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Figure 5.1: Travelled distance d of the three-phase contact line on the fibre as a function
of recording time t for dewetting droplets using (a) PS(186k) at T = 200 ◦C
and 210 ◦C and (b) PS(390k) at T = 210 ◦C. The solid black lines indicate the
respective linear best fit with a fixed intercept at d(t = 0) = 0. The slopes
provide a measure for the global mean velocity v of the droplet. The four curves
marked with the initial width w(t0) of the droplet represent data, which has
been recorded right after the formation of the three-phase contact line (symbols:
♦,C, ∗ and ◦). The remaining data set (symbol: �) was taken after the droplet
has already accumulated a certain number of static droplets.

earlier works, it is know that the slip length of PS films on AF-coated substrates is not affected
by temperature [35]. Thus, the difference in the curves shown in Fig. 5.1a are not due to a
difference in slip. The initial width of the droplet at T = 210 ◦C equals w∗(t0) = 132±5µm. By
extrapolating the mean global droplet velocity v∗ = 0.49µm/s, which is obtained for a width
of w∗(t0) = 132µm, by using the inverse scaling of the velocity 1/v with the droplet width
w, we obtain a velocity of v′∗ = 0.52µm/s, corresponding to a width of w(t0) = 124µm. This
accounts for the difference in the velocity caused by different droplet widths and enables the
direct comparison to v♦ at T = 200 ◦C (with w♦(t0) = 124±5µm). The velocity ratio exhibits
a value of v′∗/v♦ = 2.98 ± 0.60. The respective viscosities η∗ and η♦ were determined from
independent viscosimeter and ellipsometric measurements [17] by projecting the data according
to the WLF equation (Eq. 2.1) (similar to the publication in ADDENDUM III). The ratio
accounts for η♦/η∗ = 1.8 (see Tab. 5.1). Considering the error originating from the uncertainty
of the viscosity (at least a factor of 2), this finding corroborates the well-established velocity

68
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Symbol Mw / kg mol−1 T / ◦C w(t0) / µm v / µm/s η / Pa s

♦ 186 200 124± 5 0.17± 0.02 7.6 · 103

C 186 200 296± 5 0.07± 0.01 7.6 · 103

∗ 186 210 132± 5 0.49± 0.05 4.2 · 103

◦ 390 210 124± 5 0.18± 0.03 5.1 · 104

� 390 210 (192± 5) (0.40± 0.04) 5.1 · 104

Table 5.1: Mean global velocity v, obtained from the slope of the linear best fit to the droplet
displacement data with a fixed intercept at d(t = 0) = 0 (see Fig. 5.1). The initial
width w(t0) of the droplets was measured right after the formation of a three-
phase contact line. The values marked in brackets for PS(390k) at T = 210 ◦C
(symbol: �) were determined from a data set, which was taken after the droplet has
already accumulated a certain number of droplets. The viscosity was determined
from independent viscosimeter and ellipsometric measurements [17] by projecting
the data according to the WLF equation (Eq. 2.1).

dependence on viscosity: 1/v ∼ η for identical b and w (cf. the publication in ADDENDUM
III) [119, 120].

Fig. 5.1b illustrates two typical data sets for dewetting droplets with a molecular weight of
Mw = 390 kg/mol, both at a temperature of T = 210 ◦C. Note that the two curves differ in
the point of time where the image recording was started. Here, v◦ displays the mean droplet
velocity obtained from displacement data recorded right after the formation of the contact line
up to the final stage. For v�, however, the data collection started after the droplet has already
accumulated a certain number of static droplets. First, we want to focus on v◦. The initial
width of the droplet equals w◦(t0) = 124±5µm. Hence, by taking advantage of the correlation
between velocity and viscosity, the comparison between the velocity v◦ of a PS(390k) and v♦
corresponding to a PS(186k) droplet with the same initial droplet width of 124±5µm, provides
a direct measure for the influence of the increased chain length. The viscosity ratio is given
by η◦/η♦ = 6.71, whereas the ratio of the global mean velocities equals v♦/v◦ = 0.94 ± 0.27
(see Tab. 5.1). In consideration of 1/v ∼ η (see the publication in ADDENDUM III) and
the error originating from the uncertainty of the viscosity values, the matching velocity values
indicate an enhancement of the dewetting dynamics for PS(390k) as compared to PS(186k)
droplets, for a given initial droplet width w(t0). This finding yields a first evidence for the
influence of the chain length, i. e. the presence and the influence of slip. For the detailed
determination and discussion of the slip length values we refer to Secs. 5.2.2 and 6.

Regarding the dynamics of the entire dewetting process (symbols) with respect to the corre-
sponding mean velocities v (solid lines), in general, shows that the motion is not linear over
the entire range of recorded data. From earlier works, however, we know that with a given
slip boundary condition the velocity slows down during the dewetting process. This can be
understood by the growing width w of the moving front due to material accumulation and
the energy dissipation due to friction over w (see Eq. 2.54) [34, 53, 66, 67, 68]. Fig. 5.1, how-
ever, does not reveal a decrease in the velocity although the droplet widths typically grow by
a factor of 1.2 to 2 over the entire motion process. On contrary, for late times t, the data
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5 Capillary droplet propulsion on a fibre

shows even an enhancement of the local dewetting speed. For a detailed analysis of this effect
we refer to Sec. 5.2.2.

The comparison of the data sets for PS(390k) at T = 210 ◦C (Fig. 5.1b) corroborates this trend:
the displacement data of the droplet with w◦(t0) = 124± 5µm reveals a mean global velocity
of v◦ = 0.18 ± 0.03µm/s. Note that the displacement data has been obtained from optical
images which have been recorded right after the formation of the three-phase contact line.
Analyzing the motion process of a droplet with the same molecular weight and temperature,
which, however, has not been recorded right from the beginning, exhibits a mean global speed
of v� = 0.40± 0.04µm/s. The respective droplet width of w�(t�) = 192± 5µm was measured
from the first image of the time series, with t� � 0. Contradictory to what is known so far, the
comparison of these results reveals a larger global mean dewetting velocity v for the droplet
which exhibits a larger width w.

Short Summary

• Given the fact that the image recording of the droplet dewetting process starts right
after the formation of the contact line, the inverse global mean velocity 1/v scales with:
(i) viscosity η, (ii) the initial droplet with w(t = 0) and (iii) the inverse of the polymer
chain length.

• Locally the motion dynamics may differ and droplets may even dewet faster although
the width increases during the motion process.

The dynamics of droplets using a low molecular weight revealed a constant droplet velocity
over the entire dewetting process (see the publication in ADDENDUM III). In order to
understand the deviating behavior for droplets with a high molecular weight, the dewetting
process of the PS(186k) and PS(390k) droplets will be investigated locally. In the following, the
different regimes of the droplet motion (accumulation of the thin residual film and coalescence
events) will be analyzed in detail.
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5.2 The influence of slippage at the solid/liquid interface on the droplet dynamics

5.2.2 Local droplet velocity

Initial droplet motion regime

We now focus on the initial local velocity v0 of a dewetting droplet and compare the findings to
the results presented in the publication in ADDENDUM III. v0 is defined as the droplet
speed during the first regime of the droplet motion process, which is the period between
the onset of motion right after the formation of the three-phase contact line and the first
coalescence event with a static droplet. In this regime, the moving droplet accumulates only
the thin residual film with a typical thickness of eres ∼ 1µm. As the moving droplet typically
exhibits an initial width in the range of w(t0) = 100 − 320µm, the increase in volume is
negligible. Furthermore, Fig. 5.2 shows that the droplet motion is linear in time during this
regime. Thus, the respective initial local velocity v0 can be obtained from the slope.

0 500 1000 1500
0

100

200

300

t / s

d
/
µ
m

 

 

PS(186k)T = 200 ◦C
T = 200 ◦C
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v0C = 0.06 ± 0.01 µm/s

wC(t0) = 296 ± 5 µm
w⌃(t0) = 124 ± 5 µm

PS(186k), T = 200�C

Figure 5.2: Travelled distance d of the three-phase contact line as a function of time t for
PS(186k) droplets on AF2400 fibres with an initial width of w♦(t0) = 124± 5µm
and wC(t0) = 296± 5µm at a temperature of T = 200 ◦C. Both data sets are
obtained from optical micrographs, which were recorded right from the beginning
of the motion process. The initial droplet motion is linear in time until the first
coalescence event with a static droplet occurs. The slope of the best linear fit to
the corresponding data provides the initial local droplet velocity v0.

While the results presented in the publication in ADDENDUM III showed that the dewet-
ting process of droplets with molecular weights ranging from 4.2 kg/mol to 78 kg/mol is dom-
inated by viscous dissipation, the analysis of the global mean dewetting speed v for long
entangled polymer chains indicates that the process might be influenced by slippage. As a
consequence, both mechanisms are expected to be present, dissipation due to friction of the
liquid molecules at the solid/liquid interface as well as viscous dissipation. Jacobs et al. de-
rived a model to describe the growth of holes in thin films, which accounts for viscous flow and
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Figure 5.3: Representation of the measured initial dewetting velocity v0 normalized by
(3η)/|S| as a function of 1/w. According to Eq. 5.2, the slope of the best linear fit
to the data enables the direct estimation of the respective slip length b. Hence, the
no-slip case (b = 0) yields a constant value, which is equal to (3v0η)/|S| = 0.033.
In order to fit the data, the y-axis intercept is fixed at 0.033, accounting for the
viscous-dominated regime for initially large droplets (w → ∞). The slip length
of PS(186k) can be estimated to equal b = 14± 2µm and the approximation for
PS(390k) yields b = 112± 20µm.

slippage by additively superposing the velocities [66] (see Sec. 2.4):

v = vv + vs =
|S|θrec

3l

1

η
+
|S|b
3w

1

η
. (5.1)

As the model is derived by a power balance, where the acting forces are weighted per unit
length, Eq. 5.1 is invariant with regard to the length of the contact line (here the fibre radius r).
Hence, the model (Eq. 5.1) can directly be applied in order to analyze the dewetting dynamics
of droplets on fibres.

From the results on dewetting droplets using short polystyrene chains, which revealed purely
viscous flow only, the corresponding constant pre factor 1/A = (|S|θrec)/(3l) is already known
(see the publication in ADDENDUM III). The spreading parameter |S| = |γlv(cos θe − 1)|
or rather the equilibrium contact angle θe as well as the width w of a droplet display experi-
mental quantities which can be determined right from the optical micrographs. In analogy
to the publication in ADDENDUM III, the viscosities (see Tab. 5.1) are obtained from
independent viscosimeter and ellipsometric measurements by projecting the data according
to the WLF equation (Eq. 2.1) [17]. Hence, the slip length b is the only free parameter in
Eq. 5.1.

A dewetting scenario which is exclusively governed by viscous dissipation represents a no-
slip situation, b = 0. The dewetting velocity is entirely independent of the droplet width
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5.2 The influence of slippage at the solid/liquid interface on the droplet dynamics

w and can be written as: v = (|S|θrec)/(3lη). The results presented in the publication
in ADDENDUM III revealed a linear dependence between v and 1/η with the universal
prefactor of (|S|θrec)/(3l) = 1/A = 1/(3900 ± 300)N/m. Equation. 5.1 can be converted as
follows:

3vη

|S| =
θrec

l
+
b

w
. (5.2)

As a consequence, the illustration of (3v0η)/|S|, with the initial droplet velocity v0, as a function
of 1/w for PS(186k) and PS(390k) in Fig. 5.3 enables us to gain information about the influence
of slip on the dewetting process. The slope of the best linear fit to the data provides an estimate
of the respective slip length (see Eq. 5.2 and Fig. 5.3) [34]. Applying the proportionality
constant A = 3900 ± 300 m/N for the no-slip case (b = 0), where only viscous dissipation is
present, yields a constant value of (3v0η)/|S| = θrec/l = 3/(A|S|) = 0.033 (solid black line in
Fig. 5.3). As the extrapolation for infinitely large droplet widths w results in a diminished
influence of slippage, the finite value of (3v0η)/|S| is equal to the one obtained for the no-slip
case [34]. Therefore, the y-axis intercept, where w →∞, is fixed at (3v0η)/|S| = 0.033 during
the fitting procedure. Thereby, we obtain a slip length of b = 14 ± 2µm for PS(186k) and
PS(390k) accounts for b = 112 ± 20µm. A detailed discussion of the slip length values in
comparison to former results is presented in chapter 6.

Entire motion process

In the following paragraphs, the entire droplet motion process will be analyzed in detail. As
discussed earlier in the text, the droplet dynamics is not linear over the entire range of recorded
data and the droplet speed does even show an increase for late times t (see Fig. 5.1). By having
a closer look at one exemplary data set showing the local velocity v as a function of time t,
several distinct regimes can be identified. Fig. 5.4 displays a typical data set of a PS(186k)
droplet with an initial width of w(t0) = 85 ± 5µm at T = 200 ◦C, obtained from images
which were recorded right after the formation of the contact line. Similar to what we already
discussed for the first regime, the droplet motion is linear in time and the initial local speed v0

can be determined from the slope of the curve (see Fig. 5.1a). Whenever the moving droplet
(M) coalesces with one of the static droplets (A, B, C, D), a steep increase in the dewetting
speed can be observed (see the marked regions A, B, C and D in Fig 5.4a). In analogy to the
measurements of moving droplets with a low molecular weight, this effect can be understood by
the sudden decrease in the receding contact angle θrec as two droplets come into direct contact
(cf. the publication in ADDENDUM III). The results, presented in the publication in
ADDENDUM III, showed that the recuperation of the receding contact angle at the end
of the droplet merging process is accompanied by a decrease in the coalescence velocity. On
the contrary, the droplet motion process, using long entangled PS chains, does not reveal a
deceleration of the coalescence speed, although θrec readjusts. The coalescence dynamics is
linear in time (see Fig. 5.4c).

Each coalescence step is followed by a region where the droplet moves along the fibre while
accumulating residual thin film only. Fig. 5.4a shows that the motion of the droplet in these
regions is linear in time and the black solid lines indicate the respective local velocity vi. The
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Figure 5.4: Typical data set of a receding PS(186k) droplet on a hydrophobized fibre at a
temperature of T = 200 ◦C. The initial droplet width equals w(t0) = 85 ± 5µm.
(a) Dewetted distance d(t) of the contact line as a function of time. The solid
black lines indicate the best linear fit to the regions, where the moving droplet
accumulates only the residual film. The regions named A, B, C and D mark
the coalescence events with static droplets. (b) Illustration of the corresponding
optical micrographs at various times t, indicating parameters which are relevant
for the coalescence events. (c) Droplet displacement data d(t) during the coa-
lescence of the moving droplet with the static droplet named B. The solid black
line represents the best linear fit to the data of the coalescence regime. The slope
provides a measure for the coalescence velocity vc.
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5.2 The influence of slippage at the solid/liquid interface on the droplet dynamics

comparison of the local speed before and after the coalescence with a static droplet, however,
does not reveal a monotonic trend. Fig. 5.4a shows that the local velocity, measured before
and after coalescence, may increase (v2 and v3) or decrease (v1 and v2).

A fundamental difference regarding the dewetting process of long- and short-chained PS droplets
is given by the dynamics of the droplet coalescence events themselves. Droplets with short
chains showed the exact same coalescence behavior for all experiments with a constant viscos-
ity η. The use of long PS chains, however, reveals variations in the coalescence event. These
variations become noticeable by comparing the time intervals ∆t as well as the evolution of
d(t) for the single coalescence steps (see marked regions in Fig. 5.4a). Hence, the coalescence
speed vc of two droplets differs significantly. Furthermore, we obseverd the displacement of an
actual static droplet towards the moving droplet in case of small moving droplets coalescing
with bigger static ones. This can be understood by considering the respective contact angles
of the merging droplets. Whereas a moving droplet exhibits a constant receding contact angle
of θrec, the apparent contact angle β of the static droplets varies (see Fig. 5.4b). Note that the
droplets were generated by taking advantage of the RPI, i. e. the droplets grew over time as a
result of the decaying liquid cylinder. As a consequence, the apparent contact angle β of these
droplets increases during the growth of the instability (see Sec. 5.1). Hence, big droplets may
exhibit a contact angle β which is larger than θrec.

The direct contact between the receding and the static droplet with a significant difference in
the droplet radii R (see Fig. 5.4b) is accompanied by a large pressure difference (see Eq. 2.80).
This, in turn, causes a sudden increase in the driving force. As a consequence, the bridge in
between the two droplets levels rapidly while probably benefitting from a significant amount of
hydrodynamic slippage at the solid/liquid interface (see Fig. 5.3). Nevertheless, the receding
droplet has to overcome the remaining viscous dissipation, located at the three-phase contact
line. The static droplet, however, decays into the thin residual film with the apparent contact
angle β. The combination of a smooth decay into eres and θrec ≤ β (see Fig. 5.4b, here:
θrec = 58± 3 ◦ and β = 60± 3 ◦) makes it energetically more favorable for the static droplet to
move towards the receding droplet at the beginning of the coalescence process, as a response to
the large driving force (see Fig. 5.4b) [67, 68, 69]. This effect might be enabled by the presence
of a slip boundary condition.

As a result of the sudden displacement, the ’static’ droplet leaves behind a residual film, which
is thicker than the typical residual film height of eres ∼ 1µm. As an example, Figure 5.4b
displays optical images, showing the positions of moving (M, M|| and M|||) and static droplets
(A, B, C and D) on a fibre recorded after t = 80 s, 2140 s and 2400 s. For t = 80 s and
t = 2140 s, the residual film height, located to the right-hand side of the big static droplet
(C), equals eresC = 1µm (see Fig.5.4b). The situation at t = 2400 s shows that the static
droplet (C) has been shifted towards the moving droplet by a distance ∆x in consequence of
the coalescence of the droplets M|| and C. In addition, the residual film height eresC increased
by a factor of ∼ 2 due to material left behind by the ’static’ droplet.

The comparison between the dewetting process of droplets with short and long entangled PS
chains reveals significant differences with respect to the local droplet velocity vi, the coalescence
dynamics as well as the influence of the coalescence event on the residual film height eres.
Table 5.2 summarizes the results on calculating the upper limit estimation of the Weissenberg
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5 Capillary droplet propulsion on a fibre

Mw / kg mol−1 T / ◦C γ̇max / s−1 τ / s Wi

186 200 0.29 0.13 0.0387
186 210 0.61 0.072 0.0441
390 210 0.23 0.92 0.2116

Table 5.2: Upper limit estimation of the Weissenberg number Wi for the studied molecular
weights and temperatures. The maximum strain rate is given by γ̇max = vmax/eres,
where vmax displays the fastest velocity and eres represents the corresponding resi-
dual film height. For PS(390k) at T = 130 ◦C, Bach et al. measured a relaxation
time of τ = 11300 s [139]. Projecting this value according to the WLF equation
(Eq. 2.1) yields the estimated relaxation times τ .

number Wi for the different molecular weights and temperatures, in order to determine the
actual influence of viscoelastic effects, which might be induced by the use of long entangled PS
chains. As for all experiments Wi� 1, viscoelastic effects can safely be excluded.

