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Zusammenfassung
Die Benetzung gemusterter Oberflächen durch Tropfen ist in der Natur allgegenwärtig. Beispielsweise wird
sie vom Stenocara Wüstenkäfer in der Namib Wüste genutzt, um Feuchtigkeit aus der Luft zu sammeln.
Aber auch in Ingenieuranwendungen wie der Wassergewinnung, oder dem Tintenstrahldruck spielt sie
eine wichtige Rolle. Des Weiteren ist der Transport von Tropfen über Substrate durch das Aufbringen von
Benetzungsmustern möglich. Dieser kann auch mittels elektrostatischer Felder realisiert werden. Hierbei
können Fluidstrukturen auftreten, die beispielsweise beim Elektrospinnen relevant sind.
In der vorliegenden Arbeit wird zunächst die Stabilität von Wassertropfen auf chemisch strukturierten Oberflächen, die aus abwechselnden hydrophilen und hydrophoben Streifen bestehen, experimentell, numerisch
und basierend auf einem Skalierungsmodell untersucht. Die Grenze zwischen den Kontaktwinkelkontrasten,
also der Differenz der Kontaktwinkel zwischen den hydrophilen und den hydrophoben Streifen, bei denen
die Tropfen intakt (stabil) bleiben, und denen, die zum Aufbrechen der Tropfen führen (instabil), wird
mit Surface Evolver, einem numerischen Tool zur Minimierung der Oberflächenenergie, berechnet. Die
so ermittelte Stabilitätsgrenze zwischen instabilem und stabilem Regime wird experimentell bestätigt.
Innerhalb des instabilen Regimes wird eine Tropfenform identifiziert, bei der eine Kapillarbrücke auf dem
hydrophoben Streifen zwei auf den angrenzenden hydrophilen Streifen befindlichen Flüssigkeitsfinger
verbindet. Bei durch Verdunstung abnehmendem Volumen nimmt die Breite dieser Kapillarbrücke ab, bis
sie einen kritischen Wert erreicht, bei dem die Brücke instabil wird. Es wird ein einfaches Skalierungsmodell
präsentiert, mit dem die kritische Breite vorhergesagt werden kann. Gemäß dem Modell wird ein Tropfen
instabil, wenn der zunehmende Laplace-Druck innerhalb der Brücke nicht mehr durch den Druck innerhalb
der Flüssigkeitsfinger auf den hydrophilen Streifen ausgeglichen werden kann. Dies wird durch einen
Vergleich mit Experimenten und numerischen Berechnungen verifiziert.
Die Dynamik des im instabilen Bereich auf dem hydrophoben Streifen beobachteten Aufbruchs der Kapillarbrücke wird experimentell und numerisch untersucht. Durch Betrachten der Aufbruchgeschwindigkeit
über der zugehörigen minimalen Kapillarbrückenbreite kann die Unsicherheit durch die Wahl des exakten
Aufbruchzeitpunktes eliminiert werden. Die Simulation basiert auf der Volume-of-Fluid (VOF) Methode.
Eine physikalisch realistische Anfangsbedingung für die VOF-Simulation wird mit Surface Evolver berechnet. Es zeigt sich, dass der Aufbruch der Kapillarbrücke nicht durch ein eindeutiges Skalierungsgesetz
charakterisiert werden kann. Die Form der Brücke unterliegt qualitativen Änderungen und in verschiedenen
Phasen des Aufbruchprozesses finden sich unterschiedliche Skalierungsexponenten. In der letzten Phase
des Aufbruchs bildet die Kapillarbrücke einen flüssigen Faden, dessen Aufbruch mit der Rayleigh-Plateau
Instabilität konsistent ist.
Experimentelle Untersuchungen zu Surface Taylor Cones (STCs) auf hydrophilen Substraten mit niedriger
Kontaktwinkelhysterese werden präsentiert. STCs sind Strukturen analog zu klassischen Taylor-Cones, die
sich entwickeln, wenn ein Bereich einer Flüssigkeitsoberfläche einem starken elektrischen Feld ausgesetzt
wird. Im vorliegenden Fall befindet sich dieser an der Dreiphasenkontaktlinie. Die durch das elektrische Feld
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resultierende Kraft ist parallel zur Oberfläche gerichtet. Im Vergleich zum Tropfen ohne elektischem Feld
ist der Kontaktwinkel aufgrund der Maxwell Spannung zu Beginn des Experiments verringert, während die
Tropfenform an sich unberührt erscheint. Im weiteren Verlauf bildet sich unter fortschreitender Abnahme
des Kontaktwinkels eine Flüssigkeitszunge, die sich zu einer kegelförmigen Struktur mit zunehmend
ausgeprägter Spitze entwickelt. Schließlich bricht die Flüssigkeitsoberfläche zusammen und es tritt von der
Spitze des Kegels ein Jet aus, der auf die Elektrode gerichtet ist. Dieser Vorgang findet nur auf hydrophilen
Substraten mit geringer Kontaktwinkelhysterese statt. Der STC wird charakterisiert und mit dem TaylorCone, sowie einer dem STC ähnlichen Tropfenform verglichen, die auf der entnetzenden Seite gleitender
Tropfen auf einer schiefen Ebene beobachtet werden kann.
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Abstract
In nature, wetting of patterned surfaces by droplets is omnipresent. For example, it is used by the Stenocara
desert beetle in the Namibian desert to collect moisture from the air. However, it also plays a vital role in
engineering applications such as water harvesting or inkjet printing. Furthermore, the transport of droplets
over substrates is possible by chemically modifying its surface to create a wetting pattern. The movement of
sessile droplets can also be achieved by the application of an electrostatic field. In this case, fluid structures
can occur, which are relevant, for instance, in electrospinning.
In a first instance, the stability of water droplets on chemically patterned surfaces consisting of alternating hydrophilic and hydrophobic stripes is studied experimentally, numerically, and based on a scaling
model. The boundary between the contact angle contrasts, leaving the droplets intact (stable) and those
leading to droplet breakup (unstable), is computed numerically with the Surface Evolver, which is a
numerical tool that minimizes the surface energy. The existence of a stable and unstable regime found
with numerics is confirmed experimentally. In the unstable regime, when approaching droplet breakup, an
H-shaped configuration with two liquid fingers on the hydrophilic stripes connected by a capillary bridge
spanning the hydrophobic stripe is found. For decreasing volumes, the width of this capillary bridge decreases until a critical value is reached at which the droplet breaks up. A simple scaling model is presented,
which predicts the critical bridge width. According to the model, the droplet becomes unstable when the
increasing Laplace pressure inside the bridge can no longer be balanced by the pressure inside the liquid fingers on the hydrophilic stripes. The model is verified by the experiments and the Surface Evolver simulations.
The breakup dynamics of the capillary bridge observed on the hydrophobic stripe in the unstable regime is
studied experimentally and numerically. By considering the breakup speed as a function of the minimum
capillary bridge width, the breakup dynamics can be evaluated without the uncertainty in determining
the precise breakup time. The simulations are based on the Volume-of-Fluid (VOF) method. In order to
construct physically realistic initial data for the VOF-simulation, Surface Evolver is employed to calculate
an initial configuration consistent with experiments. It is found that the breakup of the capillary bridge
cannot be characterized by a unique scaling relation. Instead, different scaling exponents are found at
different stages of the breakup process, accompanied by qualitative changes in the shape of the bridge. In
the final stage of the breakup, the capillary bridge forms a liquid thread that breaks up consistently with
the Rayleigh-Plateau instability.
Surface Taylor Cones (STCs) on hydrophilic substrates with low contact angle hysteresis are reported and
investigated experimentally. STCs are structures analogous to the classical Taylor-Cones developing when a
region of a liquid surface gets exposed to a strong electric field. In the present case, this region is located at
the three-phase contact line, and the resulting force originating from the electric field is directed parallel to
the surface. Initially, due to the Maxwell tension, only the contact angle is reduced compared to the drop
without the electric field, while the drop shape itself appears to be not influenced. Subsequently, a liquid
tongue is formed, which develops into a conical structure with an increasingly prominent tip, while the

ix

contact angle progressively decreases during this process. Finally, the liquid surface breaks down, and a jet
emerges from the liquid cone tip that is in contact with the substrate and directed towards the electrode. It
is found that the STCs can only develop on hydrophilic, low contact angle hysteresis substrates. The STC is
characterized and compared to the original Taylor-Cone and a similar shape that can be observed at the
receding side of droplets sliding down an inclined surface.
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1 Introduction
The present lines would never have been written if humankind had not always felt obliged and the need to
preserve knowledge and pass it on to future generations, who again used this knowledge as a foundation
to build on. Since about 5000 years the pre-dominant way of archiving this information is based on the
transfer of a fluid from a reservoir to a solid underground. The demonstrably first to use this process were
the Egyptians, who, around 3000 BC, used a chiseled reed pen to transfer some ink onto papyrus [1]. Over
the following few thousand years, this technique stayed the same. Of course, the reed pen eventually
was substituted by a feather shaft, the papyrus by some paper, and the ink might have been improved
over the millennia. Nevertheless, the actual process with its underlying physics did not change: The
tip of a capillary, let us call it pen for simplicity, is dipped into an ink reservoir. Then, capillary forces
originating from the liquid and the material of the pen lead to the rise of ink inside of the latter. When
lifting the pen out of the ink bath, it is held inside the capillary due to lateral adhesion forces originating
from contact angle hysteresis, until the pen tip touches the medium on which the written information
is intended to be stored. Preferably, this is a hydrophilic, porous solid, like papyrus, or paper, among
others. What happens then depends on the person who holds the pen in his hand. Although the process
of writing is thousands of years old, it seems that the first ones who systematically investigated the hydrodynamics of writing were Kim et al. in 2011 [2]. Ink is transferred from the capillary towards the
solid due to the hydrophilic and porous nature of the substrate. The thickness of the drawn line depends
on the speed of the pen, with which it is led above the substrate. The ink is held inside of the porous
substrate by capillary forces until it has dried. When an author has finished writing his thoughts onto
the substrate, he or she lifts the pen, eventually leading to a small blob that can be investigated at the
position where the pen touched the solid last. This blob has its origin from a capillary bridge formed by
the ink between the tip of the pen, and the solid that breaks up after it is lifted sufficiently high. Even
today, pupils learn writing by using fountain pens that follow the same principle as the Egyptians exploited
5000 years ago, though the ink reservoir is part of the writing system and clipped at one end of the capillary.
In Europe, the writing, as described above, was the main duplication method of information until Johannes
Gensfleisch zum Gutenberg developed the first printing press around 1450 AD in Mainz, Germany, which
was the first movable type printing system. However, Gutenberg was not the inventor of this particular
printing process, i.e., the block-printing itself. The first woodblock-printed book, which is still preserved for
posterity, is dated from 868 AD and was printed in China. What Gutenberg’s development made superior
over other printing technologies were his inventions of replica-casting, with which he accomplished to
produce any number of an exact copy of any letter in the inverse, from which a matrix could be created,
and ink that adhered well to metal (all information are taken from [1], pp. 265 - 272). Nevertheless, the
underlying physics of fluid transfer in the case of the printing press and more modern printing technologies
is based on capillarity and wetting principles. While the printing press is primarily used to produce replicas
of the written word on paper, other techniques can also be used to produce devices repeatably, e.g., printed
electronics [3]. Today’s common printing techniques based on fluid transfer can be summarized in five
different categories [4]: Relief printing, intaglio printing, lithographic and electrophotographic printing,
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screen or stencil printing, and inkjet printing. While in relief printing, the fluid transfer is accomplished
from raised regions covered with ink (similar to Gutenberg’s printing press), in intaglio printing, ink is
transmitted onto substrates (or an intermediate surface) from cavities. In lithographic and electrophotographic printing, oil-based ink is printed from pre-patterned hydrophobic regions, while hydrophilic areas
are covered with an aqueous solution preventing the ink from wetting also these regions. Screen or stencil
printing uses meshes or holes through which the ink is squeezed onto the substrate, and in inkjet printing,
ink is jetted from a nozzle as small droplets onto a surface. Of course, this list covers not the entire range
of printing technologies. However, in addition to the above-mentioned methods, two specialized processes
originating from these are mentioned. The first one is multilayer inkjet printing, in which a large number
of layers of different inks are jetted onto a substrate [5]. This might lead to surface inhomogeneities from
the printing process itself. On the other hand, substrates to be printed on might already be chemically
pre-patterned to guide ink towards desired areas (see, e.g., [6]). In both cases, a liquid is transported on
patterned surfaces and evaporates there.
On the other hand, inkjet printing can also be used to actively create surfaces with a wettability pattern that might be of interest for certain engineering applications. For instance, Zhang et al. were able
to exploit this particular printing technology to micropattern a superhydrophobic surface with superhydrophilic patches [7]. When the substrates are exposed to an atmosphere in order to collect moisture
from it, these show an increased capability to extract water from air compared to surfaces with a uniform
wettability. In particular, the patterned surfaces collect up to approximately four times more water than a
hydrophilic and twice as much water as a hydrophobic surface per unit area. The idea for these surfaces,
however, is based on the outstanding water collection capacity of the Stenocara desert beetle in the Namib
desert, which exploits this type of wetting pattern to collect water from the atmosphere of one of the driest
areas on earth [8, 9]. However, not only for fog harvesting applications, these kinds of surfaces are suitable.
They are also useful in chemical and process engineering. For instance, patterned surfaces can be used to
increase the efficiency of heat exchangers [10]. Moreover, in purification applications, it can be used to
treat, e.g., water-oil emulsions [11]. Even in microfluidic biomedical applications, such as high-throughput
screening, chemically patterned surfaces are of interest [12].
The present work deals with sessile droplets on chemically patterned surfaces as they might appear
during modern printing processes, or in water harvesting applications, among others (Chapters 5 and 6).
Besides this topic, a different way that might be useful to transfer liquid from a reservoir to a substrate,
exploiting electrostatic forces, is described and characterized (chapter 7). It is based on the principle
of electrospinning, but the thread is guided above the surface of a hydrophilic substrate. This might be
useful to improve electrospinning processes since it reduces the degrees of freedom by one dimension and,
therefore, might lead to a better controllable process. Methods had to be developed, and surfaces produced
that allow to investigate the briefly sketched topics. In all the cases, capillary forces and wetting play the
predominant role. The present work is structured as follows:
Chapter 2 gives an overview of capillarity and wetting, focusing on the thermodynamic derivation of the
governing equations. The last section of this chapter describes how, for the present dissertation, relevant
forces lead to a deformation of capillary surfaces.
Chapter 3 gives an overview of the methods used throughout the present work. The first part describes
relevant parts of the experimental setup that has been build up. Then the essential tools of experimental
evaluation are described, before the numerical tool Surface Evolver and the developed automatic routine
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are presented. These methods represent the available fundamental tools. Based on this, additional features
or modifications are discussed in each chapter, if they are necessary.
Chapter 4 deals with the implemented surface modification techniques. The focus lies on the photolithography supported low-pressure chemical vapor deposition silanization, the construction of a reaction
chamber for that purpose, and the preparation of hydrophilic surfaces with low contact angle hysteresis. A
literature overview is provided for both techniques, and the manufactured substrates are characterized in
their specific surface properties.
Chapter 5 presents the investigations on the stability of evaporating water droplets on chemically striped
patterned surfaces prepared with the silanization technique described in chapter 4. Stability limits are
examined using experiments, numerical calculations with the Surface Evolver, and a simple scaling model.
The focus of this study lies in the identification of critical surface parameters, as well as on the prediction
of the critical droplet configuration.
Chapter 6 focuses on the breakup dynamics of the droplets having reached their critical shape. Governing
forces and different scaling relations are identified during the shape transition towards the next stable
liquid configuration. Special attention is paid to the description of remaining satellite droplets.
Chapter 7 deals with the deformation of sessile droplets within an electric field directed parallel to the
surface. The focus lies on the characterization of striking aspects of the liquid shape that is called the
Surface Taylor-Cone, and the comparison to ordinary Taylor-Cones and a hydrodynamic model.
Chapter 8 summarizes the present work, including its conclusions, and gives an outlook on future work.
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2 Theory - Capillarity and Wetting