Figures 5.1 - 5.4 indicate that the initial motion of the droplets is controlled by slippage and
v0 is in good agreement with Eq. 5.1. The first deviation from this behavior of the local
speed v occurs right after the coalescence of two droplets. In addition, the local velocity v
changes subsequent to every coalescence event (see Fig. 5.4a). The resulting dewetting speeds
vi, however, do not follow the trends suggested by the slip model, i. e. Eq. 5.1. Hence, with
respect to Fig. 5.4a, the local velocity v might be linked to the preceding coalescence scenario.

In order to gain information about the coalescence events, the velocity vc of two merging
droplets is analyzed. In analogy to the measurement of the local dewetting velocity v, the
coalescence speed is obtained from the three-phase contact line displacement data d(t) during
the regime of coalescence (see Fig. 5.4c).

Figure 5.5 illustrates the local velocity v as a function of the speed vc of the preceding coales-
cence event for PS(186k) at T = 200 ◦C and T = 210 ◦C as well as PS(390k) at T = 210 ◦C
(obtained from the data shown in Fig. 5.1). Note that the local velocity v which corresponds
to the limiting case of vc = 0 is equal to the initial droplet velocity v0, which can directly
be measured from the first regime of the droplet motion (see earlier in this paragraph). The
presented velocity data indicates a linear scaling between both quantities: the faster the coa-
lescence speed vc, the faster the subsequent dewetting velocity v. In addition, the slopes of the
linear best fit to the curves yield roughly the same proportionality constant of 0.17± 0.02 for
all data sets, which suggests a universal relation between v and vc.

According to the presented slip model (Eq. 5.1), three potential reasons may be responsible
for a variation in the dewetting dynamics: (i) the dependence of the local dewetting velocity
v on the width w(t) of the receding droplet, (ii) a shear rate dependent viscosity η(γ̇) and (iii)
a shear rate dependent apparent slip effect. The influence of the droplet width w(t) on the
local dewetting velocity v can safely be excluded for all presented measurements: in contrast
to earlier studies [34, 66], the droplet displacement data d(t) shows an increase of the local
speed v over the entire dewetting process (see Figs. 5.1, 5.2 and 5.4). According to Eq. 5.1,
however, one would expect the droplet velocity to consistently decrease as a result of the
uptake of liquid volume and increase of the width w(t), rather than increase. In addition,
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Figure 5.5: Local velocity v of dewetting droplets plotted versus the speed vc of the preceding
coalescence event for PS(186k) at T = 200 ◦C and T = 210 ◦C and PS(390k) at
T = 210 ◦C. The lines illustrate the linear best fits to the data. The represen-
tation suggests a linear scaling between v and vc with a universal constant of
proportionality.

the upper limit estimation of the Weissenberg numbers, which relate the time scale of stress
relaxation τ with the time scale of the applied shear, clearly reveal Wi� 1 for all experiments
(see Tab. 5.2). Hence, viscoelastic effects, that is the dependence of the viscosity on the
coalescence-induced shear rate, can also be excluded. Consequently, based on our current
knowledge, the presented variation of the dewetting speed v as a function of the preceding
coalescence velocity vc suggests a first indication of a shear-dependent apparent slip effect (see
Sec. 2.2.3). In case of apparent slip the velocity of the molecules at the interface is zero, but
a considerable slip length is measured. The presented experiments do, however, not allow to
access the absolute value of the velocity at the interface. Hence, the detailed understanding
of the mechanisms, which govern the droplet propulsion dynamics using long entangled PS,
requires more experiments: a systematic variation of the shear rate γ̇ via a variation of the
viscosity η, for a constant molecular weight and a constant initial droplet width w(t0) may
help to gain information about the interactions at the interface.

Short Summary

• The local dewetting process of droplets with long entangled PS chains reveals three signifi-
cant characteristics: (i) The local droplet velocity v, measured during the accumulation
of the residual film eres, exhibits variations over the entire experiment. (ii) The travelled
distance d(t) is linear in time during the entire coalescence regime. The coalescence speed
vc varies for the different coalescence events. (iii) A displacement towards the receding
droplet is observed for static droplets with a contact angle β, which is larger than the
receding contact angle θrec.

• By applying the universal constant of proportionality, obtained for low molecular weights
(see Sec. 5.1 and the publication in ADDENDUM III), the analysis of the initial
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5 Capillary droplet propulsion on a fibre

local dewetting velocity v0 (during the motion regime beginning with the formation of
the contact line until the first coalescence event) enables the direct estimation of the slip
length b from the slip model (Eq. 5.1).

• The local dewetting velocity v subsequent to any coalescence event does not follow the
trend suggested by Eq. 5.1. On the contrary, the data indicates a linear relation between
the local dewetting velocity v and the preceding coalescence speed vc.
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studies

The results presented in the publication in ADDENDUM II and Sec. 4.2 show that study-
ing the RPI of viscous liquid PS films with varying molecular weights on hydrophobized fibres
provides a possibility to determine the slip length b. In addition, the investigation of the ca-
pillary droplet propulsion process on AF2400 fibres using long-chained PS melts enables us to
estimate b from a simple model based on a power balance (see Sec. 5.2). Figure 6.1 summarizes
the measured values of the slip length b as a function of the molecular weight in comparison
to results obtained from analyzing both, the hole growth dynamics and the rim profiles of
holes in dewetting thin PS films on planar AF1600 substrates. For Mw < Mc, the analysis of
hole growth and rim profile measurements provide constant slip lengths in the range of 10 to
100 nm. In case of large Mw, the slip length b was, however, found to increase with a power of
3 with respect to Mw (stars and diamonds in Fig. 6.1), which is in excellent agreement with
the theoretical prediction by de Gennes (black solid line in Fig. 6.1) [52]. Keeping the value
for a = 3 Å from the literature [52], the entanglement length Ne was, however, found to be
increased by roughly a factor of ∼ 2 for the hole growth data and a factor of ∼ 3 analyzing
the rim profiles compared to the bulk (Ne = 163) [140]. For further details concerning the
reduction of the entanglement length in the vicinity of an interface the reader is referred to
[35, 56, 140].

In general, Figure 6.1 shows that the slip lengths obtained from four different measurements are
consistent and reveal the same trend with respect to the molecular weight: b ∼M3

w. However,
the slip length values obtained from measurements on the growth of holes in thin films, the
propulsion of droplets and the RPI on fibres show larger values in comparison to slip lengths
measured by studying rim profiles of dewetting holes. The conceptional differences between
the different experimental techniques and their potential implications on the quantification of
the slip length will be discussed in the following.

In Fig. 6.1, we see that the slip length, obtained from studying the motion of droplets on fibres
depends on the molecular weight exact the way de Gennes predicts (Eq. 2.25) [52]. The best
linear fit to the data yields an entanglement length of Ne = 353, while keeping a from the
literature [52]. The slip lengths as well as the length of the inter-chain entanglements Ne are
in excellent agreement with the values obtained from the analysis of the hole growth data (see
Fig. 6.1). This can be understood by the fact that the same model was applied to analyze the
data (see Eq. 5.1). Thereby, the moving droplet as well as the dewetting rim surrounding the
hole are characterized by a receding wedge-shaped liquid front. The model assumes that the
friction of the liquid molecules at the solid/liquid interface is homogeneous and that the entire
contact area between the receding front and the substrate contributes to the dissipation. In
addition, both dewetting scenarios exhibit the same capillary driving force. As the driving force
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Figure 6.1: Double-logarithmic representation of the slip length b obtained from different
measurement techniques as a function of the molecular weight Mw: mean values
for b obtained from the capillary droplet propulsion and the RPI on AF2400 fibres
as well as separate slip length values measured from the hole growth and the rim
profile analysis of holes in dewetting thin films on planar AF1600 substrates. The
solid black line represents the model by de Gennes using the bulk entanglement
length of Ne = 163 for PS [52]. The mean value for the low molecular weight
regime, combining the results of the hole growth and rim profile analysis, is
illustrated by the dash-dotted line. The dashed line shows the best linear fit to
the rim profile data, exhibiting an increased entanglement length of Ne = 517.
Data obtained from the hole growth and the rim profile analysis is adapted from
[140].

as well as the dissipated energy are weighted per unit length, the applied model is invariant
with respect to the length of the three-phase contact line. Hence, the 2D model is valid for
both geometries.

Slip lengths obtained from analyzing the motion of droplets on fibres and the growth of holes
in thin films typically reveal larger values in comparison to slip lengths measured by studying
rim profiles (see Fig. 6.1). In the following, we outline a potential hypothesis to explain
the systematic shift to larger values, when determining the slip length b from experiments
concerning moving droplets and the growth of holes: both geometries, a moving droplet on
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Figure 6.2: Slip length b as a function of temperature T for different molecular weights on
DTS substrates. The values for PS(13.7k) and PS(65k) were obtained from ana-
lyzing the rim profiles of dewetting holes in thin films on planar DTS substrates
[19]. The value for PS(78k) is measured from the RPI on a fibre (see Sec. 4.3).
The data for PS(13.7k) and PS(65k) is adapted from [19].

a fibre as well as a dewetting hole in a film, can be described by the same theoretical model
(Eq. 5.1), which is derived by assuming a superposition of viscous flow and slippage [66].
The lateral scale of slippage is estimated by the width w of the droplet or rather the rim.
Note that, in analogy to the definition of the width w of a receding rim (the width equals
the horizontal distance between the three-phase contact line and the position at the wet side
where the rim height equals 1.1h0), the width w of a moving droplet is given by the horizontal
distance between the contact line and the position where the droplet merges into the residual
film (see Sec. 3.3.2). Hence, the determination of the slip length by applying this model is
significantly influenced by the entire extent of the liquid wedge w. On contrary, the analysis
of rim profiles is only sensitive to the side of the liquid wedge, where the front merges into the
residual film [140]. Furthermore, we note that assuming the lateral extent of slip being equal
to the rim width w displays only a rough estimate. If the lateral extent of slippage is actually
systematically larger than the width w, the slip length values calculated from Eq. 5.1 would
be too large.

With regard to the experiments on the evolution of the RPI, the fundamental difference in
comparison to the other studies, presented in Fig. 6.1, is given by the underlying model to
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6 Comparison of slip lengths obtained from different studies

determine the slip length. As discussed, slip length values from hole growth, droplet propulsion
as well as rim profile data are determined from analyzing the dynamics and respectively the
decaying rim shape of a dewetting front. In case of the RPI of a viscous film on a fibre, the
slip length is, however, measured from the growth of the amplitude during the initial regime
of the RPI. As stated above, the model applied to analyze the droplet propulsion and the hole
growth data, is sensitive to the rim width w, with respect to the lateral extent of slippage.
The analysis of the rim shapes is sensitive to the side, where the front decays into the residual
film. The model which is applied to investigate the RPI is not restricted in terms of the lateral
extent of slippage. Hence, scatter in the slip length data can be understood by the outlined
fundamental differences between the different experimental techniques and applied models (see
Fg. 6.1).

The results concerning the RPI on a fibre revealed a significant change of the slip length b for
changing the substrate (see Sec. 4.3). Whereas for PS(78k) at T = 180 ◦C on AF2400 fibres,
the slip length was found to equal b = 4.0 ± 0.4µm, the same PS films using the identical
temperature exhibit a slip length of b = 1.4 ± 0.8µm, if applied to DTS-coated fibres. Note
that by using PS with a molecular weight of Mw = 78 kg/mol on DTS substrates, slippage is
induced by both, the substrate as well as the entanglements [34, 35]. As discussed in Sec. 4.3
and chapter 7, the evolution of the RPI is not affected by the variation of the origin of slippage.
Additionally, we stress the fact that in contrast to AF-coated substrates, the slip length b on
DTS substrates has shown a significant temperature dependence: for a given molecular weight,
b decreases with increasing temperature (see Fig. 6.2) [34]. From Fig. 6.2 we see that, with
respect to the temperature dependence, the obtained slip length value of b = 1.4± 0.8µm for
PS(78k) at T = 180 ◦C is in excellent agreement with former works on the dewetting of holes
in thin PS(65k) films [19].

Short Summary

• Both physical phenomena, the Rayleigh-Plateau instability of a viscous liquid film on a
fibre as well as the motion of droplets on a fibre, induced by capillary forces, provide a
robust and reliable method to determine the slip length.

• In case of AF-coated substrates, the measured slip lengths are consistent with former
results obtained from analyzing the growth of holes and the shape of a rim profile sur-
rounding a hole in thin films. Within the experimental error, the slip lengths reveal the
same trend with respect to the molecular weight: b ∼M3

w for Mw > Mc.

• With respect to the temperature dependence of the slip length on DTS substrates, the
slip length measured from the RPI on a fibre shows excellent agreement with former
results on dewetting holes in thin films.
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7 The Rayleigh-Plateau instability of a receding

straight front

After having studied the influence of slip on the Rayleigh-Plateau instability of a viscous film
on a fibre (see the publication in ADDENDUM II and Sec. 4), we focus in the following
on the evolution of the RPI of a receding straight front in a thin film on a planar substrate.
A recent study by Bäumchen et al. investigated the influence of slip on the evolution of the
Rayleigh-Plateau instability of a receding straight front in a thin (h0 = 125± 5 nm) PS(13.7k)
film on two different types of planar substrates [85]. Experiments on both substrates were
performed at the same temperature of T = 120 ◦C and slippage was induced by the choice
of the substrate: a weak-slip situation (see Sec. 2.2.3) with a slip length in the range of
b ≈ 0.04µm was generated by using the combination of a short-chained PS melt and AF1600
surfaces [35, 85]. However, applying the same PS film on DTS-covered Si wafers yields a strong-
slip boundary condition (see Sec. 2.2.3), with b ≈ 1µm for T = 120 ◦C [34, 85]. In analogy
to the results presented in the publication in ADDENDUM II and Sec. 4, the obtained
results show that slippage amplifies the growth of the instability. The wavelength λ∗ of the
fastest growing mode is, however, unaffected by changing the boundary condition. The effect
of a slip-induced amplification of the growth of the undulations is corroborated by results on
the RPI of a receding straight front in thin PS films [131]: here, in contrast to Ref. [85], the
slip length was continuously varied between the experiments, induced by using large molecular
weights (Mw > Mc) on AF1600 substrates [35, 131].

In the following paragraphs, we will focus on the comparison of the experimental findings
to numerical results concerning the morphological characteristics of a receding straight front
exhibiting intermediate-slip (see Sec. 2.2.3). The numerical simulations were performed by
D. Peschka et al. [141]. In contrast to Ref. [85], the presented numerical simulations do even
provide the possibility to predict the late stages of the RPI.

7.1 Numerical simulations of straight receding fronts

In order to numerically simulate the evolution of the RPI of a receding straight front in a thin
film, the fourth-order differential equation of motion for thin Newtonian liquid films must be
solved (see Eq. 2.33):

∂th− ~∇ · (m(h)~∇Π) = 0, (7.1)

where

Π = −~∇2h+ φ′(h) (7.2)
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7 The Rayleigh-Plateau instability of a receding straight front

Figure 7.1: Illustration of the polygonal domain, consisting of a receding (to the right of
the rim, which is shown in black) and a precursor film (to the left of the rim),
approximated by a mesh of triangles, at a dewetted distance of D = 1µm [141].

represents a generalized pressure. Formally, the pressure Π can be written as the first variation

Π =
δF

δh
(7.3)

of an energy functional:

F (h) =

∫

Ω

1

2
||∇h||2 + V (h)dx, (7.4)

representing the driving force of the system, which counteracts the friction mechanisms. The
intermolecular potential V (h) is chosen as follows:

V (h) = V̂

(
h

hp

)
, V̂

(
h

hp

)
=

Σ

m− n

(
n

(
h

hp

)−m
−m

(
h

hp

)−n)
, (7.5)

with m = 2 and n = 8 being the exponents of the potential, so that V ′(hp) = 0 and
V (hp) = −Σ = S/γlv. hp stands for the dimensionless thickness of the precursor film, which
is implemented into the model in order to account for the receding contact angle θrec located
at the sharp three-phase contact line. Here, the mobility m(h) of the film is equal to the
intermediate-slip case with m(h) = h2. Note that, in contrast, the thin film model in the
publication in ADDENDUM II and Sec. 4 comprises m(h) = h3 + 3bh2 (weak-slip).

The model (Eq. 7.1) is solved using a finite element method (FEM) [142]. Thereby, the
polygonal domain, consisting of the receding and the precursor film, is approximated by a
mesh of triangles. For the purpose of precision, the mesh is locally refined close to the contact
line (see Fig. 7.1). For further details concerning the FEM the reader is referred to [142, 143].
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7.2 Comparison between experimental and numerical results

7.2 Comparison between experimental and numerical results

In the following, we concentrate on the comparison of the evolution of the RPI of a straight
front in a thin film obtained from experiments using PS(5.6k) and PS(101k) with the theoretical
predictions obtained for intermediate slip. Here, a linear geometry has been chosen in order
to eliminate geometrical restrictions on the wavelength of the instability along the rim. Note
that the system of a receding straight front displays three major differences, in contrast to
what has been discussed so far concerning the classical case of the RPI (see Secs. 2.5.1 and
4 as well as the publication in ADDENDUM II): (i) the rim shape is approximated as a
half-cylinder, which (ii) continuously grows during the dewetting process and (iii) features a
three-phase contact line. As the comparison of different films with equal film thickness h0 at
the same dewetted distances D ensures the identical volume in the rim, we compare the results
taken at certain dewetted distances.

7.2.1 PS(101k): intermediate-slip experiments

In order to study the evolution of the RPI of a receding straight front in a thin viscous film in
the presence of an intermediate-slip boundary condition, we performed dewetting experiments
using PS films with a molecular weight of Mw = 101 kg/mol and an initial film thickness of
h0 = 106±4 nm on AF1600 substrates (T = 140 ◦C) [35]. The employment of the experimental
parameters, as e. g. the initial film thickness h0 and the receding contact angle θrec, to the model
for intermediate slip (see Sec. 7.1) enables the direct comparison between the experimental and
numerical results.

Figure 7.2 summarizes the experimental and numerical results: Figure 7.2a and b show typical
optical micrographs of a receding straight front in a h0 = 106 ± 4 nm thick PS(101k) film
on AF1600 (T = 140 ◦C), taken at different dewetted distances D. In comparison, Fig. 7.2c
illustrates the numerical results obtained from the intermediate-slip model (see Sec. 7.1). In
order to solve Eq. 7.1, the respective initial film height h0 = 106± 4 nm as well as the receding
contact angle, which for PS on AF6100 substrates was found to equal θrec = 68±2 ◦ [140], have
been applied. From Figure 7.2 we see that the numerical solution of Eq. 7.1 is capable to mimic
the characteristic morphological features of the RPI: at first, the front dewets from the substrate
and maintains its straight shape. However, at a certain dewetted distance D undulations
occur - the so-called peaks and valleys are formed. In the further course of dewetting, the
undulations grow due to the constant accumulation of the residual material. Driven by Laplace
pressure, the valleys start to empty into the peaks. As a consequence of the intermediate-slip
boundary condition at the solid/liquid interface and the associated dependence of the dewetting
velocity on the rim width [53], i. e. v = v(w), the peaks dewet slower than the valleys, which
causes the formation of so-called bulges [85]. The combination of the difference in the dewetting
speed between the peaks and the valleys and the fact that material transport from the valleys
into the peaks is present, leads in turn to the formation of so-called fingers [85]. In the further
course of dewetting, the fingers thin out, starting at the tip, where the finger is connected
to the droplet, which finally results in the detachment of the droplets. The droplets adopt
a spherical shape while exhibiting the equilibrium contact angle of θe = 88 ± 2 ◦ [140]. The
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Figure 7.2: Snapshots of a receding straight front in a viscous liquid film taken at different
travelled distances D. (a), (b) Optical micrographs of a PS film with a molecular
weight of Mw = 101 kg/mol on AF1600 at a temperature of T = 140 ◦C. The
initial film thickness equals h0 = 106± 4 nm and a slip length of b = 478± 7 nm
was obtained from the rim profile analysis of dewetting holes in thin PS(101k)
films on AF1600 [35]. Hence, the dewetting takes place in the intermediate-slip
regime. The optical images are obtained from [131]. (c) Numerical simulation
for intermediate slip employing the precise parameters of the experiments in (a)
and (b) [141].
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Figure 7.3: Rim profile h(x, t) obtained from the numerical simulation of a h0 = 106 nm thick
viscous liquid film dewetting on a substrate with an intermediate-slip boundary
condition, extracted at a dewetted distance of D = 3µm (see Fig. 7.2). The
rim width is equal to w = 1.17µm and the maximal height was measured with
hmax = 0.39µm [141].

fingers continue to retract and potentially leave behind secondary droplets. As the undulations
are due to the Rayleigh-Plateau-type instability, the resulting bulges are equally distributed
with wavelength λ∗ (see Sec. 2.5) and do exhibit the same size (see Fig. 7.2a at D = 50µm).
Hence, the final droplet pinch-off occurs at the same dewetted distance D and the remaining
droplets are located on a vertical line (see Fig. 7.2a at D = 60µm). Often, the coalescence of
two neighboring bulges is observed in the experiments (see Fig. 7.2b at D = 50µm), which is
even captured by the numerical simulations (see Fig. 7.2c at D = 11µm).

The comparison of the absolute values of the dewetted distance D, which the front has moved
until a certain morphological change of the rim becomes visible, shows that the experimental
values exceed the theoretical values by a factor of 4−6. Measuring the length ld of a finger, right
before the droplet pinch-off occurs, yields an experimental value of ld = 12.8±0.4µm, whereas
the simulations reveal a finger length of ld = 2.6µm. Hence, the experimental value exceeds the
simulation again by a factor of∼ 5. In addition to these lateral characteristics, also the maximal
height hmax of the rim profile represents a morphological feature of the RPI. From former works
it is know that the maximal height hmax and the rim width w are directly correlated as a result
of the conservation of volume: w = (3.7 ± 0.3)hmax + (0.35 ± 0.03)µm [140, 144]. In general,
the width w of a rim is defined as the distance between the three-phase contact line and the
position where the rim height is dropped to 1.1h0. Typically, the width w is measured from
the analysis of the rim profiles (see Sec. 3.2.3). Here, the rim width w of the experimental data
sets is measured from the optical micrographs, as illustrated in Fig. 7.2a. With respect to the
onset of the instability, we find w(D = 20µm) = 3.9 ± 0.3µm, corresponding to a calculated
maximal rim height of hmax = (w − (0.35 ± 0.03)µm)/(3.7 ± 0.3) = 0.96 ± 0.16µm. Note
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7 The Rayleigh-Plateau instability of a receding straight front

that the determination of the rim width from optical micrographs is significantly influenced
by the illumination of the sample (see Fig. 7.2a). Depending on the contrast, the moving front
(the dark colored part in the middle of the images shown in Fig. 7.2) might appear broader.
Hence, the value of the rim width, obtained from optical micrographs, denotes a rough estimate
compared to values obtained from the analysis of rim profiles, which provide a precision in the
nanometer range. Regarding the theoretical results, the corresponding morphological state is
obtained for D = 3µm (see Fig. 7.2c). As the numerical simulation allows to extract the rim
profile, the maximal height is found to equal hmax = 0.39µm (see Fig. 7.3) with a rim width of
w = 1.17µm. We find roughly a factor of ∼ 3 between the experimentally and the theoretically
determined characteristic parameters.

The potential source for the systematic and consistent deviation in the absolute values might
be a difference in the mobility m(h). The presented experiments were performed using h0 =
106±4 nm thick PS(101k) films on AF1600 substrates, exhibiting a slip length of b = 478±7 nm
[35]. Hence, the dimensionless slip length is equal to B = b/h0 ≈ 5. As a consequence, the
mobility m(h), acting on the first liquid molecules close to the solid/liquid interface, might
actually be weaker than the mobility used in the simulation [141]. The mobility does, however,
determine the onset of the instability. For weak- and intermediate slip, we found: the higher
the mobility m(h), the smaller the dewetted distance at which the undulations occur [131].

Short Summary

• Dewetting experiments of straight fronts in thin PS films show that the semicylindrical
rim undergoes a Rayleigh-Plateau-type instability.

• The presence of interfacial slip causes the perturbed front to pass through several char-
acteristic regimes (undulations, bulges, fingers and droplet pinch-off).

• Using a finite element method to solve the equation of motion for thin films featuring an
intermediate-slip boundary condition, one gains results that qualitatively agree with the
experimental findings. All characteristic features of the instability evolution are captured
by the numerical simulation. In contrast to former studies, the numerical simulations do
even provide the late stages of the RPI - the fingering and the pinch-off regime.

• The quantitative comparison between the experimental and numerical results, as e. g. the
dewetted distance and the finger length, shows that the evolution of the RPI is ’faster’
for the simulation: the characteristic morphological changes set in at a smaller dewetted
distance D.

• A potential reason for the discrepancy in the absolute values might be a difference in the
mobility m(h) of the liquid molecules at the interface.
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7.2.2 PS(5.6k): weak-slip experiments

In order to compare the experimental and theoretical results concerning the height profiles of
a receding rim, the dewetting process of a straight front in a PS film on AF1600 was recorded
using an atomic force microscope (AFM). PS with a molecular weight of Mw = 5.6 kg/mol was
used. Note that the film preparation for short-chained PS is accompanied by the formation of
’float gaps’ (see Sec. 3.1.3). Hence, the prepared samples offer straight fronts. The initial film
thickness of the PS films equals h0 = 125±5 nm and the dewetting experiments were performed
at a temperature of T = 110 ◦C. Images were taken in-situ every minute. As the slip length
of thin dewetting PS(5.6k) films on AF1600 has been measured to equal b = 53 ± 34nm [35],
these experiments provide a weak-slip scenario with B = b/h0 = 0.4 (see Sec. 2.2.3). In former
studies, experiments with a dimensionless slip length B on the same order were even referred
to as no-slip systems in comparison to strong-slip systems with B = 10 [85]. Strictly speaking,
even low molecular weight PS films on AF1600 substrates do typically exhibit a very small
amount of slip at the solid/liquid interface [35]. As a consequence, a receding straight front
in such a PS film does also become unstable and form fingers, but at a much later stage
compared to the intermediate-slip case [131]. In other words, a dewetting straight front in
a film of thickness h0, where a very small slip length b1 is present, undergoes the RPI not
until the front has moved the distance D1. The undulations of a dewetting rim in a film of
the same thickness h0 with a slip length of b2 > b1 do, however, occur at D2 < D1. Hence,
the slip length b determines the onset of the instability, but the characteristic morphological
evolution of the RPI (undulations, bulges, fingers and droplet detachment, see Sec. 7.2.1) is
the same for both scenarios [131]. Only for a given ideal no-slip substrate, the receding rim
would indeed become unstable, but would not form bulges and fingers. Hence, the formation
of fingers displays a fingerprint for the presence of slippage at the interface and even from the
final stage of the dewetting process, one can judge if slippage was present (see the publication
in ADDENUM I) [85].

Solving Eq. 7.1 while applying the weak-slip mobility term does, in contrast to the described
experimental findings, result in a stable situation [141]. A potential reason might be given
by the selected window size in the simulation: as the weak-slip experiments showed that the
onset of the instability occurs not until the front has travelled a distance D, which is much
larger than for intermediate slip [85], the tested window sizes in the simulations might be
too small to reach the regime of undulations [141]. Within the tested window sizes, only the
implementation of a big perturbation of the front or increasing the slip length up to b = 5h0

caused the receding front to become unstable [141]. The morphological evolution was, however,
found to be qualitatively identical for weak and intermediate slip [131]. In addition, Münch et
al. showed that the rim profiles - obtained for both boundary conditions - exhibit an oscillatory
decaying tail [84]. Hence, the experimental (for weak slip) and theoretical (for intermediate
slip) results are comparable with respect to morphological fingerprints. The absolute values
are, however, not comparable, as the mobility m(h) of the liquid molecules at the solid/liquid
interface is different.

In the following, we present results from dewetting experiments of PS(5.6k) on AF1600, where
weak slip is present, in qualitative comparison to numerical results, derived by applying an
intermediate-slip boundary condition. All experimental parameters, as e. g. the initial film
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Figure 7.4: Comparison of experiment and simulation for the early stage of the RPI: (a)
AFM image showing a perturbed front in a dewetting PS(5.6k) film on AF1600
at T = 110 ◦C after t = 84 min (h0 = 125 ± 5 nm). The slip length equals
b = 53 ± 34 nm [35]. Hence, the system exhibits a weak-slip scenario, where
B = b/h0 = 0.4. (b) Rim profile h(x, t), extracted from the AFM scan shown in
(a) for t = 84 min at the position of a valley. The height h and the distance x
from the three-phase contact line are normalized by the coordinates at maximum
hmax and xmax. (c) Numerical simulation of a dewetting straight liquid front for
intermediate slip, illustrating the early stage of the instability. (d) Normalized
height profile taken from image (c) at a valley, shown by the blue line [141].

thickness h0, are the same. Figure 7.4 illustrates results obtained from AFM measurements as
well as numerical simulations with respect to the onset of the RPI. As discussed in the previous
section, comparing the top view of the receding rims shows the exact same characteristic
morphological state (see Fig. 7.4a, c): at a certain dewetted distance D the front becomes
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Figure 7.5: Comparison of experiment and simulation during the fingering regime of the RPI:
(a) AFM image of a dewetting PS(5.6k) film on AF1600 taken after t = 256 min,
where the front already displays a finger (T = 110 ◦C, h0 = 125 ± 5 nm and
b = 53 ± 34 nm [35], weak slip). (b) Normalized AFM scan line taken from
image (a) along the finger (blue line). (c) Numerical simulation of a dewetting
straight liquid front for intermediate slip, illustrating the fingering regime of the
instability. (d) Normalized height profile taken from image (c) along the finger
(blue line) [141].

unstable and forms undulations with peaks and valleys. For the reason of having a good
temporal (∆t = 1 min) and spatial (1024 lines with 1024 samples/line) resolution, a scan size
of 20 x 20µm2 has been chosen, accepting the fact of imaging one peak and two valleys only.
The comparison of the course of the height profiles h(x, t), normalized by the coordinates at
the maximum hmax and xmax, both extracted at the position of a valley (see the solid blue lines
in Fig. 7.4a,c), shows excellent agreement between experiment and simulation (Fig. 7.4b,d):
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7 The Rayleigh-Plateau instability of a receding straight front

the linear scaling between the rim width w and the maximal rim height hmax as well as the
oscillatory decay of the rim profile into the residual film are captured by the simulation.

The formation of fingers is the most important fingerprint of the RPI of a receding straight
front in a thin film, where slippage is present. Figure 7.5 illustrates again experimental as
well as theoretical results. This time, the data is obtained from the fingering regime. The
experimental top view AFM image shows a snapshot of a droplet, which is still connected to
the receding rim via a thinning liquid PS bridge - the finger (see Fig. 7.5a). As described
in Sec. 7.2.1, the droplet and consequently the finger originate from a peak: as the velocity
depends on the width of the rim, v = v(w), the peaks dewet much slower than the valleys.
Furthermore, by regarding the lower half of Fig. 7.5a it becomes noticeable that the receding
valley does even start to undergo the RPI a second time. The illustrated droplet exhibits a
height, which is much larger than the initial film height h0. In addition, the droplet displays an
elongated shape along the finger axis, which is caused by the retraction of the connected finger.
The numerical simulation shows excellent agreement with the experiments and does also reveal
the formation of fingers. Even the second RPI of the valleys is captured by the simulation.
Figure 7.5b and d represent the respective experimentally and numerically obtained height
profiles h(x, t) along the finger (see the solid blue lines in Fig. 7.5a and c), normalized by hmax

and xmax. Here, again both profiles feature the same characteristic shape: the decaying height
profile of the elongated droplet into the finger is followed by a small ’shoulder’ in the height
profile. Having a closer look at h/hmax associated with the finger shows that the decay of
the finger has already been initiated, starting at the tip, where the finger is in direct contact
to the droplet. In the further course of the dewetting process, the finger will thin out even
more, which finally leads to the detachment of the droplet. Note that the results obtained
from the numerical simulations offer a slightly later stage of the fingering regime compared to
the experimental data (see Fig. 7.5). Accordingly, the length of the liquid bridge is longer.
Furthermore, we see that in agreement with the earlier stage of h/hmax, shown in Fig. 7.4b
and d, the decay of the height profile into the residual film is still oscillatory.

Short Summary

• Using a finite element method to numerically solve the equation of motion for thin li-
quid films with m(h) = h2 shows excellent qualitative agreement with the experimental
findings (for weak slip) concerning the height profiles h(x, t).

• The height profiles h(x, t), obtained from a receding front which undergoes the fingering
regime, feature the elongated droplet shape (caused by the finger formation) followed by
the thinning of the liquid finger.

In summary, the data presented in this chapter show that, in comparison to the findings by
Bäumchen et al. [85], the same morphological fingerprints of the RPI of a receding straight
front can be induced on AF1600 substrates by varying the slip length b via the molecular
weight, with Mw > Mc. The presented numerical simulations for m(h) = h2 are in excellent
qualitative agreement with the experimental findings and capture all characteristic features
with respect to the lateral morphology as well as the height profiles.
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8 Summary and Outlook

The role of the hydrodynamic boundary condition at the interface between a solid and a
liquid has become of enormous significance within the framework of micro- and nanofluidic
devices. The goal of this thesis was to clarify the influence of the hydrodynamic boundary
condition at the solid/liquid interface on the spatial and temporal evolution of the Rayleigh-
Plateau instability of liquid thin films. Two different geometries were considered: thin films on
cylindrical fibres and straight fronts in thin flat films. In the following, the short term ’boundary
condition’ will be used, which always refers to the hydrodynamic boundary condition at the
solid/liquid interface.

The Rayleigh-Plateau instability on a fibre

The RPI of a viscous liquid film with a thickness of e0 on a microfibre of radius r was revisited
by varying the hydrodynamic boundary condition at the fibre/liquid interface from the classical
case of no slip to slip. A no-slip system was generated by applying an entangled polystyrene
film (Mw = 78 kg/mol) on a bare glass fibre. Applying the same PS film on a hydrophobic
AF2400-coated fibre provided a slip situation. The wavelength λ∗ of the fastest growing
mode was found to be insensitive to the boundary condition: λ∗ grows linearly with
the initial total radius h0 of the system, in quantitative agreement with the classical prediction
from Rayleigh and Plateau, i. e. λ∗ = 2

√
2πh0. At short times, the instability exhibits an

exponential temporal growth. We present the respective growth rates 1/τ∗ of the fastest
growing modes for both boundary conditions, which reveal a qualitatively similar dependence
on the system geometry: 1/τ∗ shows a decrease for either very thick films compared to the
fibre radius or for very small ratios of e0/r. For the no-slip situation, the maximum of 1/τ∗ was
found for e0/r ∼ 4. In case of a slip boundary condition, the maximum is shifted to a smaller
value for e0/r, which is due to the non-zero velocity of the liquid molecules at the interface.
Finally, the analysis of the growth rates shows a significant influence of the hydrodynamic
boundary condition for a given system geometry: the growth dynamics of the instability
is considerably increased by slippage.

A fibre thin film model has been developed that is based on the Stokes equation and the
lubrication approximation for thin films and that includes hydrodynamic slip. This model
turned out to be in excellent agreement with the measured wavelength and growth rate data.
The comparison between the experimentally obtained and theoretically predicted
growth rates does even provide the possibility to measure the capillary velocity
γ/η and the slip length b.

Having established a robust technique to quantify hydrodynamic slip, the influence of an in-
crease in the molecular weight (Mw = 186 kg/mol) as well as the influence of the choice of

93



8 Summary and Outlook

the substrate on the slip length is quantified. In order to vary the slip-inducing mechanism,
the PS(78k) films were applied to silanized (DTS) fibres. Hence, slippage was induced by a
combination of two mechanisms: by a modification of the substrate and by using entangled
polymer melts. In agreement with the results obtained for PS(78k) on glass and AF2400 fibres,
the wavelength λ∗ is unaffected by an increase of the molecular weight as well as
the varied origin of slip. The experiments for PS(186k) on AF2400 fibres did, however,
reveal an enhanced amount of slip, i. e. an enhancement of the mobility at the interface, which
causes the RPI to evolve even faster compared to PS(78k) films on AF2400 fibres. The results
obtained from experiments with a changed origin of slip corroborate these findings: the tem-
poral evolution of the RPI is unaffected by the mechanism chosen to induce slippage. Only
the amount of slippage at the interface, i. e. the absolute value of the slip length b, affects the
growth rates 1/τ∗. As the slip length for PS(78k) on DTS exhibits a lowered value compared
to b obtained on AF2400 fibres, the growth of the instability is slowed down. Hence, slippage
can be induced and tuned by the molecular weight as well as the surface treat-
ment. The RPI is, however, not sensitive to the slip-inducing mechanism. The
temporal growth of the instability is only governed by the amount of slip.

Capillary droplet propulsion on a fibre

The late stage of the liquid column breakup on a hydrophobic fibre provided moving droplets.
That enabled the examination of the transport process of droplets along a filament. Subse-
quent to the spontaneous formation of a three-phase contact line at one side of a droplet, the
imbalance of contact angles caused the droplets to move. First, we report on the motion pro-
cess, which is purely governed by viscous dissipation. We find that the droplet dynamics
is linear in time over the entire dewetting process, which comprises the accumu-
lation of the thin residual film and the coalescence with static droplets. The local
dewetting velocity is alternating around a certain mean velocity v: while the accumulation of
the thin film features a constant velocity, the coalescence of the moving and a static droplet is
accompanied by a sudden increase in the droplet speed, in combination with a decrease of the
receding contact angle θrec. At the end of the merging process, θrec recuperates and the velo-
city decelerates again. The analysis of the local droplet speed v for various molecular weights
(Mw = 4.2 kg/mol−78 kg/mol) and temperatures, where coalescence steps have been neglected,
showed that the inverse local dewetting velocity 1/v scales linearly with the melt
viscosity η. The comparison of the measured velocity data with a force balance
model based on purely viscous friction reveals a single constant of proportionality
capturing all data sets.