This chapter gives a short introduction to the topics wetting and capillarity. By no means it is meant to
give a complete overview of the broad field of capillarity and wetting. Instead, it is written to illustrate the
underlying physics of the present simulations and experiments. Much more insight is given in textbooks
such as the ones by deGennes et al. [13] or Butt et al. [14]. Láng gives a comprehensive summary of the
thermodynamics of interfaces [15]. In the case of electro-capillary effects, Mugele and Heikenfeld give
an extended insight in [16]. The reader is referred to these and many other sources for a more detailed
understanding.

2.1 Capillarity from a Thermodynamic Perspective
The internal energy U of a system can be expressed as a function of its extensive variables entropy S,
volume V and the amount of its components i, ni . This instance can be expressed in mathematical form as
(2.1)

U = U(S, V, ni ),

which is the fundamental equation of thermodynamics for a one-phase system. Often, it is more convenient
to write this equation in its differential form
[︃
]︃
]︃
[︃
∑︂ [︃ ∂U ]︃
∂U
∂U
dS +
dV +
dni
(2.2)
dU =
∂S V,ni
∂V S,ni
∂ni S,V
i

that contains the thermodynamic definitions of temperature T, pressure p, and chemical potential µi of the
ith component, i.e.,
[︃
]︃
[︃
]︃
[︃
]︃
∂U
∂U
∂U
, p=−
, µi =
.
(2.3)
T=
∂S V,n
∂V S,n
∂ni S,V
Setting out from the above equations, it is possible to give a thermodynamic definition of the surface
tension.

2.1.1 Gibbs Dividing Surface and the Deﬁnition of the Surface Tension
Imagine a closed vessel as sketched in figure 2.1(a). This vessel is filled up to a certain height yΣ with fluid
α, and above this fluid, there is a second fluid β. Then it is possible to describe the inner energy of each
fluid j and its extensive variables as
j
U j = U j (Sj , V j , ni ).
(2.4)
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(a)

β

Uβ(Sβ,Vβ,nβ)

Σ

UΣ(SΣ,A,nΣ)

α

Uα(Sα,Vα,nα)

y

(b)

yΣ

extensive
property

Figure 2.1: The dividing surface in the Gibbs model. (a) shows a closed system with two phases α and
j
β with their internal energies U j = U j (Sj , V j , ni ). In the Gibbs model, a location of the dividing,
two-dimensional interface Σ can be deﬁned such that the absolute of an extensive property of
a phase is equal on both sides of the interface (b).

In the real world, there exists a volume with a finite small thickness around yΣ , where these two phases
cannot be distinguished, i.e., there exists no sharp interface between them. This is indicated in figure 2.1(a)
and (b) by the blue color of phase α that vanishes for larger y.
Josiah Willard Gibbs suggested a model with a dividing surface Σ that has no volume, in particular,
Σ is infinitely thin [17]. The location yΣ of Σ is chosen in such a way that the integral along y of some
extensive property of the system is zero, i.e., the grey areas above and below the dividing surface in figure 2.1(b)) have the same size. Note that with the above-described definition, there is some dis-ambiguity
with respect to the exact position y of the interface, as it depends on the extensive property chosen for the
integral. However, just as with the two phases α and β, this concept allows to assign the surface entropy
SΣ , the surface area A, and the amount of substances ni to the dividing surface Σ such that
U Σ = U Σ (SΣ , A, nΣ
i ).

(2.5)

The internal energy U of the entire system as sketched in figure 2.1 consists of the sum of the internal
energies of the phases α and β and the dividing surface Σ, and therefore it can be written
(2.6)

U = U α + U β + U Σ,

or in its differential form, assuming that all intensive variables except for p are equal in all phases and the
surface, taking into account equations (2.2) and (2.3)
∑︂
dU = TdSα − pα dV α +
µi dnαi
i
β

β

β

+ TdS − p dV +

∑︂

µi dnβi

i

+ TdSΣ + σdA +

∑︂

(2.7)

µi dnΣ
i .

i

Note that in equation (2.7),

[︂

]︂

∂U Σ
∂A S,nΣ
i

is substituted by σ, the surface tension. In a closed system, the

change in internal energy due to an increase in entropy can be integrated. Moreover, dV β = dV − dV α . For
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simplicity, it is assumed that each phase α and β consists of only one component that cannot react with
each other. Additionally, these phases are assumed to be insoluble. Then equation (2.7) becomes
dU = TdS − pβ dV + (pβ − pα )dV α + σdA.

(2.8)

In experiments, it is impossible to control the entropy, and therefore the temperature T is preferred as an
independent variable. Furthermore, in some cases, it is more convenient to control the pressure instead of
the volume. With the Legendre transformations
F = U − TS
G = U + pV − TS,

(2.9)
(2.10)

the inner energy U can be expressed in terms of the Helmholtz free energy F, which subsequently will be
simply called free energy, and in terms of the Gibbs free energy, also denoted as Gibbs energy, G. Substituting
the differential of equation (2.9) into equation (2.8) yields
dF = −SdT − pβ dV + (pβ − pα )dV α + σdA.

(2.11)

Assuming an isothermal system and constant volumes V and V α , from equation (2.11) follows that
]︃
[︃
∂F
(2.12)
σ=
∂A T,V,V α
in the present case. More generally, it can be shown that in a multicomponent system, equation (2.11)
is still valid, when additionally to all other above made assumptions, the amount of substance i is kept
constant (see e.g. Butt et al. [14]). This is the definition of the surface tension σ in terms of the free energy.
As already mentioned above, it is often more convenient to have constant pressure instead of a constant
volume. Then the surface tension can be defined similarly as above by exploiting equation (2.10) instead
of equation (2.9) and the surface tension reads
[︃ ]︃
∂G
σ=
.
(2.13)
∂A T,p,ni
In the present work, it is more convenient to use the definition in equation (2.12) for phases containing
only one component. Therefore this equation is written in such a prominent way.

2.1.2 Minimal Surfaces and some Examples
When a mathematician talks about a minimal surface, he or she means some surface of zero mean curvature.
In particular, the two radii of curvature perpendicular to each other at every point on the surface add up to
0. A famous example is the soap film which spans between two circular rings. It has a catenoid shape,
which is one of only a few minimal surfaces in the mathematical sense for which formulas are known [18].
More generally, and that is the definition used in the present work, a minimal surface is a surface of
minimal energy constraint to some boundary. It is convenient to minimize the free energy when the
volume is a global constraint and the Gibbs energy when the pressure is known. Some examples for
minimal surfaces obtained from energy minimization and a direct consequence from it are presented in
the following.
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Figure 2.2: Sketch to derive the Laplace pressure. (a) shows a capillary body with a surface element dA.
(b) is a sketch of a perturbation of dA by δz with all relevant parameters, similar to [19].

The Laplace Pressure Figure 2.2(a) shows a capillary body, e.g., a soap bubble or a water droplet in the
absence of gravity in its equilibrium shape. Its surface area A consists of the sum of all infinitesimally small
surface elements dA as it is sketched in black lines on the surface of the capillary body and figure 2.2(b).
When dA = dA1 = δx1 · δy1 at position 1 with its two perpendicular radii of curvature ri,1 , where
i = x, y, is displaced by δz in the normal direction from its equilibrium to position 2, the radii are
ri,2 = ri,1 + δz = (1 + δz/ri,1 )ri,1 . The area at 2 is then dA2 = δx2 · δy2 = (1 + δz/rx,1 )δx1 · (1 + δz/ry,1 )δy1 ,
which can be easily calculated using the intercept theorem. Now the change in area δA = dA2 − dA1 due to
the displacement can be estimated. Some calculus yields δA ≈ (1/rx,1 + 1/ry,1 )δzdA, in which higher-order
terms are neglected. According to equation (2.11), and presupposing that the total volume, as well as the
temperature, stays constant, the change in free energy can be calculated as
δF = (pβ − pα )(δzdA) + σδA,

(2.14)

in which δzdA = δV. Equation (2.14) equals 0 in the equilibrium state, and with (pβ − pα ) = −∆p the
pressure drop over the free interface can be written as
(︁
)︁
∆p = σ κx + κy ,
(2.15)
with κi = 1/ri,1 , being the curvature associated with the radius of curvature in direction i at position 1, ri,1 .
In general, it does not matter if the radius of curvature r is oriented along with x or y, but they must be
considered in directions perpendicular to each other.
In the case of a sphere of radius r, as it is sketched in 2.2(a), κx = κy = 1/r, and the pressure jump
over the interface is ∆psphere = 2σ/r. On the other hand, when the body is a cylinder, one of the curvatures
is 0 and ∆pC = σ/r, with r being the radius of the cylinder. Now reconsider the soap film that is spanned
between two circular rings. Since the rings are open, the pressure on every side of the soap film is the
same, and therefore, the radii of curvature at every point are 0. This shape is a minimal surface.
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The Rayleigh-Plateau Instability The Rayleigh-Plateau instability [20, 21] can be observed every time a
water tap is opened. A liquid column of water emerges from the opening of the tap and then spontaneously
falls apart into droplets. This effect is a direct result of minimizing the surface area constraint to a constant
volume. The derivation can be found in many textbooks, such as the one from Tabeling or DeGennes et
al. [22, 13]. The surface free energy of a liquid column FC , which is a cylinder with a radius R, constant
volume V, and length L, can be expressed as the product of the surface tension σ of the fluid and its surface
area AC
2V
FC = σAC = σ2πRL = σ .
(2.16)
R
This column falls apart into N (spherical) droplets with the surface energy
FD = σAD = Nσ4πR2D = σ

3V
.
RD

(2.17)

Following the principle of energy minimization, the liquid column becomes unstable as soon as FD ≤ FC is
fulfilled, and therefore
3
RD ≥ R.
(2.18)
2
In fact, from an instability analysis (see e.g.√Drazin [23]), the wavelength λ belonging to the fastest
growing mode can be determined to be λ ≈ 2 2Rπ, assuming that the viscosity can be neglected.

2.2 Wetting
Up to now, the physics of interfaces between two fluids has been discussed. When a third phase is present,
and a line is formed where these three phases meet each other, this is called wetting. Wetting can be
observed, for instance, during a walk on a spring morning, when dew is sitting on a leaf, where the leaf
is the third phase. Since only flat solids are relevant as the third phase in this work, the wetting of soft
substrates is not considered. Note that external energies, such as gravity, are not taken into account in the
following considerations.

2.2.1 The Contact Angle, Young’s Equation, and its Application to Energy Minimization
Figure 2.3(a) shows the sketch of a liquid droplet sitting on a solid. The line (in this two-dimensional
case, it is a point) where the three phases gas (g), liquid (l) and solid (s) meet each other is called the
three-phase contact line, or simply contact line. Between the solid/liquid and the liquid/gas interface, it is
possible to measure a contact angle Θ. With the help of the contact angle, it is possible to characterize
surfaces. In general, surfaces are called lyophilic (hydrophilic in the case of water) when Θ is smaller than
90◦ , and lyophobic (hydrophobic in the case of water) when Θ is larger than 90◦ . Since only water is used
as the liquid in the present work, the terms for water are preferred (as it is done in most literature for
other liquids than water). In the following, it is shown that the contact angle in the case of a droplet in
its equilibrium state can be calculated from the surface tensions denoted to all interfaces between the
different phases, which are σlg , σsg , and σsl at the liquid-gas, solid-gas and solid-liquid interfaces.
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Figure 2.3: Sketch for the derivation of Young’s equation. In (a), a liquid sessile droplet in its equilibrium
shape wetting a (hydrophobic) surface surrounded by gas is shown. By displacing the contact
line, Young’s equation (2.21) can be derived. (b) shows a zoom on the relevant area with the
displaced liquid.
Young’s Equation Emerging from equation (2.11), the free energy of the droplet in its equilibrium state
can be calculated as the sum of all products of the areas and the surface tensions of the relevant interfaces,
which leads to
F = σlg Alg + σsg Asg + σsl Asl .
(2.19)
A displacement of the contact line by δl is considered, as it is sketched in figure 2.3(b). The contact angle
during the displacement is assumed to be constant. As a consequence, the areas of the interfaces change by
δAsl = sδl, δAsg = −sδl, and δAlg = cos (Θ)sδl. The change in free energy due to this displacement leads to
δF = σlg cos (Θ)sδl + σsl sδl − σsg sδl,

(2.20)

in which s is a unit-length. In equilibrium, the change in free energy must vanish, and therefore δF = 0.
With this information, equation (2.20) can be rearranged to
σsg = cos (Θ)σlg + σsl .