In order to study the influence of slippage on the droplet propulsion dynamics, we report
on experiments using long-chained PS droplets (Mw = 186 kg/mol and 390 kg/mol). From
recording the local velocity of the contact line of the droplets we observe that the dewetting
dynamics is not linear over the entire process. Given the fact that the image recording of the
dewetting process was started right after the onset of the droplet motion, the analysis of the
dynamics does, however, yield a linear scaling between the inverse global droplet velocity 1/v
and (a) the viscosity η, (b) the initial width of the droplet w(t0) and (c) the inverse of the
polymer chain length.
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Locally the dewetting process exhibits three characteristic features: (i) the local droplet
velocity during the accumulation of the thin residual film is constant, but the ve-
locity values vary between the separate accumulation steps. (ii) The displacement
data during the merging of a moving and a static droplet is linear in time. The
coalescence speed does, however, vary for the different merging events. (iii) In
contrast to the results obtained for droplets which are governed by purely vis-
cous flow, the displacement towards the receding droplet was observed for static
droplets which exhibit an apparent contact angle β that is larger than the receding
contact angle.

The analysis of the initial droplet motion regime, which is defined as the period between the
onset of the droplet motion and the first coalescence event, provided the initial droplet velocity
v0. The comparison between v0 and a force balance model, which additively super-
poses viscous dissipation and slippage, enabled the estimation of the slip length.
The analysis of the local dewetting velocity v subsequent to any coalescence step does, how-
ever, not conform with this trend and we rather found a first signature of a linear relation
between v and the speed of the preceding coalescence event. The detailed understanding of
the mechanisms which govern the droplet dynamics, using high molecular weights, requires fur-
ther experiments with a systematic variation of viscosity, molecular weight and initial droplet
width.

Comparison of slip lengths obtained from different studies and approaches

Both studies, the RPI of liquid films as well as the capillary-driven droplet transport on
hydrophobic fibres, allowed for the determination of the slip length from the comparison of
the experimentally obtained results to the respective theoretical models. The slip lengths
obtained on the AF-coated fibres are in excellent agreement with former studies
and corroborate the well-established trend for Mw > Mc, i. e. b ∼ M3

w. Note that
Mc = 35 kg/mol displays the critical chain length, above which polymer chains start to form
entanglements [8]. While the results on the slip length determined for AF-coated substrates
are independent of the temperature, the slip lengths on DTS are known to show a significant
temperature dependence: the slip length decreases with increasing temperature. In previous
studies, the slip length has been determined from the analysis of the rim profiles of holes in
thin films on planar DTS substrates using temperatures in the range of 105 ◦C ≤ T ≤ 130 ◦C.
The results presented in this thesis were obtained from studying the RPI on DTS fibres using a
temperature of T = 180 ◦C. In consideration of the temperature dependence on DTS,
the slip lengths from different studies are in excellent agreement.

The Rayleigh-Plateau instability of a receding straight front

In order to study the influence of slip on the evolution of the RPI of a receding straight front in
a thin film on a planar substrate, PS(101k) and PS(5.6k) films were applied to AF1600-coated
Si wafers. The initial film thickness of the PS films varied between 100 nm ≤ h0 ≤ 130 nm.
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While the PS(101k) films with a slip length to film thickness ratio of b/h0 ≈ 5 offered an
intermediate-slip condition, PS(5.6k) with b/h0 = 0.4 accounted for a weak-slip scenario.

In case of slippage being present, also the RP-type instability of a receding straight front in a
thin film displays an amplified growth of the instability, which is in agreement with the classical
case of a decaying freestanding liquid cylinder and the breakup of a viscous liquid film on a
fibre. Not only the dynamics, but also the morphology of the RPI was found to show certain
fingerprints, which are characteristic for a slip boundary condition.

In other words, if interfacial slip is present, the receding front passes through different char-
acteristic regimes: at a certain dewetted distance, undulations form, which grow into bulges,
followed by the formation of fingers, which finally result in the pinch-off of droplets. The com-
parison to former studies, where slippage was induced by the presence of a silane substrate,
revealed the independence of the morphological characteristics from the origin of slip. In ad-
dition, we report on numerical calculations, where a finite element method was used to solve
the equation of motion for thin films featuring an intermediate-slip boundary condition. This
enabled a qualitative comparison between the experimentally obtained and numerically calcu-
lated results with respect to the morphological characteristics. In contrast to former studies,
the numerical simulations are even able to capture the late stage of the RPI evolution: the
fingering regime as well as the droplet pinch-off. The theoretical results are shown to
be in excellent qualitative agreement with the experimental findings and capture
all characteristic features concerning the lateral morphology as well as the rim
profiles. The quantitative comparison between the results for PS(101k), which exhibit an
intermediate-slip boundary condition, and the numerical calculations for m(h) = h2 showed
that the RPI evolves faster in the simulations, i. e. the characteristic morphological features
set in at smaller dewetted distances. Potentially, the consistent and systematic deviation is
caused by a discrepancy in the mobility term m(h).

Outlook

The findings of this work highlight the importance of the hydrodynamic boundary condition at
the solid/liquid interface on the stability and the dynamics of thin film flows. Future studies
concerning the influence of the interactions between a liquid and a solid on the RPI on a fibre
may consider the case of a strong-slip boundary condition. From former works on the RPI of
a receding straight front in a thin PS film on a planar substrate with a strong-slip boundary
condition it is known that, within the experimentally accessible time and length scales, the
receding front does not undergo a RP-type instability, the front maintains its straight shape
[131]. Note that the experimental window size of dewetting experiments is limited by the
coalescence of the receding rim with others in the late stage of the experiment. In contrast,
the fibre system provides the huge advantage of an unlimited experimental window size and
the absence of a three-phase contact line. A potential experimental system to study the RPI
with strong-slip, where the influence of viscoelastic effects and non-Newtonian fluid behavior
can safely be excluded, can be realized by the combination of a PS film with a low molecular
weight and a silanized fibre.
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Figure 8.1: Time series of the coalescence process of two PS(78k) droplets on a AF2400
fibre at T = 175 ◦C. Both droplets3 exhibit a three-phase contact line and move
towards each other. As the droplets come into contact, the difference in the
Laplace pressure results in a large driving force which causes the liquid neck in
between the droplets to level rapidly.

A recent work by Henann et al. proved a potential approach to eliminate the RPI on a fibre
[77]: the study showed that a liquid film coated on an elastic cylindrical fibre remains stable if
the fibre radius r is smaller than γ/6G, with surface tension γ and elastic modulus G. Hence,
the question arises how the thickness and the modulus of an elastic coating on a solid fibre
influences the dynamics and morphology of the RPI of a liquid film.

As presented in this thesis, the RPI of a liquid film on a fibre provides a robust and reli-
able technique to quantify hydrodynamic slip at the fibre/liquid interface. In addition, the
experiments allow for higher temperatures compared to the dewetting experiments on planar
substrates. Hence, the fibre setup provides an efficient tool to revisit the studies concerning

3Note that the microscope light undergoes optical refraction on the droplet surface and generates the optical
illusion the droplets were not entirely convex and continuous. The use of contrast enhancement of the image
fortifies this effect.
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the origin of slip on OTS and DTS with respect to the determination of the slip length for
high temperatures.

The fact that the late stage of the RPI on a fibre allows for the formation of moving droplets
bares the possibility for studies on the coalescence of droplets. So far, the merging pro-
cess of droplets on planar substrates as well as the influence of a variation in the droplet
sizes is well-understood [145, 146]. The fibre system provides the advantage of investigating
the coalescence event in 3D and allows for testing the role of the boundary condition at the
solid/liquid interface. Figure 8.1 shows a time series of the merging process of two droplets
on a hydrophobic fibre. Both droplets exhibit a three-phase contact line and move towards
each other. Understanding the role of the boundary condition on the coalescence of droplets is
of great importance. As an illustrative example, technological applications, such as chemical
reactions, may be initiated through droplet coalescence, where only small amounts of liquids
are required. In this regard, future studies should additionally address liquid flows in fibre
networks, including a variation of the boundary condition.

The presented results on the RPI of a receding straight front with a slip boundary condition
showed the evolution of characteristic fingerprints, as e. g. the formation of liquid fingers (see
Fig. 8.2) and the final pinch-off of droplets. As these characteristic features represent a further
way to access slippage, future studies should address the mechanisms which determine the
length of the fingers and the droplet detachment process.
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Figure 8.2: AFM image of a liquid finger which is connected to a receding straight front in
a thin PS(5.6k) film (h0 = 125± 5 nm) on AF1600 at T = 110 ◦C recorded after
t = 256 min.
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Abstract - If a thin liquid film is not stable, different rupture mechanisms can be observed
causing characteristic film morphologies: spinodal dewetting and dewetting by nucleation of
holes. This rupturing entails liquid flow and opens new possibilities to study microscopic
phenomena. Here we use this process of dewetting to gain insight on the slip boundary con-
dition at the solid–liquid interface. Having established hydrodynamic models that allow for
the determination of the slip length in a dewetting experiment based on nucleation, we move
on to the quantification and molecular description of slip effects in various systems. For the
late stage of the dewetting process involving the Rayleigh–Plateau instability, several distinct
droplet patterns can be observed. We describe the importance of slip in determining what
pattern may be found. In order to control the slip length, we use polymeric liquids on different
hydrophobic coatings of silicon wafers. We find that subtle changes in the coating can lead to
large changes in the slip length. Thus, we gain insight into the question of how the structure
of the substrate affects the slip length.
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If a thin liquid film is not stable, different rupture mechanisms can be observed causing characteristic film
morphologies: spinodal dewetting and dewetting by nucleation of holes. This rupturing entails liquid flow
and opens new possibilities to studymicroscopic phenomena. Here we use this process of dewetting to gain
insight on the slip boundary condition at the solid–liquid interface. Having established hydrodynamic
models that allow for the determination of the slip length in a dewetting experiment based on nucleation,
we move on to the quantification and molecular description of slip effects in various systems. For the late
stage of the dewetting process involving the Rayleigh–Plateau instability, several distinct droplet patterns
can be observed. We describe the importance of slip in determining what pattern may be found. In order
to control the slip length, we use polymeric liquids on different hydrophobic coatings of silicon wafers.
We find that subtle changes in the coating can lead to large changes in the slip length. Thus, we gain insight
into the question of how the structure of the substrate affects the slip length.
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1. Introduction

Boundary conditions play an important role in the development
and understanding of many phenomena, from quantum to classical
physics. In the case of quantum physics, periodic boundary condi-
tions are useful for the description of the crystalline materials

which have been at the focus of condensed matter physics and ma-
terials science for over a century, for example. In the field of classi-
cal physics, boundary conditions play a central role in the study of
fluid flows. In this paper, we consider the importance of the bound-
ary condition prescribed at the interface between a solid and a
liquid.
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Throughout much of the history of fluid mechanics, the no-slip
boundary condition between a fluid and a solid has been assumed [1].
This boundary condition states that there is no relativemotion between
molecules in the fluid and those in the solid at the interface. For macro-
scopic flows (e.g.,flowof air past a planewing or that ofwater through a
kitchen faucet) with length scales large in comparison to molecular
sizes, this no-slip condition is a good approximation. However, when
system sizes approach molecular dimensions, as in ‘lab-on-a-chip’
microfluidic devices [2] or in nanometric polymer films [3–8], the rela-
tivemotion betweenmolecules at the solid–liquid boundary, referred to
as hydrodynamic slip, must be considered [9–14].

A common quantification for this idea of fluid molecules sliding past
molecules in the solid is through the Navier slip condition [12,13,15].
According to the linear model developed by Navier [15], viscous and
frictional stresses are balanced at the solid–liquid interface and we
may write

ujz¼0 ¼ b
∂u
∂z jz¼0

: ð1Þ

Here u is the horizontal component of the velocity field, u = (u,w)
for two dimensional flows, z is the vertical distance from the sub-
strate-fluid interface, and b is referred to as the slip length. Using this
definition, b is the vertical distance from the substrate-fluid interface
over which the horizontal fluid velocity, u, linearly extrapolates to zero.

There aremanymethods that can beused to quantify thepresence of
slip experimentally. These include the use of a surface forces apparatus
[16] colloidal probe atomic force microscopy [17–19], particle image
velocimetry [20], and fluorescence recovery after photo-bleaching
[21–23]. These and other techniques have been reviewed by Lauga
et al. [1] and in detail by Neto et al. [24].

Recently, the use of colloids to probe the boundary condition has
regained some attention [25–27]. In the case of references [25,26],
Wang and co-workers observed anisotropic diffusion coefficients
using a particle in an optical trap. This optical trapping method offers
a simplification of the particle trajectory analysis since the hydrody-
namic response of a cantilever does not need to be included, where
this may be necessary with colloidal probe AFM [27]. In this study, the
authors compared the measured correlations of a particle's position
with model predictions dependent on the slip boundary condition.
Near a solid surface, it was found that the particle mobility is decreased
as compared to the bulk. Near a liquid–vapour boundary, i.e. a full slip
(no stress) boundary, it was observed that the particle had increased
mobility compared to the bulk. While these observations are expected,
Schlomovitz and co-workers [28] have shown using a similar technique
that the particle mobility is indeed sensitive to the molecular details of
an interface. Thus, the fully submerged optically trapped particle
shows promise for the analysis of slippery solid–liquid interfaces, such
as the one described by Cuenca and Bodiguel [29] discussed below.
However, care has to be taken when assigning differences to boundary
conditions, since close to an interface van der Waals forces also influ-
ence the mobility of fluid molecules [30]. Additionally the wettability
and polarizability of the particle in the respective liquid can play a role
in the observed slip length [31].

In a second case of a recent colloidal probe investigation [27], a
colloidal probe AFM was used in gaseous environments near a flat
solid surface, and a scaling theory was used to connect a hydrodynamic
regime (particle far from the wall, compared to the mean free path of
the gas molecules) to a molecular kinetic regime (particle close to the
wall). The authors argue that slip is not necessary to explain their obser-
vations for small scale flows, provided that the hydrodynamic picture is
replaced with a molecular kinetic framework. Although real hydrody-
namic slip, that is the relative motion of liquid molecules against an in-
terface, is likely to occur in many liquid systems, the Lissandrello study
[27] highlights the importance of considering apparent slip [1,20,24].

Apparent slip refers to a situation in which the no-slip condition
is actually valid at small scales, though seems to be violated at larger
scales. This effect may occur in an inhomogeneous medium or in a
system displaying shear thinning near a boundary. A slip length
could be extracted using a model employing the assumption of ho-
mogeneity or Newtonian flow where these assumptions are invalid.
Using polymer solutions flowing through micro and nanoslits, Cuen-
ca and Bodiguel [29] have recently studied an apparent slip that is re-
portedly due to an inhomogeneity in the form of a depletion of
polymer chains near the interface of the channels. In this work, it
was shown that reducing the size of flow channels suppressed the
flow more than would be expected assuming a constant slip length,
the apparent slip being due to a depletion layer near the solid–liquid
boundary. They interpreted their results as a shrinking of the deple-
tion layer with channel size, thus reducing the apparent slip.

In past years, much of the effort in our research group [4–7,32–34]
has been complimentary to the techniques listed above.We experimen-
tally observe the process of dewetting [3,35–39] in thin liquid films and
use full hydrodynamic models [4,10,12,13,32] to understand the results
quantitatively. As will be described below, the slip lengths observed in
our studies range from several nanometres up to more than ten times
the film thickness, h0 ~ 100 nm. In the dewetting processes we consider,
a thin polymer film is placed onto a substrate and is heated above the
glass transition temperature, Tg. In all cases, the growth of a circular
hole reduces the surface energy of the system. See Fig. 1 for a schematic
depiction of a typical sample and dewetting experiment. We note that
the dewetting process involves internal capillary forces only— no exter-
nal forces are required. The observation of the evolution is solely based
on opticalmicroscopy and atomic forcemicroscopy (AFM) andno tracer
particles or dyes are involved. Thus, our dewetting system is free of any
complications arising from the use of a particularmarker particle,which
may change the state of a liquid in its immediate vicinity [30]. The use of
tracer particles has the advantage of being a direct measure of the
average velocity within the measurement layer (as small as ~ 50 nm
for evanescent wave techniques [23]), with the possible limitations as
described above [30,31]. In contrast, by studying height profiles with
e.g. an AFM we observe the form of a liquid–air interface and infer the
slip length at the substrate–liquid interface with the use of hydrody-
namic models, avoiding the introduction of foreign particles. With re-
gard to the discussion above, the nature of our measurement makes
the distinction between real and apparent slip difficult. In order to

(a)

(b)

Fig. 1. (a) Schematic of the as-prepared samples under investigation in this study. From
top to bottom: the polystyrene (PS) films are h0 ∼ 100 nm thick; the hydrophobic coatings
have thicknesses of approximately 20nm for AF1600fluoropolymer coatings and 2 nm for
the self-assembled silane monolayers; native oxide (SiO2) layers have thicknesses of ∼
2 nm and the Si wafers are some hundreds of micrometres thick. (b) Schematic of a
dewetting hole showing the contact line radius, R(t), and the local height, h(x,t), which de-
cays to h0 at large distances. The rim width, W(t), is typically measured as the distance
from the contact line to where the wet side of the rim reaches 1.1h0. Note that the vertical
scales are not equivalent in (a) and (b).
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investigate the structure of the solid–liquid interface, complementary
experimental techniques such as x-ray reflectometry or neutron reflec-
tometry are needed, aswill be discussed below [40]. See refs. [7,40] for a
complete discussion of the possible role of apparent slip in our studies,
for entangled and unentangled polymers, respectively.

In the case of viscous film bursting (e.g. [41] and [42]), a uniform
thickening of free-standing films can be observed as holes grow. This
thickening occurs over timescales comparable to the speed of sound
in the liquids, i.e. much faster than the hole opening time. When a
similar film is placed into contact with a substrate, however, the sig-
nificant friction at the solid–liquid interface prevents material from
being transported so quickly. In any case, volume conservation is a
requirement. "In a supported film" a rim with characteristic width,
W (see Fig. 1), is thus formed ahead of the three-phase contact line.
Since at large distances it is also required that the supported film
be undisturbed, there must be a smooth decay of the rim building
near the contact line to the far field portions of the film.