(2.21)

Equation (2.21) is Young’s equation, which expresses the contact angle as the function of the surface
tensions between all phases present. For convenience, the index lg is dropped in the following, i.e. the
surface tension of the liquid-gas interface is denoted as σ.

Free Energy in Case of Wetting It might be essential to minimize the free energy of a sessile droplet or
some liquid wetting a solid in some cases. For that purpose, the differential of equation (2.19),
dF = σdAlg + σsg dAsg + σsl dAsl ,

(2.22)

constraint to some boundary conditions, such as the volume, can be minimized. Nevertheless, this requires
that σsl and σsg are known, which is often not the case. Then these constants need to be determined.
However, it is easier to measure the contact angle, and therefore, σsl and σsg must be eliminated from
equation (2.22). This can be achieved with the following consideration: A flat solid plate with a total area
of Atot can be assumed on which a sessile droplet wets the area of Asl and subsequently, Asg = Atot − Asl .
Since Atot is constant, dAsg = −dAsl and equation (2.22) becomes dF = σdAlg + (σsl − σsg ) dAsl . Together
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Figure 2.4: The contact angle hysteresis, as it can be observed in goniometric experiments, is illustrated in
(a). The solid line shows a droplet with a contact angle Θ. When the droplet volume is increased,
Θ is increased, while the droplet radius stays constant, until Θadv , the advancing contact angle,
is reached. When the volume is decreased, the process is inverted towards smaller contact
angles, until the receding contact angle Θrec , is reached. (b) shows the qualitative behavior of
the contact angle as a function of the contact line velocity u.
with Young’s equation (2.21), the change in free energy of a sessile droplet is
dF = σ (dAlg − cos (Θ)dAsl ) .

(2.23)

This equation is a useful form for energy minimization methods since σ and Θ are easy to determine
experimentally.

2.2.2 Contact Angle Hysteresis
The above section about the contact angle deals with ideal substrates (and fluids), where the contact angle
is a unique property of the three present phases as mathematically described by equation (2.21). However,
this ideal situation is impossible to achieve in experiments. The following description of a typical process of
contact angle measurement illustrates this situation.
When a droplet with a defined volume is placed onto a substrate and reaches a static state, the contact angle Θ can be measured, as sketched in figure 2.4(a) by the solid line. When the volume is increased,
it can be observed that the contact line stays pinned, and the contact angle increases until a certain angle
is reached. This angle is called the advancing contact angle Θadv , and the corresponding state is indicated
in light blue color in figure 2.4(a). When the droplet volume is further increased, the contact line starts to
move with velocity u and the droplet radius increases. Depending on the applied flow rate and, therefore,
the contact line velocity, the measurable contact angle can further increase as a function of u, as shown in
figure 2.4(b). Usually, the applied flow rate is chosen to be small, so that this process can be assumed as
quasi-static, and the velocity of the contact line is on the order of a few µm/s. Then the dashed line in
figure 2.4(a) indicates a shape of the droplet that is adopted during the volume increase, and the contact
angle that is measured during the movement of the contact line is considered as Θadv . On the other hand,
when the volume of the droplet is decreased, starting from the initial droplet shape, the process is inverted
towards smaller contact angles with a pinned contact line until, again, a critical contact angle is reached,
indicated by the deep blue color in figure 2.4(a). During a further, sufficiently slow, decrease in volume,
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this angle stays constant while the contact radius decreases and, on its way, adopts a shape indicated by
the dotted line. At this position, the receding contact angle Θrec can be measured. The difference between
the receding and the advancing contact angle is called the contact angle hysteresis
∆Θ = Θadv − Θrec .

(2.24)

Consequently, the value of the equilibrium contact angle Θ lies within the range spanned up by Θadv and
Θrec .
The contact angle hysteresis has different origins [14]. Emerging from the solid surface, surface roughness
and chemical defects or inhomogeneities are the most prominent reason for the hysteresis effect that can
even lead to contact line pinning, i.e., a particular region of the contact line is pinned to a point on the
surface, while the rest of the contact line moves. However, also fluid impurities that often do adsorb at the
contact line can play a role. From an energetic point of view, the ad- and desorption of fluid molecules
must be considered as an additional term in equation (2.23) to influence the free energy and, therefore,
the contact angle. Finally, line tension-effects that can become dominant for small liquid volumes can
influence the contact angle hysteresis.
Note that the contact angle hysteresis can be interpreted as the origin of a lateral adhesion force between the droplet and a surface. It can be written as
FLA = klσ (cos (Θrec ) − cos (Θadv )) ,

(2.25)

with k being a situation specific form factor, and l the wetted length [24]. The contact angle hysteresis is
the reason why a droplet at an inclined surface first starts to slide upon a critical inclination angle that
depends on the substrate and the liquid. In that case, the driving force is gravity which will be treated in
the next section, besides others.

2.3 Inﬂuence of External Forces
In the last section, Young’s equation (2.21) is derived from energy considerations. However, it can also be
understood as a force balance, considering σ as a force per unit length. Note that within this framework,
figure 2.3 is not entirely correct, though it can be found in many textbooks. If the sketched droplet is
assumed to be in its mechanical equilibrium, a force at the three-phase contact line directed towards
the solid is missing since there must be some force counteracting the force normal to the surface. When
droplets are set onto soft materials, this resulting force becomes directly visible in its deformation (see, e.g.,
Style et al. [25]). The present section is about some consequences when other forces become essential,
besides the one originating from surface tension, focusing on the gravity and Maxwell stresses due to an
electric field.

2.3.1 Inﬂuence of Gravity: Bond Number and Capillary Rise Height
Imagine sitting at an office desk on which a glass of water is standing. Accidentally, it is tipped over.
When the liquid has come to a rest, typically something can be observed that looks more like a big liquid
film with a diameter of maybe 20 cm, and besides this film, maybe some smaller sessile droplets can be
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Figure 2.5: The capillary rise height H of a liquid having a contact angle of Θ with the capillary of radius R,
and the pressure distribution.
observed with a diameter in the order of approximately 1 mm that have the shape of the one sketched in
figure 2.3(a). Why do the shapes of these two disjunct parts of liquid differ from each other, though it is
the same material? The answer can be found in the different volumes of these droplets and the force acting
on it: gravity.
The Bond Number and the Capillary Length A sessile droplet with a radius of 1 mm has a spherical shape.
When the volume is increased, its radius increases, and it can be observed that the shape of the droplet
is not spherical anymore but flattened, however, with a contact angle similar to the one of the spherical
droplet. Emerging from this observation, the question arises, at which size of the droplet it can be expected
that gravity leads to a deformation of the sphere. The answer can be found within a dimensionless number,
the Bond-number
∆ρgHR
Bo =
,
(2.26)
σ
which compares forces originating from gravity g and forces due to surface tension. H and R are two
different length scales, and ∆ρ the difference in density between the liquid and the surrounding fluid. In
the case of a sessile droplet, it can often be read that H = L, the radius of the droplet. When Bo ≪ 1, gravity
plays no role, and the liquid surface is a minimal surface (the tiny sessile droplet). On the other hand,
when Bo ≫ 1, then the influence of the surface tension can be neglected, which leads to the liquid film-like
shape in the water glass example. When Bo = 1, then the relevant surface- and volume forces are equal. If
furthermore, the density of the surrounding fluid can be neglected, and H = L, then equation (2.26) can
be transformed to
√︃
σ
lc =
,
(2.27)
ρl g
with the capillary length lc and ρl the density of the liquid. In the case of water, lc ≈ 2.7 mm
The Capillary Rise Height Another consequence from gravity is the rise height H of some liquid within a
capillary of radius R ≪ lc that is dipped inside a pool of the liquid. The contact angle between the liquid
and the capillary is Θ, and the liquid has a surface tension σ and a density of ρl . The situation is sketched
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in figure 2.5. Since R ≪ lc , the shape of the liquid within the capillary can be assumed as spherical, and
according to the Laplace-equation (2.15), the pressure jump across the interface is ∆p = σ(2 cos (Θ)/R).
The pressure within the surrounding gas is p0 at each position above the liquid, and it is assumed that the
density of the gas is negligible compared to the one of the liquid. With the hydrostatic pressure ρgH, the
capillary rise height can be calculated as
H=

2 cos (Θ)σ
.
ρgR

(2.28)

Note that it is assumed that the fluid rim around the spherical shape of the liquid is not taken into account
for the calculation of the hydrostatic pressure.

2.3.2 Inﬂuence of Electrostatic Forces: Maxwell-Tension and Taylor-Cone
Another force that may act on liquid droplets and influences their shape are electrostatic forces due to an
electric field ⃗E. In the case of a plate capacitor, this is the ratio of the potential difference U and the distance
l between the two plates, i.e., E = U/l, since ⃗E has only one component in the particular case. When a
particle of charge q is placed between the two plates, a force Fel acts on this particle, and, depending on
the sign of the charge it is attracted to one of the plates. In general, the force acting onto a charged particle
is called the Coulomb force and is written as
⃗F el = qE
⃗.

(2.29)

Maxwell-Tension In the case of a charged fluid instead of the particle, the interface may deform due to
the electric field, and therefore, a different electric field and charge distribution arises. Hence, local forces
at the fluid surface must be considered. The tension acting on the fluid can be expressed by the Maxwell
stress tensor [26]
(︃
)︃
1
2
Tik = ϵ0 ϵ Ei Ek − δik E .
(2.30)
2
i and k are the three dimensions in space x, y, and z, and δik is the Kronecker-delta. ϵ0 is the permittivity of
the vacuum and ϵ the one of the liquid. In the case of a perfectly conducting liquid, only normal stresses on
its surface are relevant [16]. Note that water can be considered as perfectly conducting due to the presence
of dissolved ions and the auto dissociation effect, i.e., water dissociates into positively charged H3 O+ and
negatively charged OH− -ions. The resulting force due to an electric field onto the surface of this liquid can,
therefore, be calculated by integrating equation (2.30) over its surface Al . This results in
∮︂
Fel,i =
Tik nk dA.
(2.31)
Al

Subsequently, taking only into account the normal direction nk , equation (2.31) can be expressed as a
force per surface area A in its normal direction ⃗n [26]
⃗F el
ϵ0 ϵ 2
=
E ⃗n.
A
2

(2.32)

The force acting on A can be calculated with equation (2.32), when the electric field at this position is
known.
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The electro-capillary number and the Taylor-Cone In general, however, this is not the case, and numerical
calculations are needed. At least a dimensionless number exists, with which the force on a liquid’s surface
due to the electric field can be compared to surface tension forces. In particular, this is the Electro-Capillarynumber
ϵ0 ϵE2 L
Cael =
,
(2.33)
σ
with L being a relevant length scale [27]. Nevertheless, one famous, analytical solution of a situation
where forces due to surface tension and Maxwell stresses are pre-dominant exists. It is named after Sir
Geoffrey Ingram Taylor, who was the first person who theoretically described it in 1964, and is called the
Taylor-Cone [28]. However, already in 1917, John Zeleny experimentally observed this cone that forms
from a liquid drop at the tip of a needle located on the opposite side of a conductive plate [29]. Between the
needle and the plate, an electrostatic potential U is applied. It can be observed that the initially spherical
cap-shaped capillary surface approximates a cone shape until a liquid jet emerges upon a critical voltage.
Taylor calculated this last stable cone shape to have a unique opening angle of 98.6◦ [28].
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This chapter gives an overview of the used methods throughout this thesis, including the experimental
setup, image processing, and the Surface Evolver. Note that if further details are needed additionally to
the ones given in this chapter, they are presented in the relevant chapter. My colleague Michael Heinz
from the Institute for Technical Thermodynamics, TU Darmstadt, programmed the excellent MATLAB-tool
DENIISE: Droplet EvolutioN: Impact, Imbibition, Spreading, Evaporation which is used to evaluate side
view data to extract time-dependent information about the contact angle of droplets on surfaces [30].
Frank Plückebaum, Jörg Bültemann (both Institute for Nano- and Microfluidics, TU Darmstadt), and Marcel
Neu, a former student, helped with the construction of the experimental setup. Günther Auernhammer
from the Leibniz-Institut für Polymerforschung Dresden e.V. gave some valuable ideas on some features of
the experimental setup. It was constructed as a central setup within the Collaborative Research Centre
(CRC) 1194 Interaction between Transport and Wetting Processes. During the design process, maximum
adaptivity had to be considered to allow other experiments to be performed in it. Therefore, it contains some
optional features that have not or only rarely been used in the work presented here. Moreover, different
versions of the experimental setup do exist. In this chapter, the central instance, also termed "benchmark
configuration", is presented. Some described features can be transported or adopted to different versions
of the setup.

3.1 Experimental Setup
Figure 3.1 gives an overview of the constructed central experimental setup. A rack build from Item profiles
(Item Industrietechnik, Germany) serves as the basic structure that is put on an optical table (Vision Iso
Station, Newport, USA, not shown). The primary purpose of the benchmark configuration is the observation
of processes of objects, most often droplets, ideally from two perpendicular directions. For that purpose,
objects to be observed must be put on the manual x-y-z-stage that allows movement in all three directions in
space, as depicted by the red arrows in figure 3.1. The stage consists of two parts, i.e., an x-y-stage (Nikon,
Japan) mounted onto a manual lab jack (model 281, Newport, USA). In figure 3.1, an optional climate
chamber is depicted which allows the experimenter to perform measurements in a constantly humidified
atmosphere (see section 3.1.1 for further details). Another optional feature sketched in figure 3.1 are two
guide rails that, for instance, can be used to precisely position a needle tip above a substrate. Some details
on the droplet application can be found in section 3.1.2. Since in general, the behavior of droplets on
different kind of surfaces is to be observed, the objects must be magnified. For that purpose, 12X macro
objectives (Navitar, USA) are used for side and top view magnification. These objectives allow an individual
adjustment of the magnification and can be supplemented with additional lenses. Moreover, both have
a build-in fine focus, allowing to fine-tune the focus plane. The magnified image is recorded with two
high-speed cameras, i.e., the FASTCAM SA1.1 in top view mode and the FASTCAM SA-X2 in side view
mode (both Photron, Japan) are used for most experiments, but other cameras can be put onto the camera
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Figure 3.1: Overview of the central experimental setup. It allows individual and synchronized, magniﬁed
observations in top and side view of processes that may happen inside of an optional climate
chamber. Guide rails may be used, e.g., for targeted feeding of ﬂuids, such as droplets. Red
arrows mark possible directions of movement.
sleds as well. Further details on the optics can be found in section 3.1.3. The sled for the camera in top
view mode can be moved up and down. This allows moving the object to the correct working distance
of the objective and, therefore, to focus it. Moreover, it also permits experiments that do require a setup
with a high-build construction, but only side view observations. To be able to observe a process from
two sides simultaneously, it is required that the two optical axes do intersect each other at the location
of the object. Therefore, the side camera can be moved back and forth. Additionally, it can be tilted by
about 10◦ and moved from left to right and back, to be able to move the optical focus into the object
level. Illumination is performed via two light guides, each connected to a single Intra LED 5 cold light
source (Volpi, Switzerland). In the case of side view imaging, the illumination takes place as backlight
illumination. Optionally, a diffuser can be put between the outlet of the optical fiber and the object. For top
view images, the outlet of the light guide is put into an objective specific fiber intake (Navitar, USA). The
light is then reflected by 90◦ so that it is coaxial with the viewing direction of the objective. The reflected
light that comes from the object can pass this mirror and subsequently falls onto the sensor of the camera.
Synchronization of the cameras is achieved with the Photron Fastcam Viewer software (Photron, USA) that
is also used to record the images. Triggering of the cameras is performed in end-triggering mode with the
shutter controller SC10 (Thorlabs, USA), giving the trigger signal.

3.1.1 Humidiﬁcation
When the shape evolution of sessile water droplets during evaporation is of major interest, it is essential
that the atmosphere around the droplet can be set to a constant humidity in different experiments to
enable its comparability. One way to achieve this is sketched in part (a) of figure 3.2, and the realization
of the climate chamber is shown in (b). A nitrogen stream is split up into two individual tubes that do
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Figure 3.2: Humidiﬁcation of the atmosphere inside the climate chamber. (a) shows a sketch of the
process and (b) the climate chamber on the x-y-z-table of the benchmark conﬁguration.

feed two flow controllers FC1 and FC2 (Series 358, Analyt MTC, Germany) with a maximum flow rate
of 500 ccm/min, each. The flow rate V̇ 1 that is controlled by FC1 is lead through two 500 ml borosilicate
glass bubblers B1 and B2 (Carl Roth, Germany) filled with DI-water (from Milli-Q device, 18.2 MΩ· cm).
The outlet within the bubbler is equipped with a filter plate. This ensures that many small gas bubbles
rise through the liquid, resulting in an improved mass transfer compared to larger bubbles so that the
nitrogen is almost saturated with water vapor when it leaves B2. This humidified nitrogen stream is mixed
with a not-humidified one, having a flow rate V̇ 2 set by FC2. The mixed stream is then lead through the
climate chamber. By individually controlling V̇ 1 and V̇ 2 , humidities between ∼10 %rh and ∼ 90 %rh can
be achieved. The humidity and temperature are measured simultaneously by a self-build device. It uses
the digital sensor SHT75 (Sensirion, Switzerland) that is connected to the microcontroller Arduino UNO
(Arduino, Italy) that converts the signal into values for temperature and humidity and can be read out
by a computer and pass the values instantaneously forward to a connected display. The accuracy of the
humidity measurement within the humidity window between ∼ 10 %rh and ∼ 90 %rh is ± 1.8 %rh and
the accuracy of the temperature is typically ± 0.4 ◦ C. All tube connectors and the valves (BOLA, Germany)
are made from PTFE. The tubes are made out of FEP. Both materials assure a sufficient chemical resistance
against most common fluids. This allows using other liquids than water. The valves V1, V2, and V3 are a
safety precaution that water (or a different liquid inside of the bubblers) cannot reach the flow controllers
or the inside of the climate chamber when the humidification system is not operated.
The climate chamber itself, as it can be seen in figure 3.2(b), consists of a square aluminum ground
plate with a substrate holder located in the middle. At each corner of the climate chamber, a 1 cm × 1 cm
item profile (Item Industrietechnik, Germany) is mounted vertically on the ground plate. At the rear part
of the climate chamber, a metal plate with three boreholes (two for the in- and outlet of the humidified
nitrogen stream and one for the humidity sensor) is installed. The humidity sensor itself is located close to
the substrate to assure accurate humidity measurements near the evaporating droplet. The other three
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Figure 3.3: Sketch of the droplet dosing unit. A force F is applied to the plunger of the syringe by the
syringe pump. The outlets of the three-way valve are denoted as o1, o2, and o3.
sides of the climate chamber are closed with acrylic glass windows. The front window can be lifted up
to have easy access to the inside of the chamber. The top plate is equipped with a center hole in which a
2-inch borosilicate wafer (Microchemicals, Germany) is mounted. Parafilm (Pechiney Plastic Packaging,
USA) is stretched and clamped into four rectangular cutouts by a 3D-printed parafilm holder. This allows
the separation of the chamber atmosphere from the laboratory. However, the parafilm membrane can be
penetrated with a needle to place droplets on the substrate. All metallic parts are made from aluminum. If
a chemically more resistant chamber is required, aluminum can be substituted by a suitable stainless steel
and the acrylic glass by borosilicate glass.

3.1.2 Droplet Dosing
Droplets can be placed by pipetting them with different pipettes (Eppendorf, Germany) onto the surface.
This is the preferred method throughout this thesis since it is fast, simple, and dosing is of high accuracy.
However, this is hardly possible when droplets should be set on a substrate within the climate chamber or
when droplets are applied during a running process, which does not allow a manual application. E.g., this
is the case when droplets are placed within a strong electric field. For that purpose, a different system is
constructed, as shown in figure 3.3, to put droplets with a defined volume and flow rate onto surfaces.
Precise dosing is achieved by using a syringe pump (Legato 100, KD Scientific, USA). The pump can be
equipped with different sized syringes. In any case, it is a gastight glass syringe (1000 Series Gastight,
Hamilton, USA) with a Luer Lock adapter at the syringe outlet. This allows the experimenter to mount a
three-way valve (also called three-way stopcock, Fisher Scientific, Germany) to the syringe at o1 of the
valve (see figure 3.3). At one end of the valve (o3), a FEP-tube is mounted that guides the liquid to a
needle in case of droplet dosing (steel needle, GA26, Hamilton, USA), as it can be seen in the upper right
corner of image 3.2(b). Alternatively, a different needle can be mounted and be connected to some other
fixture, as it is the case, e.g., in chapter 7. To ensure a precise, leakage-free dosing of liquid volumes, no
gas bubbles must be present within the system. Moreover, small volume syringes within the pump allow
more accurate dosing of the final volume. However, the volume might be too small to fill up the whole
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tube before dosing the droplet at the needle tip. Therefore, a second liquid reservoir is needed at o2 of the
three-way valve. By actuating the pump with closed o3, but no liquid reservoir attached to o2, gas can be
pushed out between these two points. Then a second syringe with a larger volume is connected to o2, and
the valve is switched to the o2 - o3 position. In this way, the whole tubing can be filled with the liquid. By
then switching the valve to the o1 - o3 position, droplets can be dosed with well-defined flow rates and
end volumes. All connections are Luer Lock connections.

3.1.3 Some Consequences from Optics
To be able to extract quantitative information from an image, it is essential that the used optics can resolve
the relevant image features. The optical resolution ξ, i.e., the minimal distance between two observed
objects that can be distinguished, can be calculated as
ξ=

0.61λ
,
NA

(3.1)

with the wavelength of the used light source λ and numerical aperture of the objective NA. Equation (3.1)
is a direct result of the wave properties of light and its diffraction at the objective. The reader is referred
to appropriate textbooks such as [31] for a derivation of the above formula. On the other hand, the
experimenter depends on the available optical instruments (of course, the numerical aperture is a property
of the objective, as well). From these, a different, more practical criterion can be derived to estimate
the minimum distance between two neighboring points that can be distinguished. This is the spatial
resolution of a digital image, also denoted as pixel resolution ξpx . Digital images consist of pixels. The
number of pixels, as well as its pixel resolution ξpx , depend on the sensor of the camera and the size of one
physical sensor pixel, i.e. 20 µm in the case of the two high-speed cameras (see table 3.1), as well as the
magnification of the used objective and can be calculated as
ξpx =

lpx B
.
M · Mat · Mmount

(3.2)

In equation (3.2), B is the binning of the camera sensor, i.e., the number of pixels that can be connected,
M is the objective magnification, Mat the lens attachment magnification, Mmount the magnification of the
used objective mounting, and lpx the physical dimension of one pixel on the sensor. Note that B is always 1
in the present work, i.e., each pixel of the final image represents one camera pixel. Therefore, assuming a
constant magnification and pixel length, different properties of an object in a digital image can only be
distinguished when the distance between them is at least ξpx .

The tubes of the objectives always consist of the 12X Navitar macro objective with which magnifications
between 0.58x and 7x are possible. Three lens attachments of Mat = 0.5x, 1.0x (none), and 1.5x are
available at the benchmark configuration. The additional F-Mount magnification is 2.0x in case of the side

Table 3.1: Important properties of the used cameras.
Camera
l2px (µm × µm) type
size sensor (px × px)
Photron SA1.1 20 × 20
CMOS 1024 × 1024 at 5400 fps
Photron SA-X2 20 × 20
CMOS 1024 × 1024 at 12500 fps

fmax (fps)
675000
1080000

21

3 Global Methods

view and the C-Mount magnification is 1.0x in the top view. The Image Pixel size can be calculated with
these pieces of information and the above formula. Note that also the working distance lw , i.e., the distance
between the objective and the object, and the depth of field ldof , i.e. the optical sheet width on the object’s
side that can be focused, depends on the used objective combination. All relevant information, including
the numerical apertures, are summarized in table 3.2 [32].
Note that the optical resolution and the pixel resolution are not the only limiting factors, especially
in high-speed imaging. Since the frame rate f defines the maximum exposure time, it also influences the
amount of light that falls onto the sensor of the camera. On the other hand, an increased magnification
and, therefore, higher optical and pixel resolution, does result in a decreased intensity of light that arrives
at the sensor. Simultaneously, also the maximum amount of light is limited by the used light source, and
the size of features that can be observed is limited by physical factors that must be taken into account (e.g.,
the Bond number). Therefore, the experimenter always has to make a compromise between available light,
magnification (and thus spatial, and pixel resolution), and the frame rate, i.e., the temporal resolution.

3.1.4 Alternate Experimental Setups

Due to the limitations discussed in section 3.1.3, i.e., the limited optical resolution, it may be necessary
to perform some experiments with an alternate experimental setup. Therefore, the above features of the
benchmark configuration are designed to be transferable to other locations. In the present work, this is the
inverse microscope Eclipse TI (Nikon, Japan). A microscope is built for large magnifications and, therefore,
the microscopy optics ensures a sufficient spatial resolution. By coupling the end of the light guide into
the microscope and focusing it by a condenser lens, enough light is available. The high-speed cameras
can also be attached to the microscopy body and, therefore, this alternate setup has the advantage of
an increased possible temporal and spatial resolution. Moreover, other experimental methods such as
confocal imaging, total internal reflection (TIRF) measurements or epifluorescence measurements are
available within this setup, when using different cameras than the high-speed cameras. However, since the
microscope is inverted, only transparent substrates can be used within the alternate setup. Moreover, side
view images are hardly possible due to a lack of space for additional constructions around the microscope.

Table 3.2: Optical properties of the available objective combinations for minimum (low) and maximum
(high) magniﬁcation [32].
Mat
Mmount lw (mm) Mtot
NA
ξ (µm)
ξpx (µm)
ldof (µm)
(low - high) (low - high)
(low - high) (low - high) (low - high)
0.5
1.0
165
0.29 - 3.50
0.009 - 0.051 37.04 - 6.66 68.97 - 5.71 6.17 - 0.19
None 1.0
86
0.58 - 7.00
0.019 - 0.101 18.52 - 3.34 34.48 - 2.86 1.39 - 0.05
1.5
1.0
50
0.87 - 10.50 0.028 - 0.151 12.34 - 2.24 22.99 - 1.90 0.64 - 0.02
0.5
2.0
165
0.58 - 7.00
0.009 - 0.051 37.04 - 6.66 34.48 - 2.86 6.17 - 0.19
None 2.0
86
1.16 - 14.00 0.019 - 0.101 18.52 - 3.34 17.24 - 1.43 1.39 - 0.05
1.5
2.0
50
1.74 - 21.00 0.028 - 0.151 12.34 - 2.24 11.49 - 0.95 0.64 - 0.02
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3.2 Data Evaluation
High-speed imaging techniques allow the experimenter to gain a better insight into processes that take
place on very small time scales below 1 ms or even smaller. The number of images which has to be processed
in order to extract dynamical information on some parameter can be very large, in the order of ∼10,000
images, so that it is impossible to manually evaluate all experiments in a reasonable amount of time. But
even when static behavior should be investigated, automatic evaluation has a lot of advantages in terms of
time savings and accuracy over the manual evaluation that, of course, also must be performed in some
cases. For manual image evaluation, tools such as fiji [33] that is based on imageJ [34, 35] can be used, as
it is also the case in the present work. Besides that, however, it is indispensable to exploit the advantages of
automatic algorithms in order to evaluate image data, which in the following is also called primary data.

3.2.1 Used Software Tools
In the case of evaluation of the images that were taken in side view mode, some tools are exploited that are
not developed in the present work. I.e., these are the tool DENIISE: Droplet EvolutioN: Impact, Imbibition,
Spreading, Evaporation programmed by Michael Heinz [30], and another external tool developed by two
Greek groups [36]. Both tools are written in MATLAB and use packages that are implemented within
this scripting environment. The reader is referred to the above-mentioned papers and the literature cited
therein for more information.
In contrast to the side view data, top and bottom view data are evaluated using the Python programming
language. Image processing often requires image manipulation techniques, such as different filters or
morphological operations. Also, this is done in the present work. For that purpose and in order, of course,
to detect edges of features of interest, built-in methods of the scikit-image library [37] are used in version
0.14.2.