It is precisely this decay, quantified using the mathematical
models reviewed in Section 3, that allows us to extract information
about the slip length and capillary velocity. The morphological de-
tails of this rim and its temporal evolution can provide much insight
into the slip boundary condition. In particular, the slip length can be
accessed in two complimentary ways. First, the dynamics for the radius
of a hole, R(t), can be observed with the use of optical microscopy [5,7].
Combining the energy dissipation mechanisms of viscous [43] and sub-
strate frictional [9] losses within the rim leads to a quantification of the
slip length [5]. Second, the full shape of the dewetting front can be
revealed using AFM either in situ or after a quench to below Tg.
Using hydrodynamic models [4,10,32], it is possible to relate the de-
tailed shape of the rim near the undisturbed liquid film (the ‘wet
side’ of the dewetting rim) to the slip length, b, and the capillary
number,

Ca ¼Ṙηγ−1
; ð2Þ

where η is the fluid viscosity, γ is the liquid–vapour surface tension,
andṘis the velocity of the three-phase contact line.

Fig. 2 shows the results of experiments highlighting the importance
of slip in pattern formation during dewetting. In these images, contrast
arises from variations in optical path length, largely determined by local
thickness of the film. Figs. 2(a) to (c) show the evolution of a thin film
sample undergoing nucleated dewetting, with the coalescence of two
holes and a fingering instability in the dewetted rim both breaking up
due to separate Rayleigh–Plateau instabilities. Figs. 2(d) and (e) show
the late-stage pattern of droplets left behind from completely dewetted
thin liquid films. In Fig. 2(d), a cellular pattern is observed on a substrate

displayingweak-slip, while in Fig. 2(e) ‘rays’ of droplets can be seen on a
substrate displaying strong-slip2. These observations, while discussed in
detail below, motivate part of the discussion presented in this work:
Why are the morphological evolutions and the final droplet patterns
seen in Fig. 2 different on different substrates, even while the liquids
are the same? Here, we will discuss the importance of slip in determin-
ing the resulting pattern formation.

In a recent work [7], we noted that for identical liquids, the driving
force on an AF1600 fluoropolymer coating is larger than on a silanized
substrate, yet hole growth proceeds faster on the silanes. Furthermore,
for nearly identical wettability (i.e. silanes with different chain lengths),
it is possible to observe slip lengths that differ significantly. What is the
origin of this trend in the slip lengths? To answer this question,wemust
try to understand themicroscopic origin of slip. Here wewill discuss re-
cent experiments that elucidate this question.

2. Experiments

For all experiments presented here, polystyrene (PS, purchased from
PSS Polymer Standards Service) with weight averaged molecular
weightsMw = 10.3, 12.5, 13.7 or 65 kg/mol and polydispersity indices,
PI b 1.1 have been used. PS was dissolved in toluene with various con-
centrations. These solutions were spin coated onto freshly cleaved
mica substrates, resulting in films with thicknesses 80bh0b300 nm,
and floated onto the surface of an ultra-clean water bath (Milli-Q, 18.2
MΩ cm at 25 °C, total organic carbon content less than 6 ppb). These
films were then picked up using hydrophobized Si wafers (Wacker
Siltronic or Si-Mat Silicon Materials, 100 crystal orientation). This
floating procedure is necessary because of the hydrophobicity of
the substrates used. Attempting to spin coat directly onto the wafers
results in an ejection of the polymer solution. It is difficult to make a
film of sufficient uniformity or extent without floating.

Hydrophobization was accomplished in two ways. First, peroxy-
monosulphuric acid (‘piranha,’ composed of equal parts H2O2 and
H2SO4) cleaned Si wafers with a native SiO2 [44] layer present were
dip coated from a solution containing the fluorinated polymer AF1600
(Poly[4,5-difluoro-2,2-bis(trifluoromethyl)-1,3-dioxide-co-tetrafluoro-
ethylene], Sigma-Aldrich) dissolved in the perfluoro-compound FC-75
(C8F16O, Acros Organics). Second, hydrophobization was accomplished
by silanization with octadecyl- or dodecyl-trichlorosilane (OTS from
Sigma-Aldrich or DTS from Fluka). A detailed description of this
silanization procedure can be found in [45]. A schematic of the typical
substrates we use is seen in Fig. 1.

(a) (b) (c)

Fig. 2.Opticalmicroscopy images of thin-film dewettingwith slip. (a)–(c) Nucleation and growth of holes in a 272 nm thick PS(65 k) filmdewetting from anOTS substrate at 135 °C. In (a)
is shown the initial stages of isolated holes with azimuthally invariant rims. Eventually, the holes collide in (b) forming a ribbon; an instability in the azimuthal direction of the rim is also
seen to develop. (c) In the black box is shown thebreakup of a radially directedfingerwhich follows from the rim instability; thewhite box encloses a ribbon formeddue to the coalescence
of holes, which begins to show a Raleigh–Plateau instability. (d) Final droplet pattern formed on a weak-slip substrate not displaying the rim instability before hole coalescence. (e) Final
droplet pattern on a strong-slip substrate with a low density of holes.

2 Weak-slip indicates that b ≪ h0. Strong-slip indicates b ≫ h0.

15J.D. McGraw et al. / Advances in Colloid and Interface Science 210 (2014) 13–20

9 Addenda

104



In order to capture the dynamics of dewetting holes, samples are
heated to above Tg ≈ 100 °C and holes are nucleated heterogeneously.
Optical microscopy (Leitz) and AFM (Bruker Dimension Fastscan or
Multimode) are used to record the evolution, giving R(t) and h(x,t)
respectively3.

3. Determination of the slip length

As previously mentioned, it is possible to determine a slip length, b,
from observations of R(t) and from h(x,t0) for a given time, t0; R and h
are schematically defined in Fig. 1. It is important to note that this anal-
ysis is valid only for intermediate stages of dewetting; that is, late
enough for the rim to be self-similar, but early enough as in Fig. 2(a),
for which the Rayeigh–Plateau instability has not yet been observed,
as in Fig. 2(b) and (c). The model to be summarized assumes no flow
along the rim, a condition which is violated as soon as undulations of
the rim set in. Furthermore, we assume everywhere that gravitational
forces can be neglected; all films have thicknesses h0 ∼ 100 nm, which
is much less than the capillary length [48] κ−1 ¼ ffiffiffiffiffiffiffiffiffiffiffi

γ=ρg
p

≈1 mm for
PS, where ρ is the liquid density and g is the gravitational acceleration.
We also assume that van der Waals forces can be neglected except di-
rectly in the vicinity of the contact line [49]. In previous works [4,5,7]
themodels have been described in detail. Furthermore, the assumptions
and consequences of thesemodels have been extensively tested [33]. As
such, we provide here only a brief description of the methods for
completeness.

3.1. Hole growth dynamics

The main idea for the determination of b from R(t) data is that the
surface energy gained by dewetting is dissipated, as discussed by
Brochard-Wyart and co-workers, either as viscous dissipation in a
wedge of fluid near the contact line [43], or through friction with the
substrate beneath the rim of dewetted material [9]. For a no-slip sub-
strate, nearly all of the energy is dissipated in a wedge of fluid near
the contact line. In this no-slip case, the viscously dissipated power is

Pv∝vv ¼ Cv θð Þ Sj j
η
; ð3Þ

where vv is the dewetting velocity in a pure no-slip case and

S ¼ γsv− γ þ γslð Þ ¼ γ cosθ−1ð Þ; ð4Þ

is the spreading parameter [48], which provides the driving force for
dewetting. γij is the surface tension between components i and j, with
v, l and s representing the vapour, liquid and solid phases. Cv is a propor-
tionality constant [43] that depends on the contact angle, θ, at the three-
phase contact line.

For a full-slip situation, also referred to as ‘plug flow’ in which the
fluid velocity is uniform in the z-direction, the energy is predominantly
dissipated through friction along the width,W, of the rim at the liquid–
substrate interface. In this case, the power dissipated is

Ps∝vs ¼
Sj jb

3ηW
; ð5Þ

where vs is the dewetting velocity in the pure plug flow case. By volume
conservation and self-similarity, the rim width is related to the hole ra-
dius through W ¼ Cs

ffiffiffiffiffiffiffiffi
h0R

p
, where Cs is a constant that can be deter-

mined by plotting the width of the rim as a function of the hole radius
[5] for a given h0.

Viscous friction in a wedge near the contact line and friction arising
from the liquid sliding against the substrate are the two dominant ener-
gy loss mechanisms in a dewetting front [9,43]. Therefore, the sum of
these two contributions accounts well for the dewetting dynamics as
captured by R(t) [50]. If the results are consistent with our model,
then combining Eqs. (3) and (5) we find that the dewetting velocity
should satisfy

V ¼Ṙ¼ V0 þ
Kffiffiffi
R

p ; ð6Þ

where V0 and K are constants for a given dewetting film.Written in this
way, we see that plotting the dewetting rate as a function of the inverse
square root of the contact line radius, we expect a straight line to be ob-
served [5]. In particular, we have:

V0 ¼ Cv
Sj j
η
; ð7Þ

and

K ¼ 1
3

Sj j
η

b

Cs

ffiffiffiffiffi
h0

p : ð8Þ

With the exception of b, all the quantities in Eq. (8) are measurable
from the dewetting experiment or can be found independently [5].
Obtaining K from a dewetting experiment is thus one method by
which the slip length of a dewetting polymer film can be determined.

Fig. 3(a) shows the dynamics, R(t), for PS(10 k) films dewetting at
110 °C. This data clearly shows that the temporal evolution for all sam-
ples is non-linear. This non-linearity indicates that the simple no-slip
model [43] as expressed by Eq. (3) is not satisfied (constant velocity
dewetting gives R ∼ t [43]). Alternatively, Fig. 3(b) shows V(R−1/2) fol-
lowing Eq. (6). As predicted, we see that all data in Fig. 3(b) are well

3 For the PSmolecular weights used here, which are significantly lower than the critical
molecular weight for entanglements [46], long-term annealing effects related to non-
equilibrium entanglement networks [47] are not expected to play a role. This indepen-
dence was demonstrated in [7] and was verified here.
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Fig. 3.Hole growth data for PS(10 k) films annealed at T=110 °C with h0 = 102 nm and
h0= 93 nm for AF1600 and DTS. (a) Hole radius, R, as a function of time, t, asmeasured by
optical microscopy. (b) Contact line velocity, V, as a function of R−1/2, the inverse square
root of the hole radius for the data represented in (a), andwith the use of an identical col-
our scheme.
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described by linear functions. Clearly, the film dewetting on DTS shows
the largest slope in this representation, indicating that DTS gives rise to
a larger slip length than does AF1600.

Using the data in Fig. 3, an estimate for the slip length is possible
through Eq. (8)4. Before reporting specific values for the slip lengths,
however, we discuss a secondmethod of determining b from dewetting
experiments. This second method is consistent with the hole growth
analysis when comparing slip lengths between different systems. It is
alsomore powerful in differentiating slip on no- orweak-slip substrates,
and relies only on a single measurement: that of the height profile, h(x,
t0) for a given time, t0.

3.2. Rim profile analysis

A second method of determining the slip length in a dewetting
experiment is by analysing the decay of the rim into the undisturbed
film at large distances [4,7,10,32,51]. Normalized height profiles of
two dewetting rims are shown in Fig. 4. Non-universality of the
curves in this normalized representation indicates that there are pa-
rameters other than the film height and hole radius governing their
shapes; in the following we outline steps leading to the conclusion
that b and Ca are also required for a complete description. The
starting point of this analysis is the Stokes equation for the flow
field u = (u,w):

−∇pþ η∇2u ¼ 0; ð9Þ

with the no-stress condition at z= h. The slip length, b, enters through
theNavier slip boundary condition, Eq. (1), applied at z=0. In Eq. (9), p is
the pressure, which is dominated by the Laplace pressure, p ≈ − γ∂x2h.
The problem can be rescaled according to the lubrication approximation
using the small parameter ϵ = H/L ≪ 1 with H and L the typical height
and length scales. After rescaling, the problem is cast in terms of the
stream function and local film height [4], ψ and h(x,t) where the stream
function is defined through ∂zψ= u and−∂xψ=w; this stream func-
tion guarantees incompressibility: ∇ ⋅ u = 0. Having reformulated
the scaled Stokes equation, Eq. (9), the problem is then linearized
through h ¼ h0 þ δeh and ψ ¼ δeψ with δ ≪ 1. The ansatz

eψ ¼ ψ̂ zð Þexp kξð Þ and eh ¼ ĥexp kξð Þ; ð10Þ

is used, with ξ = x − R(t) being the horizontal coordinate in the
reference frame of the moving contact line. It is through ξ that the
capillary number enters the solution. The inverse length scales,
which may be complex, are denoted by k. This ansatz leads to the
final result [4,51]: a characteristic equation in k that depends on b
and Ca, see Eqs. (1) and (2). Expanding the characteristic equation
to third order in ϵ, one gets

1þ h0
3b

� �
h0kð Þ3 þ 4Ca 1þ h0

2b

� �
h0kð Þ2−Ca

h0
b

¼ 0: ð11Þ

This characteristic equation has two roots which satisfy the condi-
tion that the film height goes to h0 as x → ∞.

Rim profiles have been measured and are shown in Fig. 4. There we
observe damped oscillatory decays into h0, characterized by a dip near
the undisturbed film5. We fit the profiles using a superposition of expo-
nentials, where the k can be either purely real or imaginary (while not
observed in these profiles, a purely monotonic profile is also commonly

observed [7,32,36,52]). Both monotonic and damped oscillatory ap-
proaches to h0 are captured by the characteristic equation, Eq. (11), cor-
responding to purely real and negative k, or complex k respectively. A
third solution to the characteristic polynomial is unphysical since it
has positive real k, predicting an amplification of the perturbation.

For a monotonically decaying rim displaying no dip (or oscillation),
the fitting function is a superposition of two damped exponentials

δhmono ¼ δ1exp k1ξð Þ þ δ2exp k2ξð Þ: ð12Þ

With the two inverse length scales, k1 and k2, determined Eq. (11) is
inverted and the slip length is found according to [4,51]

bmono ¼ 1
4h0

k21 þ k1k2 þ k22
k21k

2
2

−h0
2
: ð13Þ

Independently6, it is possible to determine the capillary number ac-
cording to

Camono ¼ −h0
4
k21 þ k1k2 þ k22

k1 þ k2
þ h30

6
k21k

2
2

k1 þ k2
: ð14Þ

For oscillatory profiles the fitting function has the form

δhosc ¼ δ0exp krξð Þcos kiξþ ϕð Þ; ð15Þ

and in Eqs. (13) and (14), we instead use k1,2 = kr ± iki. In this oscilla-
tory case, Eqs. (13) and (14) become

bosc ¼
1

4h0

3k2r−k2i

k2r þ k2i
� �2 −

h0
2

; ð16Þ
4 With K measured, one uses a measured film height, h0, the spreading parameter, |S|

(for the systems used here see [7]), Cs values from W(R) [5], and η from viscometry [8]
to isolate the slip length, b.

5 Though not prominent here, oscillatory profiles often show a prominent secondmax-
imum on the wet side of the rim. See for example Fig. 6 in Section 4.2 and ref. [32].
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Fig. 4. Normalized height profiles for PS(10 k) films annealed at T= 110 °C. (a) Full pro-
files for films on: AF1600, h0 = 92 nm, R= 12.3 μm; and DTS, h0 = 96 nm, R= 11.8 μm.
(b) and (c) show the same data as in (a), but also show best fits of Eq. (15) to the data.

6 If the two inverse length scales, k1,2, cannot be distinguished and a single exponential
fit describes the data well, obtaining Ca from hole growth data, R(t), is required, from
which bmono can be obtained.
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and

Caosc ¼ −h0
8
3k2r−k2i

kr
þ h30
12

k2r þ k2i
� �2

kr
: ð17Þ

In Figs. 3 and 4, we show respectively data for the dynamics of
hole growth and a rim shape analysis of 10 kg/mol PS on AF1600
and DTS (OTS omitted for clarity). For the rim shape analysis, profiles
were measured at the same hole radius, thus the volume of the rim is
nearly identical in each case. Each of the films was annealed at the
same temperature and had identical thickness. Therefore, differ-
ences in the dynamics or rim shapes are entirely due to the substrate
on which dewetting occurs. We have extracted slip lengths using
both methods described in Section 3. From the rim shape analysis
of several oscillatory profiles such as those seen in Fig. 4, we find
that for PS(10 k) at 110 °C

bAF1600 ¼ 50� 40 nm;
bOTS ¼ 160� 30 nm;
bDTS ¼ 1500� 200 nm;

ð18Þ

which are consistent with our previous studies using PS(13 k) [4,7].
Since the molecular weight and temperature for the polymer films
giving these slip lengths are identical, they should also have the
same viscosity. Using Eq. (17) we have determined the correspond-
ing capillary numbers and determined the viscosities for PS(10 k)
through Eq. (2), γ = 30.8 mN/m [53] and Ṙfrom data as shown in
Fig. 3. We find that these viscosities are independent of the substrate,
and the value obtained is η = (1.4 ± 1) × 106 Pa s. Through the WLF
equation [46,54] for the temperature dependence of the viscosity,
our reported viscosity is consistent with previous studies [7] and
bulk measurements of the polymer viscosity [4].

4. Discussion

In the previous section we observed three different slip lengths
on three different substrates. On one hand, it is perhaps not surpris-
ing that chemically different surfaces give rise to different slip
lengths, as between AF1600 and the self-assembled silanes. On the
other hand, systematic and disparate slip lengths are consistently
[4,7,33] observed on chemically identical [7] silanes. This observa-
tion is yet to fully be explained on a molecular level.

This section is divided into three parts. We first take advantage of
the different slip lengths reported above to elucidate the origins of
different droplet patterns observed in Fig. 2(d) and (e). Second, we
use these different slip lengths to motivate a discussion concerning
a possible mechanism for the microscopic origin of the slip. In this

second part we place an emphasis on the role of liquid–substrate inter-
facial ordering [23,55]. In the third and final part, we give an outlook on
future research directions.

4.1. Droplet patterns

Concerning the droplet pattern in Fig. 2(d), we see for the case of
dewetting from no- or weak-slip substrates, such as unentangled PS
on AF1600, that a cellular droplet pattern arises [3]. To explain this
droplet distribution, we note that during the drying of a film, holes
nucleate heterogeneously across the surface. In the weak-slip regime
realized by PS on AF1600, these holes grow with material being col-
lected in a rim surrounding the dry spot. Eventually, holes coalesce
and form a ribbon of fluid on the substrate, see Figs. 2 and 5(a).
This ribbon is unstable to the Rayleigh–Plateau instability (RPI).
Thus, the droplet pattern observed in the absence of slip is deter-
mined by the distribution of hole nucleation sites on the substrate.
Droplets predominantly appear only where two holes collide.

When the dewetting fluid is on a substratewith significant slip, such
as PS on DTS, the situation is quite different [56]. The evolution of holes
in a typical dewetting experiment is shown in Fig. 2(a)–(c). The late
stage of a rim instability on substrates with strong-slip can be seen in
2(e) and in Fig. 5(b). If the hole density is low enough, a RPI in the
dewetting rim can be observed before the coalescence of distinct holes
occurs. This instability leads to a fingering effect, the details of which
are described in [56], and a radial droplet pattern is then observed due
to a RPI in the fingers. Thus, the droplet pattern is sensitive to the slip
length in comparison with the film thickness, and to the distribution
of nuclei for dewetting.

The difference between droplet patterns observed in the strong- and
weak-slip systems described in the previous two paragraphs can be ex-
plained by comparing Eqs. (3) and (5). For the no-slip case, energy dis-
sipation mainly occurs in a small region near the contact line — the
dissipation rate does not depend on the rim width.

In contrast, energy dissipation for a strong-slip dewetting scenario,
as indicated in Eq. (5), depends directly on the rim width as Ps∝W−1.
Since the energy dissipation rate is proportional to the dewetting ve-
locity, any spatial modulation of the rimwidth along the rim can lead
to a spatial modulation in the local dewetting velocity7. As seen in
Fig. 2, a RPI in the rim represents such a rim width perturbation.

In the weak-slip case observed on AF1600, this width perturbation
has no significant effect on the dewetting velocity as captured by
Eq. (3). However, a rimwidth perturbation in the strong-slip case, as ob-
served on DTS, becomes amplified [56] as a result of the dominant

(a) (b)

Fig. 5.Opticalmicroscopy images of 80 nmPS(12 k) films annealed at 120 °C. (a) Dewetting on aweak-slip AF1600 substrate showing a less developed rim instability as compared to DTS
(b) at similar hole radii. The hole on DTS shows a well developed rim instability and pinch-off. The scale bar applies to both images.

7 This argument is valid when the driving force is spatially uniform, which is the case
here.
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energy dissipation mechanism. The larger rim width at bulges, see
Fig. 2(b), leads to a smaller velocity as compared to the thinner rim
sections of the rim between bulges (the ‘valleys’). As the RPI pro-
ceeds, material from the valleys empties into the bulges due to the
Laplace pressure gradient and the dewetting velocity difference is
therefore further amplified. This amplification leads to the formation
of liquid fingers [56] in the late stages of dewetting. These radial fingers
eventually break up leaving behind the droplet pattern observed in
Fig. 2(e). Thus, the observation of radial droplet distributions is a strong
indication for a strong-slip dewetting scenario.

4.2. Molecular origin of slip

As mentioned above, the slip lengths measured for identically
prepared films of PS(10 k) on AF1600, OTS and DTS range over ap-
proximately 2 orders of magnitude. This is particularly surprising
in the case of slip lengths on OTS and DTS, since their composition
differs only in the number of carbon atoms they contain along their
backbones: for OTS, there are 18 carbon atoms while for DTS there
are 12. To state this simply, OTS and DTS are chemically identical
resulting in identical wetting properties [7]. However, slip lengths
on these surfaces are consistently observed to be different for identi-
cal PS films [4,5,51]. This observation begs the question: why are the
slip lengths different?

In the following, we summarize our recent efforts aimed at answer-
ing this question. In a combined x-ray and neutron reflectivity study
[40] the structure of the self-assembled monolayers (SAMs) and the
density of the adjacent PS were determined. The x-ray data of bare sub-
strates (without PS) suggest that OTS molecules are bound upright on
the Si surfaces. The same type of reflectivity data suggest that DTS mol-
ecules are tilted by up to 30°with respect to the Si surface-normal direc-
tion [40]. With the addition of a PS layer atop the SAMs, it was found
that the x-ray data could be explained by assuming an ordering of phe-
nyl rings (the PS side groups, which are distributed randomly on either
side of the chain backbone, see Fig. 8) that replicates the structure of the
SAM. We proposed [40] that this order may be induced by the orienta-
tion of the silanes, providing a possible mechanism for the difference in
slip lengths observed on OTS and DTS.

The importance of substrate structure has also been tested using
fluorinated silane molecules containing 10 carbon atoms in the back-
bone (2-H perfluorodecyltrichlorosilane, here called FDS). In these si-
lanes, most of the hydrogen atoms of a ‘regular’ silane are replaced
with fluorine atoms8. In this way, the surface energy of the resulting
substrates is comparable to that of the AF1600 substrates used (Young's
contact angle of θY =88° for PS, and advancing contact angle θa =128°
for ultra-purewater [7]), but the self-assembledmonolayer structure of
the OTS or DTS covered substrates is retained. In Fig. 6 are shown two

dewetting rim profiles for which the polymer films are nearly identical,
and for which the only difference is the underlying substrate. The two
substrates used were AF1600 and FDS. Using the rim shape analysis de-
scribed in Section 3.2 applied to several samples such as those depicted
in Fig. 6, we find that for PS(13 k) at 110 °C

bAF1600 ¼ 20� 40 nm;
bFDS ¼ 420� 40 nm:

ð19Þ

Thus, the slip lengths on FDS are significantly larger than those
observed on amorphous AF1600 for dewetting of identical PS films.
These results are consistent with the idea that the substrate struc-
ture (and not necessarily the surface energy) can be responsible for
inducing specific solid–liquid interfacial structure, which in turn
may give rise to enhanced slip. In Fig. 7 is shown a summary of the
slip lengths, in order of increasing slip, we havemeasured on the var-
ious substrates discussed here for PS(13 k) at 110 °C. The results
using PS(10 k) on DTS, OTS and AF1600 at the same temperature
(Section 3) are qualitatively consistent with this picture. We finish
this discussion by noting that the horizontal axis in Fig. 7 is not quan-
titative, and we hope that future investigations, for example using
molecular dynamics simulations and/or the further experiments
outlined below, may help to assign the appropriate x-coordinate(s).

4.3. Outlook

As a final note, wemention that a specific substrate order on its own
may not be enough to induce strong slip. Rather, the combination of
substrate and liquid (in our experiments PS melts on silanized Si wa-
fers) is likely to be responsible for the observation of strong slip. To
test this idea, dewetting studies with polymethylmethacrylates
(PMMA) and polyvinylpyridines (PVP) with molecular weights compa-
rable to those of the PS used here have been initiated. Preliminary re-
sults indicate a much weaker slip effect of PMMA as compared to the
PS on the same substrates and with liquids of a similar viscosity. The
slip lengths observed between PVP and silanized Si wafers are interme-
diate to those of PS and PMMA. This observation is enticing, since it in-
dicates that the monomeric structure of the liquid (see Fig. 8) has an
effect on the macroscopic phenomenon of slip. According to our obser-
vations, the presence of a phenyl ring in the side group of a polymer

8 For a given FDS molecule described here, the eight carbon atoms closest to the sub-
strate–fluid interface are saturated with fluorine atoms.
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chain is correlated with slip on a silanized Si substrate. While our in-
terpretation is speculative, these observations suggest that the specific
interactions between polymer side groups and solid surface struc-
ture [23,55] play a large role in the determination of slip. Future re-
search efforts will be aimed at more precisely elucidating this idea.

5. Conclusion

In the last decade, amicrofluidic probe that takes advantage of inter-
nal capillary forces to determine, in particular, information about the
solid–liquid boundary condition has been developed. With the help of
hydrodynamic models, a determination of the slip length in thin poly-
mer films can be achieved. In recent times, this framework has led to in-
vestigations of macroscopic pattern formation of dewetting films, and
the dependence of these patterns on slip. In conjunction with tech-
niques such as neutron and x-ray reflectivity, it is also possible to
probe details about the slip boundary condition at the monomer level.

On the macroscopic level, we have here discussed the resulting
droplet patterns that are formed from various dewetted thin films.
The final droplet distribution is highly sensitive to the slip length in
comparisonwith thefilm thickness: a radial droplet pattern of dewetted
droplets is a strong indication of the presence of strong slip.

We have also summarized the possible importance of a substrate–
fluid interfacial structure. The specific case studied here is that of
silanized substrates covered by unentangled polymers. Early results in-
dicate that different interfacial structures between phenyl rings and dif-
ferent silanesmay be responsible for the different slip lengths observed.
Future research efforts will be designed to elucidate these differences,
and to test the claim that the phenyl ring orientation can play an impor-
tant role in the magnitude of slip.

Finally, we wish to emphasize that the developed theoretical frame-
work, in addition to the experimental systems described, allows for a
systematic variation of the slip length. In particular, either by changing
the length of the self-assembled silane molecules, or by using FDS in
conjunction with AF1600, it is possible to achieve different slip lengths
while keeping the substrate surface energy constant. We hope that
this will be a powerful general tool that may help to elucidate the effect
of slip in other nano-fluidic processes yet to be studied.
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1 Department of Experimental Physics, Saarland University, 66041 Saarbrücken, Germany.
2 Department of Physics and Astronomy, McMaster University, 1280 Main Street West, Hamil-
ton, Ontario, Canada, L8S 4M1.
3 PCT Lab, UMR CNRS 7083 Gulliver, ESPCI ParisTech, PSL Research University, 75005
Paris, France.
4 Max Planck Institute for Dynamics and Self-Organization (MPIDS), 37077 Göttingen, Ger-
many.

Nature Communications 6, 7409 (2015).
(http://dx.doi.org/10.1038/ncomms8409)

Reproduced by permission of Nature
The material below may not be further made available or distributed.

Author contributions:

S. Haefner developed the technique to apply homogeneous polymer films to fibres. S. Haefner
performed all experiments and analyzed all data sets. Research was designed by O. Bäumchen,
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G
listening pearls of water on a spider’s web1 or the
breakup of a cylindrical jet of water into droplets are
familiar manifestations of the Plateau–Rayleigh instability

(PRI)2,3. By evolving into droplets, the surface area of the liquid
and consequently the surface energy are reduced. This instability
also acts for a liquid film coating a solid fibre4–12, a situation
where the flow boundary condition at the solid–liquid interface
provides additional complexity to the system. Although the
breakup of a homogeneous film into droplets on a fibre may be a
nuisance in coating technologies of, for example, wires and
optical fibres, this fundamental instability turns out to be very
useful: take for example water collection through fog
harvesting13,14, a biomimetic approach that is perfected in
nature by the spider’s web1. Hence, taking advantage of the PRI
on a fibre enables gaining physical insight into the solid–liquid
boundary condition. Indeed, understanding the breakdown of the
no-slip boundary condition15 is of major interest to the scientific
and industrial communities, as it has practical implications in
areas that involve small-scale fluid systems, such as lab-on-a-chip
devices, flows in porous media, as well as biological flows, to
name a few.

The classical case of the breakup of a laminar free-flowing
liquid stream is dependent on material properties and
geometry16. Although there are some studies of this instability
in geometries other than free cylindrical liquid flows17–23, the role
of the boundary condition at the solid–liquid interface on the
evolution of the PRI is less well understood24,25. It has been
shown that the appearance of a dewetting liquid rim undergoing
a Plateau–Rayleigh-type instability is influenced by the
hydrodynamic boundary condition at the solid–liquid
interface26; however, a general quantitative match between the
growth dynamics of the PRI in experiments and analytical theory
involving hydrodynamic slip has thus far not been achieved.

Characterization of slip boundary conditions at interfaces and
their controlling parameters has been actively investigated in the
literature27–31. The classical boundary condition assumes no slip
at the solid–liquid interface. That is, for simple shear flow in the x
direction along a solid interface placed at z¼ 0, the tangential
flow velocity, vx(z), vanishes at the solid–liquid interface:
vx(0)¼ 0. However, as already noted by Navier32, there is no
fundamental principle requiring vx(0)¼ 0 and one can also have
hydrodynamic slippage at this interface, as defined by the slip
length: b¼ [vx/qzvx]|z¼ 0, where b¼ 0 corresponds to the classical
no-slip case.

Here we explicitly address the effect of a varying boundary
condition, from no-slip to slip at the solid–liquid interface, on the
PRI of a viscous liquid layer on a solid fibre. We find that the
growth rate of the instability is strongly affected by the solid–
liquid interface, with a faster breakup into droplets for a slip
boundary condition compared with an equivalent sample with no
slip. In contrast, the wavelength l* of the fastest growing mode is
not sensitive to the solid–liquid interface. The linear stability
analysis of a newly developed thin-film equation incorporating
slip is in excellent agreement with our data. The theory is valid for
all Newtonian liquids and enables the precise determination
of the capillary velocity g/Z and most importantly of the slip
length b.

Results
The experimental approach. An entangled polystyrene (PS,
78 kg mol� 1) film with homogeneous thickness e0 (5–93 mm) is
coated onto a fibre with radius a (10–25 mm), resulting in a
PS-coated fibre with radius h0¼ aþ e0, as schematically shown
in Fig. 1a. Glass fibres provide a simple no-slip boundary
condition33. In contrast, a slip interface results from coating the

entangled PS film onto a glass fibre pre-coated with a nanometric
thin amorphous fluoropolymer (AF2400, 14±1 nm)34. The
fluoropolymer coating on glass was used, because it is
well established that PS, above a critical molecular weight
(McB35 kg mol� 1), exhibits significant hydrodynamic slip at
this solid–liquid interface34. Henceforth, we will refer to these as
the ‘no-slip’ and ‘slip’ fibres.

All samples were prepared and stored at room temperature,
well below the PS glass transition temperature (TgB100 �C),
thereby ensuring that there is no flow in the PS film before the
start of the experiment. Before each experiment, the PS-coated
fibre was measured with optical microscopy as shown in the
t¼ 0 image of Fig. 1b. To initiate the experiments, samples
were annealed in ambient atmosphere at 180 �C—well above
Tg—which causes the PRI to develop. The evolution of the surface
profile was recorded with optical microscopy. Figure 1b shows a
typical evolution for a PS film on a no-slip fibre.

Above Tg, the liquid PS film becomes unstable, which causes
variations in the local axisymmetric surface profile, h(x, t)¼
h0þ z(x, t), over the axial coordinate x and time t. The amplitude
z(x, t) of the undulations grows with time and finally results
in a droplet pattern displaying a uniform wavelength. By
measuring the spatial variation of z(x, t) in the initial
development and locating the maxima, the PRI wavelength l*
of each sample was determined (see Fig. 1a). Typically, four or
five wavelengths were averaged per sample. In addition, by
measuring the temporal change in radius of an individual bulge,
we gained information about the growth rate of the instability and
consequently the influence of the hydrodynamic boundary
condition.

The theoretical approach. The experimental findings can be
understood within the lubrication approximation, from a thin-
film model based on the Laplace pressure-driven Stokes equation.
We assume incompressible flow of a viscous Newtonian liquid
film of thickness varying from 5 to 93mm, which is well above the
film thickness where disjoining pressure plays a role (a few tens of
nanometres)35. Gravitational effects can be neglected, as all length
scales involved in the problem are well below the capillary length
lcC1.73 mm. Finally, the velocities of the liquid films are small
(for example, the fastest observed rate of change in the amplitude
is B25 nm s� 1). Thus, the Reynolds and Weissenberg numbers
are orders of magnitude smaller than 1, and inertial and
viscoelastic effects can be ignored.

We non-dimensionalize the problem (see Fig. 1 for variable
definitions) through

H0 ¼
h0

a
;H ¼ h

a
;X ¼ x

a
;L� ¼ l�

a
;B ¼ b

a
;T ¼ g

Z
t
a
; ð1Þ

where the capillary velocity g/Z is the ratio of the liquid–air
surface tension to the viscosity of PS. By assuming volume
conservation, no stress at the liquid–air interface and the Navier
slip condition at the solid–liquid boundary, one obtains (see
Supplementary Methods) the governing equation for the
dimensionless profile H(X, T)

@T Hþ 1
H

H0 þH2H000

16
MðH;BÞ

� �0
¼ 0 ; ð2Þ

where

MðH;BÞ ¼ 4H2 log Hþð4B� 3ÞH2þ 4� 8Bþ 4B� 1
H2

; ð3Þ

and where the prime denotes the partial derivative with respect to
X. It is noteworthy that equation (2) is a composite equation in
the sense that we have kept a second-order lubrication term in the
pressure contribution: the axial curvature. It is the lowest order
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term counterbalancing the driving radial curvature and it is thus
crucial to obtain the actual threshold of the instability. The
dynamical aspect of the flow is however well described at the
lowest lubrication order. An interesting discussion on this matter
can be found in ref. 9.

Performing linear stability analysis, namely letting H(X, T)¼
H0þ e(T)eiQX, where e(T)oo1, yields an exponential growth of
the perturbation of the form e(T) peT/t(Q), where the rate
function is given by

1
tðQÞ ¼ Q2 1�H2

0 Q2
� �MðH0;BÞ

16H0
: ð4Þ

We define the fastest growing mode Q* corresponding to the
smallest time constant t*¼ t(Q*) and obtain Q*¼ 1/(H0O2).
Writing Q* in terms of the dimensionless wavelength leads to

L� ¼ 2p
ffiffiffi
2
p

H0 ; ð5Þ
which is similar to the classical PRI dominant wavelength for
inviscid jets with no solid core. We note that the correspondence
between Rayleigh’s result and ours is dependent on both the
assumption of Stokes flow and on the presence of a solid core in
our system.

The dimensionless growth rate of the fastest growing mode is
given by

1
t�
¼ aBþb ; ð6Þ

where B is the dimensionless slip length, defined in equation (1),
and where a and b are parameters that depend on geometry only

a ¼ 1
16H3

0
H0�

1
H0

� �2

ð7aÞ

b ¼ 1
64H3

0
4H2

0 log H0� 3H2
0 �

1
H2

0
þ 4

� �
: ð7bÞ

As one sees, the wavelength of the fastest growing mode
depends exclusively on the initial total radius, whereas the
corresponding growth rate is a linear function of the slip length. It
is worth noting that in the case of shear-thickening liquids, the
PRI should be significantly slowed down as a result of the
increasing viscosity associated with an increasing strain rate.

Conversely, a shear-thinning liquid is expected to accelerate the
rise of the instability. In the case of a viscoelastic material,
Maxwell-like rheological models36 can be implemented and may
reveal interesting physics beyond the scope of the present study.

The spatial evolution of the instability. Figure 2 displays the
wavelength l* of the fastest growing modes, measured on no-slip
and slip fibres, as a function of the initial total radius h0. As
expected from equation (5), the wavelength l* grows linearly with
increasing radius of the fibre–polymer system and is identical on
slip and no-slip fibres. This is consistent with experiments and a
theoretical framework for retracting liquid ridges on planar
substrates26. The spatial morphology of the instability at short
times is thus unaffected by the solid–liquid boundary condition.
Although it is clear from Fig. 2 that the wavelength is the same on
slip and no-slip fibres, there is a small systematic deviation from
the theory. This slight deviation could perhaps be related to the
lowest lubrication order of the present model9, but could also be
attributed to the experimental contribution of several modes and
the asymmetry of the rate function (see equation (4)) in the
vicinity of the fastest growing mode.

e0

h0

x
a

t = 20 min

t = 0

ζ

x

λ*

x

e0

h(x, t)

t = 30 min

Figure 1 | Plateau–Rayleigh instability on a fibre. (a) Schematic and (b) optical micrographs illustrating the PRI for a liquid PS film on a glass fibre.