3.2.2 General Steps in Image Processing
The main tasks which must be performed within the image analysis consist of three general steps. These
are summarized in figure 3.4. Part (a) of this figure shows an image from a recording of the breakup of a
capillary bridge that is taken as an example. The steps are as follows:
1. Read in each image from an image sequence separately or a single defined picture (see figure 3.4(a))
2. Detect the edges of the feature of interest. For that purpose, manipulate the image as much as it is
necessary (see figure 3.4(b))
3. For further data processing extract the coordinates of the relevant feature(s) (see figure 3.4(c))
Steps number 1. and 3. can be performed with standard scripting methods, while step number 2. is the
central step within image evaluation. The following section is about edge detection as the central method
applied throughout the evaluation of all experiments. However, the specific evaluation algorithm may differ
for each different type of experiment. Therefore, the reader is referred to each chapter for more details on
the respective algorithm how the edge detection is embedded within the image evaluation.
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Figure 3.4: Visual description of the main steps of image detection. From a read-in image in an image
stack as shown in (a), the edges are detected (b). From these data, the coordinates of the left
and right edges of the capillary bridge can be detected (c).

3.2.3 Edge detection
A digital grayscale image consists of n×m pixels. Each pixel may have a value v between 0 (black) and some
maximum value (white), which is 256 in an 8-bit image. Each image within an experiment is evaluated
separately in case of a high-speed image series, or the image is defined if only one is of interest (as in
chapter 7). In a first step, the image is manipulated using the closing operation, i.e., small dark spots that
may appear due to, e.g., dust on the substrates or at any place in the optical path, such as lenses or the
camera sensor, are removed. For this purpose, a parameter can be set. It defines the maximum size in
pixels of the spot that is removed.
The following Gamma Correction step is performed to increase the contrast of the images. Each grayscale
value of a pixel of the input image vin (x, y) is exponentiated by γ:
vout (x, y) = vin (x, y)γ

(3.3)

where vout (x, y) is the value of the output pixel. This step can be important, especially in the case of
high-speed imaging, where the recording frequency, magnification, and maximum amount of light are
always competitive, and the experimenter often struggles with low contrast images (see section 3.1.3 for
further elaboration). Additionally, Gamma Correction increases the gradient in grayscale values inside the
image, which is vital for the following edge detection step that is performed by the Canny edge detection
algorithm [38, 39].
The first step within the edge detection algorithm is the smoothing of the image using a Gaussian filter, i.e.,
a Gaussian low-pass filter. For that purpose, the parameter σ is defined at the beginning of the script. σ
is the width of the normal distribution of the filter and is not to be confused with the surface tension. In
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the next step, the gradients within the image are detected by applying a Sobel filter in the horizontal and
vertical direction1 . The Sobel operator calculates the gradients of the grayscale pixel values v(x, y) in xand y-direction and then localizes the maxima of the magnitude of the gradient of v(x, y)
|∇(v(x, y))| = |vx | + |vy |,

(3.4)

which is a simplified version for computational purposes of the mathematically correct version |∇(v(x, y))| =
(v2x + v2y )1/2 . Additionally, the direction χ is calculated with
−1

χ = tan

(︃

)︃
vx
.
vy

(3.5)

Ridges have their maxima in |∇(v(x, y))| in the direction of the gradient [39]. In the following step, only
the maxima are conserved within a matrix, and other values are labeled as 0. The Canny edge detection
algorithm has a low and high threshold value as two additional input parameters. The ridge values can
be classified with these values into weak and strong ridge pixels. This information can then be used to
connect the pixels on which the ridge is located. For more information concerning the Canny edge detection
algorithm and the Sobel operator, the reader is referred to [39].
The processed image is stored in a final step one after the other in a 3D-array in case of high-speed
images or as a single image when only one image should be processed. This eases the surveillance of the
evaluated images.

3.3 Numerical Setup - The Surface Evolver
The Surface Evolver is a numerical tool developed by Kenneth Brakke, first published in 1992 [41]. It can
be used to minimize the energy of surfaces subject to constraints such as volume, pressure, or level-set
constraints, using gradient descent and optionally conjugate gradient method. Besides the surface tension,
also volume energies such as gravity may be considered.

3.3.1 General Overview and Functionality
Since the Surface Evolver is a finite-element tool, the total surface is represented by many triangular
elements called facets. In a limited way, Surface Evolver handles any number of dimensions, but it is built
for two-dimensional facets in a three-dimensional space, and only within this framework full functionality
is guaranteed. Therefore, this is how it is used in the present work, and the brief description is limited to
this case. Each facet is defined by three vertices, attributed to three coordinates, which are connected by
three linear edges forming the triangle. These edges can be refined in order to gain more precise results, for
instance, in terms of surface curvature. Other important mesh manipulation methods are equiangulation
and vertex averaging. The face consists of the sum of all facets and may surround a body such as a droplet.
1

The Sobel operator was never published by the authors themselfes. Sobel and Feldman only presented their work in a talk
called "A 3x3 Isotropic Gradient Operator for Image Processing" at the Stanford Artificial Intelligence Project (SAIL) in 1968.
Nevertheless, the operator was named after Sobel after the talk was credited inside of a footnote in a book by Duda and Hart.
The history and the documentation of the talk of the Sobel operator can be found in [40].
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Vertices and edges may lie on constraints, such as level-set constraints, or they can be prohibited to
move above certain boundaries in space. Faces are attributed to surface tension. In the case of wetting,
contact angles are more convenient to use than surface tensions (except for the surface tension between
liquid and gas). These are implemented as energy constraints in the form of line integrals. Bodies may
have a constant volume or constant pressure. A density can be defined with which also gravity as volume
energy can be considered. Besides these implemented boundaries and constraints, any other energetic
constraint may be defined by the user.
The main feature within the Surface Evolver is the iteration step. This operation allows the surface
to evolve towards an energetic minimum. When the surface tension of a sessile droplet is the only present
energy, i.e. when gravity can be neglected, contact angles are known system properties, and the body is
attributed to a certain volume, then the free energy of a system
F = σ (Al − cos (Θ)Asl )

(3.6)

can be minimized. In the present case, this can only be achieved by changing the areas Al and Asl , while
adhering to the volume constraint. A minimum is reached, when the differential of equation (3.6) is 0, i.e.,
dF = σ (dAl − cos (Θ)dAsl ) = 0.

(3.7)

Within an iteration step, each involved vertex is moved due to a before calculated force, which is the
negative gradient of the energy function at each vertex, multiplied by a globally defined scale factor using
the gradient descent method. The Surface Evolver makes sure that all constraints and boundaries are taken
into account during the movement by mapping the force on the tangent of the boundary or mapping it
back in case of constraints. To increase the efficiency of the energy minimization iterations, the conjugate
gradient method can be used.
Further information on how to employ the Surface Evolver that is used in version 2.70 in the present work,
can be found in [41] or the manual that is delivered with the download of the software. Many examples
for which the Surface Evolver can be used can be found in [18].

3.3.2 An Automatic Routine
The Surface Evolver originally is designed as an interactive command line tool. The user first defines the
initial geometry, boundaries, constraints, and energies within a data file and then performs mesh operations
such as refining and surface evolving with one-letter commands in a terminal while observing the surface
and the command line output, i.e., the calculated energy, after each operation.
In the present work, an own iteration routine has been implemented to automate the evolution process and uniformly judge about convergence. It makes use of already implemented features and consists of
four main steps.
1. The surface of some problem is evolved in one iteration step, as described in the previous section.
2. The total energy of the surface (and the body) of the actual shape is read out and the coefficient of
variation of the last 7 iterations is calculated.
3. Relevant edges are refined when some edge length is larger than a user-defined maximum edge
length.
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4. Relevant facets are merged when some edge length is smaller than a user-defined minimum edge
length.
These four steps, plus an optional task-relevant fifth step that includes all problem specific operations, are
repeated within a loop until a convergence criterion is reached. A simulation is considered as converged
when the coefficient of variation of the last seven iterations is smaller than a user-defined convergence
criterion. Taking the coefficient of variation has the advantage that this is a relative error measure that is
independent of the absolute value and, therefore, problems of different length measures can be handled
with the definition of this convergence criterion. The idea of combining the iteration with an energy-based
convergence criterion is implemented similarly in the SE-FIT [42], which is, simply speaking, a graphical
user interface for the Surface Evolver with many extended features.
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This chapter gives an overview of the theory and the realization of the used surface modification techniques
to obtain the results in the present work. Moreover, the characterization of these substrates is presented.
Klaus-Dieter Voss performed the photolithography steps. Atomic-Force measurements were done by, and
ellipsometric measurements were performed under the guidance of Beatrice Fickel.

4.1 Introduction
In chapter 1, it has been shown how humanity has used the wetting behavior within capillaries or on
papyrus to develop the technique of writing and printing. It has also been revealed that the Stenocara desert
beetle in the Namib Desert [9] exploits wetting patterns to harvest water from air. But also a lot of plants
and other animals exploit wetting properties of surfaces, and humanity tries to imitate this behavior to
make use of it. In the case of animals, the water collecting properties of spider silk [43] can be mentioned.
Other mechanisms originating from plants are also under consideration for water harvesting from humid
air. For instance, it is attempted to imitate the Sarraceni trichrome by producing microchannels with
different length scales [44]. A maybe more relevant example in every day’s life is the Lotus effect [45] that
can be found within advertising slogans for some wall paints. Other water repellent coatings are used in
the clothing industry to increase the sales of rain jackets. And this even in two ways: When buying the
jacket, the customer is pleased with its repellent effect and notices after some time that it has diminished
considerably, which might tempt him or her to repurchase a jacket.
Usually substrates are characterized by their wettability. The new, water repellent rain jacket has a
hydrophobic coating with a low contact angle hysteresis, which leads to a pearl-off of the rainwater. After
a few months of wearing, it can be observed that the coating on the jacket disappeared on some areas.
On these hydrophilic patches with higher contact angle hysteresis, the clothing material gets soaked with
water and the rain jacket starts to lose its original purpose. While in the case of a rain jacket this effect is
not desired, it is highly welcomed, and this is where we come back to the topic of printing and writing, in
case of blotting paper, in which ink gets soaked up by a hydrophilic fiber network.
This chapter is about the modification of surfaces in order to achieve desired properties and its characterization with a focus on its wettability. Since the focus lies on flat surfaces with alternating hydrophilic
and hydrophobic stripes as well as flat hydrophilic surfaces with a low contact angle hysteresis, only these
topics are discussed. While in the latter case, hydrophilic means that the advancing contact angle is well
below 90◦ , the terms hydrophilic and hydrophobic are applied less strictly in the case of the striped pattern
surface. There, it simply means that the hydrophilic stripe has increased energy and, therefore, increased
wettability compared to the hydrophobic one. The production of the striped patterned surfaces are discussed
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in more detail in section 4.2, since an own chemical vapor deposition chamber was constructed, while the
smooth hydrophilic substrates are described less extensively in section 4.3.

4.2 Chemically Patterned Substrates
One goal of the present work is to observe the stability and the breakup dynamics of sessile droplets
on chemically patterned surfaces. Therefore, substrates are needed consisting of areas with different
wettabilities, while the length scale of each area must be smaller than the diameter of the droplets so that a
droplet wets more than just one area of a defined wettability. Stripewidths should be accomplishable in the
order of 10 µm - 1000 µm. The patterns should have a sharp boundary in wettability and the repeatability
of the two-dimensional patterns must be guaranteed. I.e., a striped patterned structure with alternating
hydrophilic and hydrophobic stripes as used in the studies of Bliznyuk et al. [46, 47, 48], Kooij et al. [49]
and Jansen et al. [50, 51] is favored. Additionally, substrates must be transparent so that it is possible
to observe a droplet and its contact line under an inverted microscope. The material should be readily
available and the procedure should be manageable with the provided resources.
Since the substrate should be transparent, glass is favored as a basic substrate. Different methods are
available to chemically micropattern this kind of material, including corona discharge [52], micro-contact
printing [53, 54], and silanization from the liquid [55, 56, 57], or the gas phase [46, 58, 59] after
photolithography steps. While with the corona discharge method, and microcontact printing, it is expected
that there will be no sharp gradient in surface wettability, all other methods are most likely suitable for
the present purpose. Additionally, microcontact printing is not considered because it is expected that
the repeatability of the dimensions is not guaranteed. Furthermore, it includes photolithography and
silanization steps that must be executed anyway when the latter two techniques are taken into account [53].
Therefore, it is an additional effort to micropattern the surfaces by microcontact printing compared with
the silanization from the liquid or gas phase. These two techniques will be discussed later on. But first, the
focus is on photolithography before the two silanization techniques are discussed in more detail.

4.2.1 Photolithography
Photolithography is a common technique in microsystem engineering and semiconductor technology. It is
described in monographs such as [22, 60]. Though photolithography is performed externally by KlausDieter Voss, it is indispensable for the substrate preparation in the present work. Therefore, all relevant
steps are described in the present section.

First of all, the substrate on which the photolithography procedure is executed must be cleaned so that no
dust or any organic layers adhere to it. Then, a layer of a photoresist with defined thickness can be applied
on the surface. Usually, this is done by spin coating. In this process, the substrate is fixed on a chuck
that can be rotated with speeds in the order of 100-10000 1/s. First, a defined volume of a photoresist is
deposited in the middle of the substrate, and the chuck is set into motion with a defined angular speed ω,
which depends on the viscosity η of the used photoresist. The value of ω can be found in any datasheet of

30

4.2 Chemically Patterned Substrates
(a)
Photoresist
Glass
(b)

UVLight
Mask

(c)

Figure 4.1: Sketch of photolithography steps when using a positive photoresist. In (a), the glass substrate
is completely covered with the photoresist. In (b), a mask of the desired pattern is placed above
the substrate inside of the illuminator, and the free parts are illuminated with UV-light. Exposed
portions of the photoresist become soluble in a matching solvent. After a development step,
not illuminated parts of the photoresist cover the substrate (positive photoresist).

a commercially available photoresist. The final film thickness hf of the photoresist follows an empirical
relation [22]
(︂ η )︂1/3
hf ∼
.
(4.1)
ω2
Optionally, the last two steps can be exchanged. In this case, the photoresist is deposited with a syringe
and a defined volume flow. In any case, the result of the spinning process is a uniform film of defined
thickness on a substrate, as shown in figure 4.1(a). In order to evaporate all residual solvent inside the
photoresist, the substrate is soft baked in a subsequent step inside of an oven or on a hot plate. This step
is followed by the photoresist’s exposure with UV-light for a photoresist specific time range and intensity.
A photomask of the desired pattern is placed between the resist and the light source so that parts of the
photoresist are illuminated, others not, as shown in figure 4.1(b). Subsequently, the substrate is taken out
of the exposure device and usually again placed inside an oven or on a hotplate in the post-exposure bake.
This step is not needed in the present case. The substrate is placed directly inside of a development bath.
In the case of a positive photoresist (e.g., AZ 9260), the illuminated parts are dissolved in the solution.
When a negative photoresist, such as SU-8, is used, illuminated areas stay on the substrate while the not
illuminated parts are dissolved. Since for the present study a positive photoresist is used, the result of the
development process can be illustrated as depicted in part (c) of figure 4.1. Lastly, the substrate is rinsed
in a suitable liquid and dried, subsequently.
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Figure 4.2: General chemical structure of perﬂuorinated trichlorosilanes.