At t¼0, the PS film on the no-slip fibre has a thickness e0¼ 13.2±1mm and the glass fibre radius is a¼9.6±1mm. The width of the optical images

is 560mm.
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Figure 2 | Influence of the geometry on the wavelength of the instability.

Wavelength of the fastest growing mode as a function of the total initial

radius (see Fig. 1a). The black dashed line represents equation (5). The

error bars are calculated from the error in the geometry and the inaccuracy

given by the wavelength measurement.
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The temporal evolution of the instability. We now turn
from the spatial morphology of the instability to the temporal
evolution. From the experimental images (see Fig. 1b), we extract
the maximal radius of an individual bulge as it develops, to obtain
the amplitude z as a function of time. The linear stability analysis
presented predicts a perturbation that grows exponentially with a
dimensionless growth rate 1/t* for the fastest growing mode (see
equation (6)). Figure 3 displays typical data for the logarithm of
the perturbation amplitude normalized by the radius of the fibre,
z/a, as a function of t, for both no-slip and slip fibres. The data for
both boundary conditions are consistent with the expected
exponential growth in the early regime. Thus, the initial slopes of
these curves provide reliable measurements of the growth rates.

The dimensionless growth rates 1/t* are shown in Fig. 4 for
both slip and no-slip fibres as a function of the dimensionless
initial total radius H0. We see that for both the slip and no-slip
boundary conditions, the growth rates show a similar geometry
dependence. The maxima for the slip and no-slip data can be
easily understood: a decreasing growth rate as H0 converges to 1
is due to the diminishing thickness of the liquid film, and thus to
the reduced mobility, whereas the decreasing growth rate for large
H0 is due to smaller curvatures and thus a smaller driving force of
the instability.

According to equation (6) with B¼ 0 (no slip), a maximum in
the growth rate is expected for H0¼ 1þ e0/a¼ 5.15. This
prediction is entirely consistent with the data. Thus, a coated
fibre of a given diameter is maximally unstable when the ratio of
the film thickness to the fibre radius is about e0/aB4, consistent
with an earlier theoretical study5. The capillary velocity is the
only adjustable parameter in the no-slip case. We obtained
g/Z¼ 294±43 mm min� 1, which is in agreement with previous
data33 adjusted to the temperature used here, through the
Wiliams–Landel–Ferry equation37,38. For the slip case, there are
now two free parameters: the capillary velocity g/Z and the
dimensionless slip length B. If we take the value of the capillary
velocity to be that of the no-slip case, we are left with only one
true fitting parameter.

To quantify the slip length in our system, the growth rates
normalized by b are plotted as a function of a/(ba) (see inset of

Fig. 4, equation (6) and equations (7a,b)). As expected, the no-slip
data is consistent with the theoretical prediction of
1/t*¼ b for all geometries. In contrast, the ratio 1/(t*b) reveals
that the amplification due to slip on the rise of the instability is
more pronounced as a/(ba) increases. For the fibre radii used
here, large a/(ba) corresponds to small H0 (see equations (7a,b)).
The stronger influence of slip observed for smaller values of
H0 is due to a non-zero velocity of polymer molecules at the
solid–liquid interface31,34. For the smallest value of H0,
corresponding to e0/aB0.4, the slip-induced amplification
factor of the growth rate is as large as B4. On the contrary, in
thick polymer films, the impact of slip is diminished. From a best
linear fit to the slip data shown in the inset of Fig. 4, the slip
length is found to be b¼ 4.0±0.4 mm. Obtaining a slip length in
the range of micrometres is in accordance with former studies on
the dewetting of entangled polymer films from substrates with a
fluoropolymer coating34.

Having determined the value of b and knowing the fibre radii,
we obtain B for each of the experimental geometries. Based on the
theoretical model (equation (6)) corresponding growth rates can
be calculated and are shown to be in excellent agreement with the
experimental data (see Fig. 4). The dimensionless slip length
B¼ b/a ranges from 0.25 to 0.37 in our experiments. To guide the
eye, a typical curve calculated with B¼ 0.3 is shown in Fig. 4.
We see that for the fibres with the slip boundary condition, the
growth rate is larger than in the no-slip case for a given geometry
and the maximum of the growth rate 1/t* corresponds to a
smaller value of H0. As expected, a slippery surface facilitates a
higher mobility and hence a faster growth of the instability. This
enhanced mass transport also explains the horizontal shift of
the maximum of the growth rate: for a given geometry—and
thus curvature—the mobility of the slip case is increased in
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comparison with no-slip case. Therefore, the maximum of the
growth rate is shifted to lower values of H0.

Discussion
We report on the PRI of a viscous liquid PS layer on a solid fibre
of radius a, when the boundary condition at the solid–liquid
interface is varied between the classical case of no-slip and the
relevant situation of slippage. The wavelength of the fastest
growing mode on a slip fibre shows a linear dependence on the
initial total polymer-fibre radius, h0¼ aþ e0, and is not affected
by the boundary condition, consistent with the lubrication theory
developed. For both slip and no-slip fibres, we observe an
exponential temporal growth of the instability at short times and
the respective growth rates show a qualitatively similar geometry
dependence. In the case of a slip fibre, the geometry correspond-
ing to the maximum of the growth rate 1/t* is shifted to a smaller
value of h0/a and the rise of the instability is faster due to the
added mobility at the solid–liquid interface. The slip-induced
amplification of the growth rate is significant in a parameter
range that is of paramount technological relevance. The linear
stability analysis of the thin-film equation developed here is in
excellent agreement with the data, valid for all Newtonian liquids,
and provides a robust measure of two fundamental quantities: the
capillary velocity g/Z and the slip length b.

Methods
Preparation of fibres. Glass fibres were prepared by pulling heated glass capillary
tubes to final radius in the range 10oao25 mm using a pipette puller (Narishige,
PN30). To prepare the slip boundary condition, the glass fibres were hydrophobized
by dip coating in a 0.5 wt% solution of AF2400 (Poly[4,5-difluoro-2,2-bis
(trifluoromethyl)-1,3-dioxole-co-tetrafluoroethylene]) (Aldrich) in a perfluoro-
compound solvent (FC72t, Fisher Scientific), to form an amorphous
fluoropolymer layer (TgB240 �C). A dip-coating speed of 1 mm s� 1 resulted in an
AF2400 layer with a thickness of 14±1 nm. The hydrophobized fibres were
annealed in a vacuum chamber at 80 �C for 90 min to remove excess solvent.

Preparation of homogeneous PS films. To prepare homogeneous PS films,
a concentrated solution (35 wt%) of atactic PS (Polymer Source Inc.) with a
molecular weight of 78 kg mol� 1 and low polydispersity (Mw/Mn¼ 1.05) was
dissolved in chloroform (Fisher Scientific). A droplet of the highly viscous polymer
solution was placed between two glass slides, forming a meniscus at the edge of the
glass slides. We note that the chloroform does not dissolve the underlying AF2400
coating on the slip fibres. A slip or no-slip fibre could then be placed in the middle
of the gap between the slides and pulled out of the droplet with a constant speed
using a motorized linear translation stage. By varying the pulling speed v0 in the
range 80ov0o150 mm s� 1, we obtained film thicknesses that ranged from e0¼ 5
to 93mm after the solvent had evaporated.

Experimental setup. The as-prepared samples were placed into a heated sample
cell to initiate the PRI. With two B0.5-mm-thick spacers, the coated fibres were
suspended above a reflective Si wafer (to improve contrast) and placed on a
microscope hot stage (Linkam). A metal ring in direct contact with the hot stage
supported a glass cover over the sample and Si wafer (see Supplementary Fig. 1 and
Supplementary Methods), thereby ensuring good thermal contact and temperature
control to within 1 �C. The surface profiles were analysed from the optical
micrographs taken at various times using a custom-made edge detection software
written in MATLAB.
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Capillary leveling of stepped films with inhomogeneous molecular mobility.
Soft Matter 9, 8297–8305 (2013).
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Supplementary Figures

B
C

DE
F

(a) (b)

A

Supplementary Figure 1: Schematic of the sample chamber. Representation of (a) the side view and (b) the top view
of the experimental setup. On top of a hot stage (A), a Si wafer (B) with two teflon spacers (C) is placed. Freely suspended
filaments are realized by depositing the fibre (D) across the spacers. The fibre is surrounded by a metal ring (E) with a glass
cover (F).
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Supplementary Method

Fibre thin film equation with slip:

Here, we provide the main steps of the derivation of the fibre thin film equation (see Eqs. (2) and (3) in the article).
Let us consider a viscous liquid film coating a cylindrical fibre of constant radius a (see Fig. 1 in the article). The
axis of the fibre, along the x direction, is chosen as a reference for the radial coordinate r. We assume cylindrical
invariance of the free-surface profile described by r = h(x, t), at position x and time t. Furthermore, we assume
an incompressible flow of the viscous Newtonian fluid, where gravity, disjoining pressure and inertia are negligible.
Defining the local excess pressure p(r, x, t) and the velocity field v(r, x, t), and assuming the lubrication approximation
to first order, namely that the slopes of the profiles remain small and the velocity is mainly oriented along the fibre
axis, v = vex, leads to the two projections of the Stokes equation:

∂xp = η

(
∂rrv +

∂rv

r

)
(1a)

∂rp = 0 , (1b)

where η is the dynamical shear viscosity that we assume to be homogeneous and constant. The lubrication approx-
imation is valid since the profile slopes remain small in comparison to 1 at early times – the regime in which the
linear analysis is performed – and since the typical horizontal length scale of the flow is expected to be larger than the
minimal wavelength of the Plateau-Rayleigh instability, that is given by λmin = 2πh0 � e0. This is indeed always the
case as even in the worst case geometry, e0 ≈ 5a, one has e0/λmin ≈ 0.13� 1. According to Supplementary Eq. (1b),
the excess pressure is invariant in the radial direction, to first order in the lubrication approximation. Thus, the excess
pressure is set by the Laplace boundary condition at the free surface which, within the small slope approximation,
reads:

p = γ

(
1

h
− h′′

)
, (2)

where γ denotes the air-liquid surface tension, taken to be homogeneous and constant, and where the prime denotes
the derivative with respect to x. The two terms on the right hand side of Supplementary Eq. (2) correspond to the
radial and axial curvatures of the free surface. Note that, as already mentioned in the body of the article, we have
kept a second order lubrication term in the pressure contribution: the axial curvature −h′′. This is because it is
the lowest order term counterbalancing the driving radial curvature 1/h, and it is thus crucial to obtain the actual
threshold of the instability [9]. Regarding the boundary conditions, we assume no shear at the free surface and the
Navier slip condition at the solid-liquid interface, namely:

∂rv|r=h = 0 (3a)

∂rv|r=a =
v|r=a

b
, (3b)

where b denotes the slip length. Integrating Supplementary Eq. (1), together with Supplementary Eqs. (2) and (3),
yields:

v =
γ
(
h′ + h2h′′′

)

4ηh2

[
2h2 log

( r
a

)
− r2 +

2b

a
h2 + a2 − 2ab

]
, (4)

for all r ∈ [a, h]. Volume conservation requires that:

∂th+
Q′

h
= 0 , (5)

where we introduced the volume flux per radian:

Q =

∫ h

a

dr rv . (6)
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Combining Supplementary Eq. (5) together with Supplementary Eqs. (4) and (6) yields the fibre thin film equation:

∂th+
γ

16ηh

[(
h′ + h2h′′′

)(
4h2 log

(
h

a

)
+

(
4b

a
− 3

)
h2 + 4a2 − 8ab+

(
4ab− a2

) a2
h2

)]′
= 0 . (7)

Finally, introducing the dimensionless variables (see Eq. (1) in the article) into Supplementary Eq. (7) yields the
dimensionless fibre thin film equation (see Eqs. (2) and (3) in the article).

Experimental setup and details:

The as-prepared samples were annealed in ambient atmosphere at 180 ◦C - well above Tg - which causes the
polystyrene films to melt and the PRI to develop. The evolution of the PRI was recorded with an inverted optical
microscope (Olympus BX51). At various times, images were taken using a 5x magnification objective and a camera
with a resolution of 1392 x 1040 pixels (QImaging, QIClick), resulting in a pixel size of 1.28µm. To ensure free
standing filaments, the coated fibres (D) were placed along two ∼ 0.5 mm thick teflon spacers (C) located on a Si
wafer (B) (see Supplementary Figure 1). The Si wafer was used to improve the optical contrast. A metal ring (E)
in direct contact with the hot stage supported a glass cover (F) over the sample and Si wafer. The temperature
within the sample cell is uniform (within 1◦C) and convection does not affect the measurements. By using spacers
(C) made of teflon, we ensured that there is no drainage of the liquid PS film towards the edges (PS does not wet
teflon). The surface profiles were analysed from the optical micrographs taken at various times, using a custom-made
edge detection software written in MATLAB.

9 Addenda

120



Addendum III - Capillary droplet propulsion on a fibre

Authors: S. Haefner1, O. Bäumchen2, and K. Jacobs1
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Abstract - A viscous liquid film coating a fibre becomes unstable and decays into droplets
due to the Rayleigh–Plateau instability (RPI). Here, we report on the generation of uniform
droplets on a hydrophobized fibre by taking advantage of this effect. In the late stages of
liquid column breakup, a three-phase contact line can be formed at one side of the droplet by
spontaneous rupture of the thinning film. The resulting capillary imbalance leads to droplet
propulsion along the fibre. We study the dynamics and the dewetting speed of the droplet as
a function of molecular weight as well as temperature and compare to a force balance model
based on purely viscous dissipation.
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Capillary droplet propulsion on a fibre†

Sabrina Haefner,a Oliver Bäumchenb and Karin Jacobs*a

A viscous liquid film coating a fibre becomes unstable and decays into droplets due to the Rayleigh–Plateau

instability (RPI). Here, we report on the generation of uniform droplets on a hydrophobized fibre by taking

advantage of this effect. In the late stages of liquid column breakup, a three-phase contact line can be

formed at one side of the droplet by spontaneous rupture of the thinning film. The resulting capillary

imbalance leads to droplet propulsion along the fibre. We study the dynamics and the dewetting speed of

the droplet as a function of molecular weight as well as temperature and compare to a force balance model

based on purely viscous dissipation.

1 Introduction

Regular droplet patterns on a fibre are a well-known phenomenon,
which can be found in everyday life, e.g. dew drops on a spider’s
web.1 Thereby, small drops are pinned on the web filament,
whereas big droplets are affected by gravitational flow and
eventually coalesce with others. The destabilization and the
subsequent breakup into uniform droplets of a liquid film on
a fibre is caused – like in a free liquid jet – by the Rayleigh–
Plateau instability2,3 (RPI). Although, this is an obstructive effect
in coating techniques, the capability to form regular droplets
with an adjustable size and the control of their motion are very
advantageous and important for technical applications e.g. water
collection processes,4–6 patterning,7 chemical reactions8 and
printing.9 The instability of liquid threads and its characteristics
have been studied intensively over the last two centuries and is
still of great interest.3,10–13 Furthermore, many studies investigated
the motion of beads flowing down a vertical fibre, sliding or rolling
on a fibre or the mechanisms of droplet movement in filament
networks.14–20 However, only a few studies identify the motion of
droplets in the absence of gravitational forces, where droplets
are propelled along a fibre or on a planar substrate by taking
advantage of different effects. For example, Yarin et al. studied
the movement of drops along a cylindrical filament due to a
temperature gradient,21 yet also a difference in pressure can lead
to a propelling force.22 Remarkably, liquid droplets can even
detect and move along stiffness gradients of an underlying

substrate (durotaxis).23 Another well-established and commonly
used way of producing and transporting equally sized droplets on
the micro scale is realized by using microfluidic devices, where
droplets are generated and transported inside a channel.24

Here, we report on viscous liquid droplets moving along the
outer surface of a hydrophobized solid fibre, purely driven by
capillary forces. For that purpose, droplets are generated by
taking advantage of the RPI: in the course of the destabilization of
a thin homogeneous film, liquid droplets separated by valleys are
emerging. By spontaneous rupture of the thinning liquid film in
between the equally distributed droplets, an axisymmetric three-
phase contact line can be formed at one side of the droplet at the
late stages of liquid column breakup. This leads to a capillary
imbalance between the two ends of the droplet, which causes the
drop to dewet on the fibre. Fig. 1b shows a typical example of a
receding polystyrene (PS) droplet on a hydrophobized glass fibre
(see ESI,† Video V1). The motion process is studied as a function
of molecular weight and temperature and is compared to the
classical case of a dewetting ridge on a substrate.

2 Experimental

Glass fibres were prepared by pulling heated glass capillary
tubes (World Precision Inst.) to final diameters of 20 to 30 mm
using a pipette puller (Narishige, PN30). By dip-coating the
glass fibres in a 0.5 wt% solution of AF2400 (poly[4,5-difluoro-
2,2-bis(trifluoromethyl)-1,3-dioxole-co-tertrafluoroethylene]) (Aldrich)
in a perfluoro-compound solvent (FC72t, Fisher Scientific), a hydro-
phobic amorphous fluoropolymer layer (Tg B 240 1C) is deposited
on the fibres. In order to remove excess solvent, fibres were annealed
to 80 1C for 90 minutes in ambient atmosphere.

To create droplets on a fibre, we apply a homogeneous
polystyrene (PS) film with thickness e0 (5 to 90 mm) onto the
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hydrophobized fibre (see Fig. 1a): atactic polystyrene (Polymer
Source Inc.) with molecular weights varying between 4.1 and
78 kg mol�1 and low polydispersities (Mw/Mn = 1.05) was
dissolved in chloroform (Fisher Scientific). A droplet of a highly
viscous (35 wt%) polymer solution was placed onto a hydro-
phobized fibre, which was positioned close above a glass slide
(see Fig. 2). Covering the system with a second glass slide on
top of two Si-spacers leads to the formation of a meniscus at the
edges. By using a motorized linear translation stage (Newport),
the PS solution is pulled along the fibre with a constant
velocity, which results in the formation of a homogeneous PS
film with thickness e0 surrounding the axisymmetric fibre. By
varying the speed between 80 and 120 mm s�1 films with
thicknesses e0 of 5 to 90 mm could be generated after solvent
evaporation. All samples were prepared at room temperature,
which is well below the glass transition temperature Tg of all
used molecular weights.25,26

In order to initiate the formation of droplets on a fibre, the
as-prepared samples (see Fig. 1a) were annealed above Tg in
ambient conditions. By placing the fibres across two 0.5 mm

thick spacers, which are located on top of a reflective Si wafer,
we achieve free standing filaments. This setup was positioned
on a microscope hot stage (Linkam), while surrounded by a
metal ring in direct contact with the hot stage. Finally, the
metal ring is covered by a glass slide. Thereby, good thermal
contact and temperature control within 1 K was ensured. As a
result of annealing above the glass transition temperature, the
liquid films became unstable and were subjected to the Rayleigh–
Plateau instability.13 Axisymmetric barrel shape27,28 droplets with a
certain spacing were formed. As the droplet size is related to the
film thickness e0 and the fibre radius r, the typical droplet height
hmax(t) (see Fig. 1c) is in the range of 40 to 200 mm. The width w(t) of
the droplets (see Fig. 1c) varies between 100 and 320 mm. The fact
that films below e0 = 5 mm start to dewet prior to the formation of
droplets on a hydrophobized fibre implies that by using this
technique of droplet generation, the lowest limit of possible droplet
sizes has already been reached.

The thin liquid film in between the droplets represents a
metastable situation, as can be concluded from the shape of the
effective interface potential which comprises short-range and
long-range interactions.29,30 Any chemical or topographical
heterogeneity can act as a nucleus leading to the formation of
a hole in the film. This random process causes the axisym-
metric rupture of the film and thus the formation of a three-
phase contact line at one side of a droplet. Consequently, at this
side of the droplet the contact angle is adapted to the receding
contact angle yrec (see Fig. 1c). On the opposite side, however,
where the droplet merges into the residual PS film, the appar-
ent angle a remains constant. This causes the Laplace pressure
to be different on both sides of the droplet and the capillary
imbalance leads to droplet propulsion along the fibre. During
droplet motion the residual material (thin film and static
droplets) is accumulated. Thereby, the total volume of the
system is conserved and the droplet grows in size. Typically,
the height of the droplet hmax(t) increases by a factor of 1.5 to 2
and the width w(t) grows by a factor of 1.2 to 1.7 over the entire
dewetting process. As long as one side of the moving droplet is
connected to the residual material, the capillary force on the
‘wet’ side is negative and the three-phase contact line recedes.
Thus, the droplet accumulates all the remaining material until
the dewetting process finally results in the formation of iso-
lated droplets sitting on the fibre (see Fig. 1b, t = 75 s). In this
final configuration, the droplet has two ‘dry’ sides and the

Fig. 1 (a) Schematic representation of the as-prepared samples: a homo-
geneous PS film with thickness e0 is applied to a hydrophobized fibre with
radius r. (b) Optical micrographs illustrating the time evolution of a
polystyrene (Mw = 8.1 kg mol�1) droplet receding on a hydrophobized
fibre at a temperature of T = 150 1C. The regular droplet pattern at t = 0 is
achieved by utilizing the breakup of a homogeneous film on a cylindrical
fibre into droplets, which are separated by a thin film. The spontaneous
formation of a three-phase contact line at the left side of the far left droplet
leads to a capillary imbalance, which causes the droplet to move to the right
along the fibre. After a certain time t, the droplet has covered a particular
distance d, while accumulating the residual thin film and static droplets. The
width of the optical images is 1120 mm. (c) Schematic representation of a
droplet on a fibre during the motion process. All system geometries and
parameters are indicated.

Fig. 2 Schematic representation of the PS film application setup (not to
scale): a droplet of a highly viscous PS solution (D) is placed on a
hydrophobized fibre (C), which is positioned close above a glass slide
(A). Covering the system with a second glass slide on top of two Si-spacers
(B) leads to the formation of a meniscus at the edges. The fibre (C) is
located in the center of the PS droplet (D). By using a motorized linear
translation stage, the PS solution is pulled along the fibre with a constant
velocity, which results in the formation of a homogenous PS film with
thickness e0 surrounding the axisymmetric fibre.
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motion of the droplet stops as soon as both contact angles
adapt to the equilibrium contact angle ye. The receding and the
equilibrium contact angle, yrec and ye, of PS on an AF2400 fibre
were determined from optical micrographs by using an image
analysis software (Image Pro Plus, Media Cybernetics). Note that
yrec has been evaluated during the accumulation of residual thin
film eres only (see Fig. 1c). Here, we measured yrec = 60 � 51 and
ye = 83 � 51. The ratio between these two angles is in good
agreement with studies on polymer films dewetting on planar
hydrophobized surfaces,31–33 which showed a fixed relation of

ye=yrec �
ffiffiffi
2
p

. To determine the PS film thickness e0, the initial
total radius of the coated fibre h0 was measured by optical
microscopy with an accuracy of �1 mm (see Fig. 1a). The fibre
radius r was measured (with an accuracy of �1 mm) after the PS
film dewetted (see Fig. 1b, t = 75 s). From their difference e0 =
h0 � r, we achieve e0. The motion of the droplet was recorded
with optical microscopy. Fig. 1b shows a typical time evolution
of a droplet receding on a hydrophobized fibre (also see ESI,†
Video V1). A custom made edge detection software in MATLAB is
applied in order to record the travelled distance d (see Fig. 1b),
i.e. the distance moved by the three-phase contact line of the
droplet in a certain time t.

3 Results and discussion

This section incorporates the results of the experiments
described above, followed by a comparison to a model based
on a balance of capillary driving force and dissipation through
viscous friction. In Section 3.1, we focus on the global dewetting
process of a droplet on a fibre for various molecular weights
and temperatures. Thereby, we identify the global dewetting
velocity %v including both processes, the accumulation of the
residual thin PS film as well as the coalescence with remaining
static droplets. Section 3.2 comprises a more local analysis of the
dewetting behavior. We investigate the two different dewetting
processes in more detail and determine the local velocity v as
a function of molecular weight and temperature neglecting
coalescence steps. A description of the model and a comparison
with experimental data is given in Section 3.3.

3.1 Global droplet dynamics

From the experimental images (see Fig. 1b) we measure the
distance d, which gives the distance the three-phase contact
line of the droplet has moved along the fibre axis x during a
certain time interval. Fig. 3a displays typical data for different
molecular weights using a constant temperature of T = 180 1C.
In analogy, Fig. 3b shows a variation in temperature for a
constant molecular weight of Mw = 78 kg mol�1. We find that
for all data sets the motion of the dewetting droplet is linear in
time (linear fits in Fig. 3a and b) over the entire process. Thus,
the slope of these curves provides a reliable measurement of the
global mean droplet velocity %v. Fig. 3a shows that for a constant
annealing temperature T, the global mean velocity of a moving
droplet is increasing when decreasing the molecular weight
Mw, which is accompanied by a decrease in the viscosity Z.34,35

This observation is entirely consistent with Fig. 3b, where for a
constant molecular weight we observe an increase in the global
mean speed with increasing the temperature, again equivalent to a
decrease in Z. Furthermore, the linearity in the mean velocity during
the entire motion (see Fig. 3a and b) indicates that there is no
influence of the increase in the height hmax(t) and width w(t) of the
droplet (due to material accumulation) on the dewetting dynamics.

3.2 Local analysis of the droplet velocity

Having characterized the global droplet dynamics, we now turn
to a more local analysis of the droplet velocity. Based on the
algorithm by Savitzky and Golay,36 the local velocity v is calculated
from the three-phase contact line displacement-time data. We
chose a frame size of n = 3 and a second order polynomial ( p = 2)
for the interpolation of the experimental data. Fig. 3c shows
typical data of the travelled distance d as a function of time
(symbols, see Fig. 3a). We found that the local velocity v of the
droplet (dashed line) is alternating around the global mean
velocity %v = 1.2 mm s�1: as the droplet dewets and accumulates
the residual thin PS film, both, the receding contact angle yrec and
the velocity v remain constant. As soon as the moving droplet
gets in contact with one of the static droplets on the fibre, a
sudden increase of the driving force due to the pressure gradient
between the droplets is observed. The neck in between the two
droplets levels rapidly, which causes the dewetting velocity v to
increase (see Fig. 3c) and consequently the contact angle yrec to
decrease. At the end of the coalescence process, the droplet
shape recuperates, which goes in line with a deceleration of the
speed and the adjustment of the receding contact angle. Thus,
for simplicity, we consider in the following only the local velocity of
a droplet during the consumption of the residual thin film, referred
to as v. Accordingly, the coalescence steps with immobile droplets

Fig. 3 Position d of the three-phase contact line on the fibre axis x as a
function of time t for (a) different PS molecular weights at T = 180 1C and
(b) PS(78k) at different temperatures T. The black lines indicate the best
linear fit for each data set. (c) Symbols indicate the travelled distance d as a
function of time for a PS(35k) droplet at T = 180 1C during the different
steps of the dewetting process. The black dashed line displays the
respective local speed v obtained by using the Savitzky–Golay36 algorithm
(here: n = 7, p = 2). The black straight lines indicate the best linear fit
excluding coalescence steps.
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are neglected for the purpose of determining the droplet velocity
v. The solid black lines in Fig. 3c show the linear best fit to the
respective sections of the data. The local velocity turns out to be
consistent for different sections of the data. Thus, there is no
evidence for the local velocity v to be systematically affected by
the change of the droplet size. Fig. 4 represents typical data for
the local velocity as a function of the initial system radius h0 for
three different viscosities (Mw = 78 kg mol�1, T = 180 1C, 200 1C,
220 1C). The solid lines display the local mean dewetting speed
averaged over the respective experiments. We see that varying
the initial system radius h0 (by varying the PS film thickness e0

and the fibre radius r), which is directly linked with the size of
the droplets, does not cause a significant change in the velocity.

3.3 Model

The mathematical description of a dewetting wedge-shaped liquid
front has been addressed in previous studies.37,38 The effective
driving force per unit length Fdrive of a dewetting liquid wedge (see
Fig. 1c) is equal to the spreading parameter |S|. It denotes the
energy difference per unit area between a dry substrate and a
liquid covered surface and is given by |S| = |glv (cosye� 1)|, where
glv = 30.8 mN m�1 is the surface tension between the liquid (l) and
the vapor (v) phase for polystyrene in air.‡39 Based on the work of
Huh and Scriven,40 de Gennes developed a simplified model for
the energy dissipation in a liquid wedge exhibiting a Poiseuille-
type velocity profile u(z), where the viscous dissipation power per
unit length is described by:

Dvisc ¼
ð1
0

ðz
0

Z
du

dz

� �2

dxdz ¼
ð1
0

3Zv2

z
dx ¼

ð1
0

3Zv2

x tan yrec
dx; (1)

with z = x tanyrec representing the local film height, Z being the
fluid viscosity and v standing for the velocity of the receding wedge.

The divergence of the integral at both ends can be avoided by
cutting the integral at the lateral position x = w (which is an
appropriate upper limit length scale like the width of the drop)
and at the molecular size x = a representing a lower limit, which
leads to:

Dvisc ¼
3Zl

tan yrec
v2; (2)

where l � ln(w/a) denotes a dimensionless coefficient. With the
power balance Fdrive v = Dvisc, the velocity v of a dewetting wedge
on a planar substrate is given by:

1

v
¼ 3l

Sj j tan yrec
Z ¼ AZ: (3)

This implies that in case of a purely viscous flow at the solid/
liquid interface the velocity of a moving wedge is inversely
proportional to the melt viscosity Z, with A = 3l/(|S| tan yrec)
representing the constant of proportionality.

Fig. 5 shows a semi-logarithmic plot of the inverse local
droplet velocity 1/v for various molecular weights ranging from
4.2 to 78 kg mol�1 as a function of temperature T (symbols).
Typically, four to eight separate velocity measurements were
averaged per data point. In addition, the respective viscosity
data versus temperature is shown as dashed lines. The viscosities
were determined from independent viscosimeter and ellipsometric
measurements33 by projecting the data according to the Williams–
Landel–Ferry (WLF) equation:34,35

Z ¼ Z0 exp
B

f0

Tg � T

T � T1

� �
; (4)

where Z0 = 6.3 � 108 Pa s represents the viscosity at the glass
transition temperature Tg = Tg(N) � C/Mw for the respective
Mw, with Tg(N) = 372 K and C = 70 K kg mol�1 for PS. The Vogel

Fig. 4 Local velocity v of dewetting droplets on a fibre with a molecular
weight of 78 kg mol�1 at different temperatures as a function of the initial
system radius h0. The straight lines indicate the local mean dewetting
velocity for the different temperatures averaged over the respective
experiments. The error bars are calculated from the error in the geometry
and the error given by the dewetting velocity measurement.

Fig. 5 Semilogarithmic representation of the inverse droplet velocity 1/v
(symbols) and viscosity Z according to eqn (4) and independent viscosi-
meter measurements (dashed lines) for different molecular weights as a
function of temperature T. The error bars represent the standard deviation
of different dewetting velocity measurements. The inverse of the dewet-
ting speed scales linearly with viscosity, exhibiting a universal constant of
proportionality A = 3900 � 300 m N�1.

‡ Note, that the surface tension of a polymer melt depends on temperature and
molecular weight. Here, the variation in glv is very small (o10%) and the mean
value of glv = 30.8 mN m�1 is used. The error caused by using the averaged surface
tension value is negligible compared to the uncertainty of the viscosity (as
mentioned later in the text).
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temperature is given by TN = Tg � 48 K and the ratio B/f0 = 30.3
is taken from literature.35

In order to match the velocity data 1/v (symbols, left y-axis),
the viscosities (dashed lines, right y-axis) are rescaled by a single
constant prefactor A, which was found to be 3900 � 300 m N�1.
This finding is consistent with experimental studies on dewetting
holes in thin liquid polystyrene films with low molecular weights
on hydrophobized flat surfaces.33 Fig. 6 displays the inverse of the
measured local mean velocity 1/v as a function of viscosity Z. The
black line represents the linear scaling between 1/v and Z with
the universal proportionality constant A, as predicted by the force
balance model based on purely viscous dissipation (eqn (3)).
Imposing the universal prefactor A as given above, this model
turns out to be in good agreement with the experimental velocity
data. Knowing the spreading parameter |S| and yrec from the
experimental data, the dimensionless coefficient l is the only free
parameter. We obtain l = 61 � 10, which is in the same order of
magnitude as in previous numerical studies,38 where l was found
to range from 15 to 20. Experimental studies,31 e.g. on dewetting
of PDMS on non-wettable surfaces by Redon et al. have reported a
dimensionless coefficient of l = 20, whereas for more viscous
alkanes l = 6 was obtained. A potential source of the deviation in l
compared to other studies might originate from the fact that the
polymer viscosity is very sensitive to variations in temperature and
already a difference in T of 1 K can lead to a considerable
systematic change in the dewetting dynamics. A second hypoth-
esis is as follows: dissipative particle dynamics simulations by
Meriaba et al. did provide evidence that the viscous dissipation of
a dewetting liquid front is predominantly located at the three-
phase contact line.41 Nevertheless, it is shown that viscous friction
at the position, where the front merges into the residual thin film,
represents a weak additional contribution to the dissipated
energy. Assuming energy dissipation localized at both sides of
the moving liquid front does not alter the scalings, eqn (3), but
justifies a decrease in the free parameter l.37,38 In summary, we
find that the model based on purely viscous dissipation captures
the capillary-driven propulsion of axisymmetric droplets on hydro-
phobized fibres.

In the following paragraph, we will discuss friction at the
solid/liquid interface, which has been identified as a potentially
significant source of energy dissipation in thin film flows:32,33,42

from an earlier study on the growth rates of amplitudes during the
RPI it is known that PS(78k) on a hydrophobized fibre can exhibit
significant hydrodynamic slip at the fibre/liquid interface.13 The
slip length b,43 which provides a quantitative measure for the
amount of slip at the solid/liquid interface, was found to be b =
4.0 � 0.4 mm for the exact same system. As the slip length scales
with molecular weight,44,45 lower molecular weights are expected to
exhibit a smaller slip length.

Despite providing a slip boundary condition, which leads to
a non-zero velocity of the polymer molecules at the solid/liquid
interface,32,46 we find that the dynamics of a dewetting droplet is
linear in time.32,33 In addition, the local velocity v does not
depend on the initial radius of the system h0 (see Fig. 4) or rather
the droplet size (height hmax(t) and width w(t)), within the range
of droplets sizes tested in our experiments. For smaller droplets
one would expect to see an increase in the dewetting velocity as
the PS film becomes sensitive to the enhanced mobility at the
interface. By measuring the maximum droplet height hmax(t) (see
Fig. 1c) we see that for all times t, the ratio between slip length b
and maximal droplet height is equal to b/hmax(t) o 0.1. This
implies that the size of the droplets compared to b is too large to
identify a considerable influence of the enhanced mobility at the
solid/liquid interface on the dewetting speed. For large droplets,
with b/hmax(t) o 0.1, viscous friction at the contact line dom-
inates over slippage. Thus, in our study, the dewetting dynamics
is exclusively controlled by local dissipation at the contact line
and the experimentally determined proportionality constant A,
describing the linear scaling between 1/v and Z, is universally
valid (see Fig. 6).

4 Conclusions

Here, we have reported on the generation of uniform polystyrene
droplets on a hydrophobized fibre by taking advantage of the
Rayleigh–Plateau instability. Nucleation causes the spontaneous
formation of a three-phase contact line at one side of a droplet.
This leads to a capillary imbalance, which in turn causes the
droplet to dewet on the fibre. Thereby, we found that the dynamics
of a droplet is linear for all times and is as well geometry invariant.
Considering the entire motion process including the accumulation
of the residual thin film and the coalescence steps with static
droplets shows that the dewetting velocity of the droplet is alter-
nating around a certain mean velocity %v: the consumption of the
thin polymer film features a constant droplet speed, but the
coalescence process between moving and static droplets causes a
local increase in velocity combined with a decrease in the receding
contact angle. However, at the end of the merging procedure, yrec

recovers and the speed is again decelerated. By neglecting the
coalescence steps, the evaluation of the local droplet dynamics for
varying molecular weights and temperatures exhibits a linear
scaling between the inverse local dewetting velocity 1/v and
viscosity Z, consistent with the classical force balance model of a

Fig. 6 Inverse droplet velocity 1/v as a function of viscosity Z according to
eqn (4) and independent viscosimeter measurements. The error bars represent
the standard deviation of different dewetting velocity measurements and do
not include the uncertainty of the viscosity data taken from the WLF equation
(see eqn (4)). The black line represents the linear scaling between 1/v and Z with
the universal proportionality constant A = 3900 � 300 m N�1.
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dewetting liquid wedge on a substrate based on purely viscous
friction (see eqn (3)). We found a single proportionality constant
describing all data sets, which is in good agreement with former
experimental studies on dewetting holes in thin films on
hydrophobized surfaces.33 Hence, we see that viscous dissipa-
tion dominates over slip-induced dissipation at the solid/liquid
interface, for droplets which exhibit a height of at least ten
times the corresponding slip length.

We expect these findings to be valid for all Newtonian
liquids that are driven by capillarity and mediated by viscous
forces. The precise control of droplet propulsion on microfibres
might play an important role for practical applications and
motivate novel designs of open microfluidic devices for
chemical reactions and biological analysis. One might also
envision new approaches and improvements in liquid deposi-
tion and patterning techniques. Finally, it provides a reliable
and rapid method to determine the viscosity of a liquid.
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33 O. Bäumchen, R. Fetzer, M. Klos, M. Lessel, L. Marquant,
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