4.2.2 Silanization
A common way to change (usually reduce) the energy of surfaces is silanization. In this process, a layer
of silane molecules can be bonded to different kinds of surfaces. Since the focus lies on glass surfaces in
the present study, only this kind of surface and very similar surfaces (concerning surface chemistry) such
as the one of silicon wafers are discussed. Perfluorinated trichlorosilanes are used to functionalize the
hydrophobic parts. The decision for this kind of silanes was made, since they are commonly described in
the literature for hydrophobizing glass and silicon surfaces (e.g., [46, 51]), and the technical silanization
process is well defined (see e.g., [58] for gas phase, or [57] for liquid phase deposition). Moreover, these
molecules are highly hydrophobic due to their fluorinated chain, as depicted in figure 4.2 where the
chemical structure of this kind of silanes is shown.
Trichlorosilanes of any kind consist of a head with a silicon (Si) atom surrounded by three chlorine atoms.
In the case of perfluorinated trichlorosilanes, a tail as sketched in figure 4.2 is attached to the Si atom at the
remaining free bond. This carbon (C) chain can have different lengths, which can be characterized by the
number n of the n + 1 fluorinated C-atoms. In all cases, the first two C atoms have two terminating H-atoms,
each. Due to the fluorinated end-group, the tail is hydrophobic, while the head is highly reactive. In the
present study, two different trichlorosilanes are used, i.e., these are (3,3,3-Trifluoropropyl)trichlorosilane
(abcr, Germany, CAS: 592-09-6) and 1H,1H,2H,2H-Perfluorodecyltrichlorosilane (abcr, Germany, CAS:
78560-44-8) which, from now on, will be abbreviated with TFPTS and PFDTS, respectively.
Chemistry In this subsection, the focus lies on the silanization reaction mechanism when the silanes,
i.e., trichlorosilanes, react with surfaces. Trichlorosilanes are commonly used to hydrophobize glass or
silicon surfaces. Jacob Sagiv performed detailed studies on the silanization reaction of trichlorosilanes
and the subsequent surface chemistry of the forming layer in 1980 [55]. His studies were motivated by
an observation by Bigelow et al., published in 1946, who found out that polar organic molecules form
reversible, oleophobic monolayers by adsorption on solid surfaces [61] . Sagiv used information from
Zisman [62] and others [63, 64] to suggest a reaction mechanism for trichlorosilanes, which is shown in
an adopted version in figure 4.3.

In a first reaction (Rx 1), the functional group that is formed by the three terminating chlorine atoms
(Cl) surrounding the silicon (Si) atom is hydrolyzed in a hydrolyzation reaction with water in which the
Cl atoms are substituted by hydroxy groups (OH). As a side product, hydrochloric acid (HCl) is formed.
The subsequent condensation reaction (Rx 2) does consist of two reactions. In reaction Rx 2.1, the hydrolyzed silane molecule is covalently bonded to the OH-groups of a substrate. Please note that the terminal
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Figure 4.3: Sketch of the chemical reactions which lead to the silane monolayer on hydrolyzed substrates,
adopted from [55].
OH-groups on the substrate are necessary for this reaction to occur. In the present case, glass substrates
are used, which, similar to silicon substrates, can be activated in plasma to form these hydroxy groups.
Reaction Rx 2.2 is shown to illustrate the linking of terminal hydroxy groups of the hydrolyzed silane
molecule among each other. Rx 2 summarizes the two before described condensation reactions (note that
Rx 2.2 occurs twice in Rx 2). The result of the described silanization process is a closed, covalently bonded
monolayer of the used trichlorosilane on the substrate with the silane molecules being linked among each
other.
Sagiv used n-octadecyltrichlorosilane C18 H37 SiCl3 in his studies, i.e. R = C18 H37 , and silanization took
place in a wet chemical process. Studies from other authors suggest that a monolayer is also formed in the
case of perfluorinated trichlorosilanes, i.e., R = CF3 (CF2 )n C2 H4 and when deposition of the silane takes
place from the vapor phase (see, e.g. [65, 66, 58]). Please also note that the above-presented reaction
mechanism is an ideal picture of the situation. Other reactions between the hydroxy groups might occur,
leading to vertical polymerization of the silane molecules. Furthermore, it might also be that more than only
one hydroxy molecule from the silane molecule is covalently bonded to the substrate [67]. Nevertheless,
these problems can be overcome by using the right silanization technique [59]. In the following section,
the focus lies on these different methods for silanization.
Comparison between Relevant Silanization Techniques As described previously, two suitable silanization
techniques are identified to chemically pattern glass surfaces: deposition from the liquid and deposition
from the gas phase. The latter is called chemical vapor deposition (CVD) in the following. Additionally, in the case of CVD techniques, it is differentiated between deposition at low pressures (LP) and
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atmospheric pressures (AP) (or pressures close to it). In the case of liquid phase silanization techniques,
trichlorosilanes are diluted in a solution containing chemicals such as chloroform, carbon tetrachloride,
and n-hexadecane [55], dodecane [56] or bicyclohexyl [57]. In a subsequent step, cleaned substrates
are placed inside this solution for a certain amount of time. In [57], the authors included a table with
more examples of used solvents, silanization time, and also pre- and post-silanization cleaning techniques
employed in other studies. If the deposition is taken out from the vapor phase, the substrate is placed
inside of a vessel. At atmospheric pressures (AP-CVD), a small, open container such as a small petri dish is
placed in the vessel with the substrate. The silane evaporates and reacts with the substrate surface. Note
that within this classification logic also techniques that include vessels in which the pressure can slightly be
reduced by a membrane pump, such as dessicators or vacuum ovens, belong to AP-CVD. In case of low
pressure (LP-CVD), the substrate is placed inside a vacuum chamber, which is subsequently evacuated by a
vacuum pump until pressures in the range of fine vacuum (10−3 mbar) or even lower are reached. The
silane is placed inside a vessel separated by a valve from the vacuum chamber [58]. When a defined end
pressure is reached, the silanization process is started by opening the valve. The silane then evaporates
into the chamber. Some more sophisticated devices have the ability to heat the substrate, control the flow
rate of silane or activate the surface within the device [58, 68, 69].
Most of the advantages and disadvantages can be directly derived from the description of the processes.
An attempt is made to compare the relevant methods in table 4.1. While in liquid phase processes, a lot of
different, potentially unhealthy, and in other ways dangerous solvents must be used, this is not the case
in both CVD-processes. Furthermore, especially when microstructured surfaces should be silanized after
photolithography, it must be ensured that the compatibility between photoresist and solvent is guaranteed.
Nevertheless, Brasjen et al. [56] show that this is possible when chemicals are combined correctly. Another
aspect is the precursor usage, i.e., the amount of silane used, which tends to be less in vapor phase
deposition methods than in wet chemical processes. The quality of the coating can be judged by the
coating uniformity and the control of its thickness. According to Fadeev and Carthy [67] and Wang et
al. [70], the layer’s uniformity from the CVD process is superior compared to wet chemical processes. While
in LP-CVD monolayers can be produced, non-uniform layers are deposited from solvent-based methods.
According to Psarski et al. [59], the uniformity of monolayers and hence the control of the coating thickness
increases with the chain length of the fluorinated trichlorosilanes since cross-linking between the molecules
is reduced. Cross-linking can also happen in solution and during long reaction time, as it is the case in
AP-CVD (up to 24 h) due to uncontrolled humidity in the lab environment, which might affect the quality

Table 4.1: Comparison of three different silanization techniques from the liquid phase (wet chemical) and
the gaseous phase at low (LP-CVD) and atmospheric pressures (AP-CVD). The scale reaches
from −− for very bad over − to 0 for neutral and + to ++ for superior.
Criteria
wet chemical LP-CVD AP-CVD
Solventless
−−
++
++
Precursor usage
0
++
+
coating uniformity
0
++
+
control of coating thickness
−
++
+
environmental vulnerability
−
+
−−
structures with high aspect ratio
−
++
++
effort
+
−−
++
deposition rates
++
−
−−
throughput
++
−
−−
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of the silane layer. Nevertheless, also wet chemical protocols have been reported in which a uniform
monolayer is formed [57]. When structures with high aspect ratios should be coated, the CVD methods’
superiority is evident since the vapor can reach every point of the substrates, especially in the case of small
structures in the range of 1 µm or smaller. Solvent-based methods are limited due to the capillary lengths
of the solvents which might prevent the solution from penetrating into small structures. The effort that has
to be put in each method shows another picture of the situation. A LP-CVD reactor is a unique construction
from suitable vacuum parts, at least a rotary vane vacuum pump and other parts such as different valves
and specially constructed pipelines. Silanization in AP-CVD and from solution in their most simple versions
only require a few vessels and containers and a fume hood. An advantage of the wet chemical silanization over both CVD methods is higher deposition rates and, consequently, increased throughput of substrates.
Since high throughput and the deposition rate in the order of a few minutes are not relevant in the
present case and the focus is mostly on a uniform, well-defined monolayer on substrates with structures going down to the order of a few µm, a decision for a LP-CVD reactor was made and constructed subsequently.
Moreover, this has the advantage that a broader range of photoresist can be used during micropatterning,
which might become necessary in other projects than the present one. The realization of the chemical
vapor deposition at low pressures is presented in the following subsection.
Realization of the Chemical Vapor Deposition The CVD chamber that was developed in the present
work was constructed to match the conditions of Mayer et al. [58]. In their work, the authors used
Trichloroperfluorosilanes for surface modification and additionally were able to produce substrates with
repeatable quality, i.e., the monolayer on their glass and silicon substrates is closed. This is generally
important because it prevents chemical inhomogeneities which do affect the wetting behavior of liquids on
these surfaces. Thus the possibility of unwanted pinning events of liquid on the surface is decreased. In
the following part, the process itself is presented before it is focused on some constructional details.
Figure 4.4(a) shows a sketch of the process. Substrates can be inserted inside of a vacuum chamber. After
the chamber is closed, it can be evacuated by a vacuum pump by opening valve V4. During this process,
valves V1, V2, and V3 are closed. When a defined pressure pstart is reached, V4 is closed, and V1, which
separates a silane containing precursor cylinder from the chamber, is opened. The silane evaporates into
the vacuum chamber, and the pressure inside of it increases. When a defined pressure psilane is reached, V1
is closed, and, depending on the used silane, V2 is opened so that water can enter the reaction chamber.
According to Rx 1 in figure 4.3, water is necessary to initiate the silanization reaction. Moreover, it stabilizes
the final monolayer [58]. The valve is kept open until again a particular pressure pH2 O is reached. Then
V2 is being closed again, and the silanization takes place within a defined reaction time treact . In a final
step, the chamber is vented by opening V3 and the substrates can be taken out of the chamber. All relevant
process parameters of the used silanes are presented in section 4.2.3.
The silanization reaction in [58] takes place at pressures in the order of 1 mbar. Therefore it is necessary that the vacuum chamber can be evacuated to fine vacuum, which is the pressure range between
1 · 10−3 mbar to 1 mbar. Consequently, all parts belonging to the vacuum chamber must be connected with
appropriate connectors, and a vacuum pump with an end pressure below the reaction pressure aimed to
be used. By using KF-vacuum-flanges (VAb, Germany) and crimped connections (Swagelok, USA), all parts
are properly connected. A double rotary vane pump (Duo 1.6, Pfeiffer Vacuum, Germany) with an end
pressure of 3 · 10−3 mbar ensures a fine vacuum in the chamber.
A second requirement that must be fulfilled is a direct result from Rx 1 in Figure 4.3. Since HCl is
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Figure 4.4: (a) Schematics of the CVD-chamber: It can be evacuated by a double rotary vane pump (Pump).
The chamber is separated from the pump by a valve (V4) and can be vented by another valve
(V3). The pressure is measured inside the chamber (P). Two precursors (silane and water)
can evaporate into the evacuated chamber by opening a valve (V1) and (V2) (each precursor
by its valve). (b) shows the reaction chamber’s realization with two precursor cylinders (left
and right arm) and the venting valve (top). Substrates can be entered inside of the chamber
from the front.

produced during hydrolysis, all parts in contact with the reaction gases must be able to withstand a
corrosive atmosphere or be suitably protected from it. Therefore metallic parts fabricated from stainless
steel 1.4306/304L are used wherever it is available. Furthermore, the gaskets used between the KF-flanges
of the vacuum parts (VAb, Germany) are made out of Viton. The pressure inside of the chamber is measured
with a Pirani vacuum sensor (VCP63MV, Thyracont, Germany) that determines the heat conduction inside
of a known gas. From this, the pressure can be calculated which is shown on an external device (VD12S2,
Thyracont, Germany). The heated filament inside the Pirani sensor, which serves as the heat source for the
heat conduction measurement, is made out of platin and rhodium to prevent any damage and, hence, to
assure a correct determination of the pressure. Finally, a nitrogen cold trap (Pfeiffer Vacuum, Germany) is
placed between the vacuum chamber and the vacuum pump. Though the reaction gases are not pumped
directly, even small amounts of HCl can damage the vacuum pump. Therefore the cold trap is needed
in which small amounts of the reaction gases do condense and can subsequently be removed from the
process. As a positive side effect, the pumped gas density increases with decreasing temperature, and
hence the pumping efficiency does increase. Moreover, the cold trap serves as a vapor barrier for oil vapor
coming from the vacuum pump, which could affect the surface chemistry of the substrate. The oil inside
the vacuum pump is exchanged regularly to prevent corrosion inside of the pump.
Other vital parts used in the silanization reactor are precursor cylinders and the valves V1 and V2 with its
appropriate pipelines (Swagelock, USA). In particular, needle valves are used which do assure a precise
dosing of the precursors.
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4.2.3 Used Material and Substrate Preparation

To be able to produce the chemically micropatterned substrates repeatably, the following protocol is
established. The first step in photolithography is the rinsing of the substrates. Therefore the used 2"borofloat33-wafers (Siegert Wafer, Germany) are first rinsed with acetone, then with isopropanol for
1 min in each solution. Next, the wafers are dried on a hotplate at 130 ◦ C for 15 min before the positive
photoresist AZ 9260 (Microchemicals, Germany) is spin-coated onto the wafers according to the parameters
of its datasheet. The resulting thickness of the photoresist is ∼ 7 µm. After the soft bake step in which the
substrates are placed inside of an oven at 100 ◦ C for 7.5 min, the substrates with the corresponding photoresist are illuminated inside the mask aligner MA56 M (SÜSS MicroTec, Germany), and the photoresist is
exposed for 350 s at a wavelength of 365 nm using an appropriate mask. The substrate with the illuminated
photoresist is then developed inside a mixture of DI-water and the developer AZ 400k (Microchemicals,
Germany) (H2 O:AZ 400k = 4:1 vol%) for 3.5 - 4 min. Then it is rinsed in DI-water and subsequently dried
in an airflow. This whole process leads to uncovered parts, and areas of the glass surface covered with
photoresist. The pattern is defined by the corresponding mask. In the present case, only striped patterns
are used. The substrates are then packed in an appropriate box and subsequently laminated so that they
can be transported. All before mentioned steps of photolithography are performed within a cleanroom
environment.
The substrates are stored within the laminated box until they are needed. When this is the case, they are
placed inside a plasma chamber (FEM TO, Diener, Germany). After evacuation of the chamber for 2 min
with a membrane vacuum pump (EN-8T, Nidec, Japan), the surface is treated within oxygen plasma for
30 s at 100 W with oxygen from an oxygen source (KröberO2, Kröber Medizintechnik GmbH, Germany)
at a flow rate of 35 ccm/min. This has two effects: Firstly, the uncovered glass areas are cleaned, and all
organic residues on it are removed. Secondly, the glass surface is activated, i.e., OH-groups are produced on
the surface, which are necessary to silanize the surface successfully (see Rx1 in figure 4.3). The substrates
are taken out of the plasma chamber and then placed inside the CVD-chamber which is then evacuated
until the pressure pstart is reached. Then the procedure according to section 4.2.2 is executed. All relevant
process parameters for the two different silanes used can be read from table 4.2. The silanization process
is stopped by venting the chamber and taking out the substrates. In a subsequent step, the photoresist
is rinsed off with acetone and then cleaned in an ultrasonic bath filled with acetone for 10 min at room
temperature to remove any remaining traces of the photoresist from the surface. Finally, the substrate
is rinsed with isopropanol, blown dry with nitrogen, and stored inside a wafer box. It was taken care of
that experiments are performed maximum 5 d after the substrates were produced. Note that also tests
with (Tridecafluoro-1,1,2,2-tetrahydrooctyl)trichlorosilane (FOTS, abcr, Germany, CAS: 78560-45-9) were
performed succesfully. In that case the same process parameters as with PFDTS can be applied [58].

Table 4.2: Process parameters for two different silanes.
Silane CAS
pstart (mbar) psilane (mbar)
PFDTS 78560-44-8
5 · 10−3
2 · 10−1
TFPTS 592-09-6
5 · 10−3
1.2 − 1.6

pH2 O (mbar)
1
-

treact (min)
30
60

source
[58]
[66]
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Figure 4.5: Dimensionless width from different parameters α and wphil . The target width wi,target is the
desired width of the hydrophilic or the hydrophobic stripe. The error bars represent the standard
deviation from ﬁve different stripes.

4.2.4 Characterization
Stripewidth After all photolithographic steps are performed, a glass substrate consists of glass stripes
covered with a photoresist and those that are uncovered. The uncovered glass areas will be exposed to the
silane atmosphere in a subsequent step and become hydrophobic after this treatment. Their stripe width is
therefore denoted with wphob . The covered stripes are protected from the silane, stay hydrophilic, and are
denoted with wphil . In accordance with literature (Bliznyuk et al. [46] were the first ones who did that) a
parameter
wphop
α=
,
(4.2)
wphil
the ratio between the hydrophobic and the hydrophilic stripe width, is defined.
The stripe width of the covered and uncovered glass areas is measured under an inverted microscope to
judge the quality of the photolithography. The results are shown in figure 4.5. wi is divided by wi,target .
It can be seen that the hydrophilic stripe width is about 2% larger than the desired stripe width while
wphob is smaller. From figure 4.5 it seems like the quality of the hydrophobic stripe width for larger α is
better and the error, i.e. the deviation from the dimensionless target width 1, decreases. This is true for
the relative error. However, the absolute error in stripe width is as the one of the hydrophilic stripe with
an opposite sign, as is to be expected. During the photolithography steps, the light scattering, as well as
the development of the photoresist after it has been illuminated may lead to these small deviations from
the pattern of the mask. Since the error is regular, it probably has its origin in the light scattering during
illumination. However, the stripe width quality can be regarded as very good since the error made is about
2% of the (constant) hydrophilic stripe width.
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Monolayer and Roughness To have repeatable wetting properties of the substrate, a closed monolayer of
silane is desired. By measuring the film thickness and comparing it to the respective silane length, it can be
judged if a silane monolayer or a multilayer has formed on top of the carrier substrate. A way to measure
the thickness of thin layers is ellipsometry. Without going further into detail, the measurement principle is
as follows: Polarized light is emitted by a polarisator and sent onto a substrate under an incidence angle
smaller than 90◦ where it is reflected and the direction of polarization of the light is changed. This change
of polarization can be detected by the analyzer, which, in general, is a second polarizer which’s direction is
turned until no light can pass. This is detected by a detector. The collected data can then be analyzed by
fitting the data with an appropriate model. The reader is referred to textbooks such as [71] for further
information on ellipsometry.
In the present case, the 0-ellipsometer Nanofilm EP3-SE (Accurion, Germany) with a continuous wave
diode laser of wavelength 658 nm at an inclination angle between 40◦ and 68◦ and the evaluation software
from the manufacturer was used. Since a flat, reflective surface with low roughness is needed for analyzing
the monolayer, silicon wafers are silanized with PFDTS following the above-described protocol. Note that a
homogeneous silane layer was applied, instead of a striped pattern. The surface chemistry of silicon is very
similar to the one of glass and therefore it is expected that it behaves the same compared to glass when it
is silanized.
First, ellipsometric measurements of a bare silicon surface were performed. Then the same measurements with the silanized silicon surface were executed. These measurements were compared to subtract
the bare silicon surface’s influence and the data was fitted with the software intern Polymer-model. As an
input parameter, the refractive index of PFDTS nPFDTS = 1.3485 was set [72]. This allowed to determine
the thickness of the layer to be 1.73 nm±0.10 nm. The determined value suits well with the layer thickness
measured in other studies (1.6±0.1 nm in [73], or ∼ 1.4 nm in [74]).
The roughness of a homogeneously silanized glass substrate was validated using Atomic-Force measurements. At three different wafers, it was always well below 1.2 nm, which is the surface roughness as
quoted by the glass wafer supplier (Siegert Wafer, Germany).
Contact Angles of Evaporating Droplets To quantify the wetting behavior of water droplets on the used
substrates, contact angle measurements of evaporating droplets on these surfaces were performed. Within
these experiments, for each surface, seven individual DI-water droplets were sequentially placed on a
freshly prepared, pristine substrate using a needle connected via a tube with a syringe in a syringe pump.
More details can be found in section 3.1.2. The initial volume of each droplet was 1 µl and the flowrate was
0.1 µl/s. The climate chamber setup, as described in section 3.1.1, was used to ensure a constant humidity
H and temperature T within these experiments (H = 25 %rh, T = 25 ◦ C). Only side view images were
taken. Evaluation of the image data was performed with the software presented in [36]. The data is then
averaged over seven experiments for each substrate in both the contact angle Θ and the base diameter
d of the droplet, and then binned over an interval of 0.01 ·t/tevap , where t is the time and tevap the total
evaporation time range, by a self-written evaluation software.
Results for the dimensionless time evolution t/tevap of Θ are shown in figure 4.6(a), while the corresponding
base diameter d is depicted in figure 4.6(b). The first data point for each surface in (a) and in (b) represent
the average of a droplet that is pumped up, i.e., the contact line is in an advancing state. Therefore, the
maximum value in figure 4.6(a) represents the advancing contact angle Θadv for water on each substrate.
After the needle is pulled out of the droplet, evaporation leads to decreased droplet volume. In an initial
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Figure 4.6: Contact angle (a) and dimensionless diameter (b) of evaporating water droplets on three
different surfaces PFDTS, TFPTS, and glass as a function of the dimensionless evaporation
time. Reprinted (adapted) with permission from the supplementary material of [75]. Copyright
2019 American Chemical Society.
evaporation stage, the contact angle decreases, while the base diameter, and therefore the base radius
that is also called contact radius, stays constant. This evaporation mode is called the constant contact
radius (CCR) mode. This stage is followed by a time range within which the base diameter decreases
while the contact angle stays constant. Therefore evaporation in this time range happens in a mode that is
called constant contact angle (CCA) mode. Since the contact line is in a receding state during CCA mode,
this contact angle is interpreted as the receding contact angle Θrec of a water droplet on the appropriate
substrate. The final stage of evaporation is neither a CCR nor a CCA mode but something that, according to
literature, is called the mixed mode [76, 77, 78, 79, 80]. Radius and contact angle decrease simultaneously.
In literature it is debated about the causes of this mixed mode. While Bourges-Monnier and Shannahan [76]
and Cazabat and Guéna [79] think that this phenomenon is due to surface heterogeneities that do become
important for decreasing contact radii, Bormashenko et al.[78] are of the opinion that the precursor film
that forms during evaporation affects the contact angle. Kim et al. [77] and Park et al. [80] showed that
unavoidable contaminants also play a role. This debate is still ongoing within a small community. Probably
the truth contains all the above-mentioned reasons. For the present work, this effect might be important
but is not investigated in more detail. The slight increase of the contact angle during the last stage of water
on the bare glass surface is due to measurement errors in the automated evaluation of the droplet that is a
result from a combination of the difficulty in measurement of small contact angles in combination with a
short contact radius and the automated evaluation of the contact line.
Corresponding advancing and receding contact angles of deionized water on the investigated substrates
are summarized in table 4.3. These results confirm the statements cited before that the contact angle
increases with an increasing chain length of the adsorbed fatty acids and silanes at the surface [61, 62, 55,
59]. The measured contact angles on PFDTS and TFPTS silanized surfaces correspond well with values
from literature [58, 66, 59] which indicates that the used silanization technique is reliably working and
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the quality of the silane layer is adequate for the present purpose.
Problems While the wettability of the silanized areas can always be reproducibly produced, this is not the
case for the hydrophilic part. Depending on the time between the opening of a fresh package of wafers and
its production, the contact angle on the hydrophilic stripe changed, though this was in the range of about
10◦ . It was tried to establish a standardized protocol with plasma cleaning prior to the photolithography
steps and defined time intervals between all steps leading to the striped pattern. Nevertheless, differences
in contact angle between different substrates could be detected depending, for instance, on the humidity.
Moreover, when the surface is plasma cleaned before photolithography, the removal of the photoresist after
CVD is not achievable without remaining residues. When the wetting behavior on the hydrophilic stripe is
of importance, i.e., in chapter 6, this problem is accounted for by measuring the corresponding contact
angles and the wetted length on the hydrophilic stripe.

4.3 Hydrophilic Substrates with Low Contact Angle Hysteresis
One goal of the present work is to observe and investigate the forming and structure of a liquid bridge
between an electrode and an aqueous droplet. Since the influence of the three-phase contact line is of
central interest, hydrophilic substrates with an advancing contact angle Θadv < 90◦ are required. On the
other hand, lateral adhesion forces between the droplet and the substrate should be as small as possible so
that the forces and, therefore, the applied potential between the droplet and the electrode is minimized.
Therefore, and in addition to the hydrophilic nature of the solid-liquid combination, substrates with a low
contact angle hysteresis ∆Θ are needed.
However, this is not trivial, since, in general, low contact angle hysteresis is associated with hydrophobic surfaces. The probably most prominent examples exploit the Lotus effect and are often termed as
superhydrophobic surfaces, see e.g., [81, 82], among others. Typical static contact angles of water on this
kind of surfaces are around or above 150◦ and the contact angle hysteresis is below 5◦ . While the Lotus
effect uses dry, solid surfaces, another way to achieve low contact angle hysteresis substrates is to apply an
additional liquid layer, most often this is a silicon oil, between the substrate and the water droplet. When
the silicon oil is held inside the structure of the substrate, e.g., a micropillar array, these surfaces are called
liquid-infused surfaces or slippery lubricant-infused surfaces (SLIPS) [83, 84, 85]. But also flat, slippery
surfaces exist on which a layer of silicon oil is burned-in, and another silicon oil is spread on top of this
layer [86]. Typical static contact angles of water on slippery surfaces, assuming that ordinary silicon oil is
used as a lubricant, are around ∼ 100◦ , and the contact angle hysteresis is approximately 2.5◦ -5◦ .
The range of literature that can be found when searching for low contact angle hysteresis and simultaneously small static water contact angles below 90◦ is, however, very limited. To the best knowledge of

Table 4.3: Advancing and receding contact angles of DI-water droplets on used surfaces.
Surface Θadv (◦ ) Θrec (◦ )
PFDTS
120
102
TFPTS
94
72
Glass
49
12
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the author, only two appropriate methods could be found. The first one is the same as the slippery surfaces
presented above, but different lubricants are used. While Dai et al. used trimethoxysilane as the lubricant
on an etched copper surface [87], hydroxy-terminated polydimethylsiloxane (PDMS) is taken by Guo et
al. [88]. Trimethoxysilane cannot be used in the present case due to its acute toxicity within the open
experimental setup. Hydroxy-terminated PDMS, however, is applicable, and tests with it were performed,
which confirmed the measured contact angles of Guo et al. of about 76◦ with a contact angle hysteresis of
about 5◦ , though the method was adopted to the one of Eifert et al. [86]. However, cloaking, i.e., a film
of the lubricant pulling over the water droplet, could be observed in all of the experiments leading to a
quite complex system in which the effect on the three-phase contact line cannot be distinguished from
other influences. Moreover, in a later stage of the project, the focus will be on droplet coalescence. Since
cloaking also influences (non-)coalescence of sessile droplets, lubrication films or SLIPS cannot be used in
general in the present problem [89]. In May 2019, Kaneko et al. [90] published the second method. This
paper reports that when a tetraethoxysilane-trimethoxysilane mixture is spin-coated onto a glass or silicon
slide and then dried in an oven, a solid sol-gel layer forms on the substrate which has both, contact angles
well below 90◦ and a small contact angle hysteresis slightly larger than 5◦ . Though here a trimethoxysilane
is used too, this is not problematic since the substrate preparation can be performed within a fume hood,
and in a solid state it is not a danger for the experimenter anymore. The preparation and characterization
of the substrate is presented below.

4.3.1 Used Material and Substrate Preparation
Substrates were prepared by applying the protocol of Kaneko et al. [90] for the present purpose. As the
carrier substrates, microscopy glass slides (76 mm × 26 mm, Carl Roth, Germany) were used. The used
chemicals for the solvent solution were ethanol (Ethanol denatured ≥ 99.8%, Carl Roth, Germany), deionized (DI) water from a Millipore device (Milli-Q, 18.2 MΩ·cm), and hydrochloric acid (HCL, 36.5-38.0%,
Sigma-Aldrich, USA, CAS: 7647-01-0). The main components of the final solution with which the wetting
properties can be controlled are tetraethoxysilane (TEOS, abcr, Germany, CAS: 78-10-4) and 2-[Methoxy
(ethyleneoxy)10 propyl]trimethoxysilane (Dynasylan 4148, Evonik, Germany), which is also abbreviated
as PEG-M in the following.
In the first step, a solution of the five before-mentioned liquids is mixed using the volume ratio PEGM : TEOS : water : ethanol: HCl = 8.7 : 22.1 : 180 : 180 : 0.05. This is accomplished by first mixing
the solvent solution consisting of water, ethanol, and HCl in this order within a beaker while stirring.
Subsequently, PEG-M and TEOS are added. According to [90], the minimum contact angle hysteresis is
measured using the molar ratio of [PEG-M]/[TEOS]=0.15, resulting in the above-mentioned volume ratio.
Note that also other molar ratios are tested in substrate characterization experiments. In the experiments
presented in chapter 7, however, only substrates with the molar ratio [PEG-M]/[TEOS]=0.15 are used.
This solution is stirred for at least 24 h. Before coating the carrier substrates with the solution, it must be
cleaned thoroughly. Therefore, substrates are treated within a ultrasonic bath for 10 min using acetone as
the solvent. These substrates are then taken out of the acetone bath, rinsed with DI water and blown dry
in a nitrogen stream. Subsequently, the substrates are plasma cleaned within an oxygen plasma (plasma
chamber: Femto, Diener Electronic, Germany; oxygen supply: KröberO2, Kröber Medizintechnik, Germany)
using an oxygen flow rate of 25 ccm/min at 120 W for 1 min, after the chamber has been evacuated for
1 min with a membrane vacuum pump (EN-8T, Nidec, Japan). This step is not described in [90], but own
tests showed that though it does not influence the final contact angle, it has a significant influence on the
film uniformity of the coated layer on the final substrate. This is due to an increased surface wettability of
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Figure 4.7: Measured water contact angles (mean values and standard deviations) versus contact angles
from Kaneko et al. [90] (dotted lines show advancing and receding angles, respectively). In
the case of own measurements, two different carrier substrates are tested (glass and silicon).
Empty symbols show receding, and solid ones advancing contact angles.
the solution in the subsequent spin coating step. In this step, the cleaned substrate is placed onto the spin
coater’s chuck, and the PEG-M/TEOS solution is evenly spread onto the substrate with a disposal pipette,
until it is completely covered. The substrate is then spun at 1000 rpm for 50 s at room temperature in
ambient air using the smallest possible acceleration. Then the samples are dried in an oven at 80 ◦ C for 3 h.
Finally, the substrates are rinsed with DI water, blown dry with nitrogen, and stored until experiments are
performed.

4.3.2 Characterization
The results of the contact angle measurements of DI water droplets on the substrates prepared with the
protocol above can be found in figure 4.7. Contact angle measurements were performed with a DSA 100
(Krüss, Germany) by inflating a droplet through a needle with a flow rate of 0.25 µl/s until the final volume
of 2.5 µl was reached. Since the volume of the droplet was chosen to be small, the influence of gravity can
be neglected due to Bond numbers well below 1. While the contact line progresses, the advancing contact
angle Θadv was measured using the software Advanced Elements (Krüss, Germany). The tangent method
was chosen to extract the contact angle. By deflating the droplet with the same flow rate as above, the
receding contact angle Θrec was measured in the same manner while the contact line was receding. Additionally to own measurements, the original results from Kaneko et al. [90] are depicted. However, note that
the contact angles in [90] were measured on water droplets sliding down an inclined surface. There, the
volume of the droplet was 50 µl, and therefore gravity has a significant influence on the shape of the droplet.
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The absolute values of Θadv and Θrec and the contact angle hysteresis ∆Θ are larger in own measurements,
in the case of glass as a carrier substrate, compared to literature values. Since different measurement
techniques are used (own measurements versus literature) and additionally, entirely different droplet
volumes are compared, a first attempt to explain the differences in contact angles is to blame it on these two
factors. Tests with silicon wafers as carrier substrates were performed to exclude any mistakes that might
have happened during the preparation of the solution at two different molar fractions of PEG-M and TEOS.
These solutions were the same as the ones that were spin-coated onto the glass substrates. The contact
angles measured on the surfaces using silicon wafers as a carrier substrate confirm the measurements of
Kaneko et al. [90]. It therefore can be concluded that the carrier substrate itself has a significant influence
on the quality of the layer and, hence, on the wetting behavior. Though the contact angle hysteresis of the
sol-gel layer on the silicon surface is lower than the one on the glass surface, silicon wafers cannot be used
as a carrier substrate because it is electrically conductive. This could also be seen in own tests, in which
electrolysis was observable at an electrically connected water droplet sitting on this kind of surface after an
electric potential has been applied between the substrate itself and the droplet. Nevertheless, the contact
angle hysteresis ∆Θ of DI water droplets on the PEG-M - TEOS treated glass slides, at different molar
rations between PEG-M and TEOS, is ∆Θ ≈ 10◦ . This is about 75% smaller than on an untreated glass
surface. Moreover, the advancing contact angle is always well below 90◦ . Therefore, the sol-gel surface
prepared on the used glass slides fulfills the requirements described above.

44
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Surfaces
Most of this chapter is published in Hartmann and Hardt 2019 [75]. Cora Despot performed some of the
experiments. In his function as my supervisor, Steffen Hardt, gave valuable input during the whole process
of this project.

5.1 Introduction
In chapter 1, it was shown that without capillarity and wetting, writing, printing, and the transport of
information in the (physically) written form could have never been developed in the way we know it.
Fortunately, humankind has learned to use these effects and further develop printing processes to benefit
from it. In recent years, printing technologies have been developed which use pre-patterned, flexible webs
within a continuous coating process to direct ink towards hydrophilic areas [6]. But also in discontinuous
inkjet printing processes, chemically inhomogeneous surfaces can be beneficial. For instance, pre-defined
hydrophobic regions can be used to repel droplets that do emerge from an inkjet nozzle. Due to their
impact velocity, this can lead to splitting of these drops [91, 92, 93]. A review by Kuang et al. [94] gives
an overview of this topic with a particular focus on inkjet printed dots and lines. The above-mentioned
examples deal with pre-patterned substrates in printing technology. However, chemically heterogeneous
surfaces can emerge from the printing process itself and significantly influence it. For instance, this is the
case in multilayer inkjet printing in which multiple ink layers are printed on top of each other. Printed
electronics [95, 96, 97], solar panels [98], or fuel cells [99] can be produced with this printing technology.
It is easy to imagine that with such small dimensions, such as those found in these products and which are
in the order of the droplet diameters, there is an influence on the printed image and, in this case, on the
functionality of the printed products.
Chemically striped patterned surfaces can not only be applied in printing technology. It also could be used
in biomedical devices and microfluidic applications. Xia et al. [100] summarized these and other potential
applications in their review. The papers by Bliznyuk et al. and Kooij et al. [46, 48, 49] sketch an idea, how
chemically stripe patterns could be used in microfluidics. In [46], the authors produced substrates with
alternating hydrophobic and hydrophilic stripes with different stripe width ratios wphob /wphil and called
this ratio α. For the key finding of this publication, Cassie’s law [101] is exploited, which states that the
effective contact angle of a droplet wetting a surface with a pattern much smaller than the droplet can be
modeled as a function of the areas with different wettability and their associated contact angles. Applied
to the work of Bliznyuk et al. [46], they found that the effective contact angle of a glycerol droplet parallel
to the stripes Θ∥ can be calculated as
cos (Θ∥ ) =

α
1
cos (Θphob ) +
cos (Θphil )
1+α
1+α

(5.1)
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(a)

(b)

250 µm

Figure 5.1: Breakup of an evaporating water droplet on a chemically patterned striped surface with a
hydrophilic stripe width of 25 µm and α = 0.5. In (a), the droplet volume is large enough to wet
N stripes. When evaporation proceeds, the droplet breaks up into a large droplet wetting N − 2
stripes, leaving a small droplet on the outer hydrophilic stripe, as shown in (b). Reprinted with
permission from [75]. Copyright 2019 American Chemical Society.
for droplets which are 1-2 orders of magnitude larger than the stripe width. Θphil and Θphob are the
contact angles on the hydrophilic and the hydrophobic material, respectively, if there was no striped
pattern. Perpendicular to the stripes, the contact angle is measured to be slightly smaller than the contact
angle on the hydrophobic, pristine substrate. Moreover, the shape of the droplet is elongated along the
striped pattern, as it was also simulated by Jansen et al. [102] In two follow-up papers of this group, they
showed that the obtained knowledge could be used to guide droplets along striped patterns on a horizontal
plane when α is successively decreased [48, 49]. Jansen et al. [51] took a similar pattern and studied the
evaporation behavior of sessile water droplets on it. Again the droplet size was larger than the stripe width.
The researchers of [51] found that the droplet evaporates from an initially elongated shape in CCR mode
(compare section 4.2.4) in the directions parallel and normal to the striped pattern. After about 33% of the
evaporation time, the droplet continues to evaporate in CCR mode in the normal direction but recedes in
CCA mode parallel to the stripes, leading to a sessile droplet shape that subsequently approaches a spherical
cap. In the final evaporation stage, the shape of a spherical cap is maintained with subsequently smaller
radii due to evaporation. According to the authors, receding in the direction normal to the stripes occurs in
a stick-slip-like manner. This could also be confirmed by molecular dynamic simulations [103] and lattice
Boltzmann simulations [104, 105, 106, 107]. The Surface Evolver was used to gain more insight into this
topic, too [108]. However, in none of these studies droplet breakup was studied, observed, or reported.
Leopoldes et al. did some experimental and numerical research on the impact of micron-scale droplets on
striped patterns. [109]. In this study, the stripe width was in the order of the droplet diameter. The authors
observed that, besides that the final sessile droplet shape depends on the deposition position relative to
the stripes, some detached liquid remains on a hydrophilic stripe next to the main body of the droplet.
However, this finding has its origin in inertial forces that lead to the droplet’s disruption during impact.
The remaining of some satellite droplets could also be observed as a side observation by Jansen et al. for
droplets wetting 3 to 15 stripes in a publication from 2014 [50]. Also here, inertia played a significant role,
but the authors did not further investigate this observation.
When we performed similar experiments to Jansen et al. in their 2015 paper in terms of stripe width and
stripe width ratio, we observed, unlike the findings in [51], that the receding perpendicular to the stripe
pattern can not be simply identified as a stick-slip motion. Rather, the final movement of the three-phase
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Figure 5.2: Overview of the stability problem. The inlet shows a droplet in top view on a striped pattern as
it may appear in the unstable regime of the wetting contrast, green areas denote to hydrophilic,
red areas to hydrophobic regions. The minimum bridge width d is used throughout this and
the following chapter to compare the experiments with simulations and a model. Reprinted
(adapted) with permission from [75]. Copyright 2019 American Chemical Society.
contact line from a hydrophilic stripe over a hydrophobic stripe can be described as a breakup process,
leaving some small amount of liquid detached from the main body of the droplet on the neighboring
hydrophilic stripe. This observation is shown in figure 5.1. While in (a), the situation is shown with a
droplet wetting N stripes before the receding, the droplet’s main body in (b) wets N-2 stripes. At the same
time, some liquid residue is observable on the top hydrophilic stripe.
In order to study the mechanisms that lead to breakup in more detail, the above-presented experiment
must be transformed into a more generic problem. Therefore, the stripe widths are increased to be in the
order of about 500 µm. This allows improved optical accessibility in terms of resolution, magnification, and
light availability. Moreover, droplets with repeatable volume can be produced with a pipette to wet the
same amount of stripes, i.e., three stripes in the order hydrophilic-hydrophobic-hydrophilic. However, the
chosen stripe width is small enough to neglect gravitational forces or at least to minimize their influence
since the Bond number is well below, or in extreme cases, around the value of 1. A sketch of the problem is
shown in the inset of figure 5.2.
This transformation of the problem to a less complicated geometrical configuration allows to study under
which wetting conditions, i.e., the contact angle contrast, a sessile droplet on a patterned surface can
become unstable. Furthermore, the time evolution of the shape of the capillary bridge that spans over
the hydrophobic stripe, as it is shown exemplarily in figure 5.2 for the bridge width d, can be evaluated
in more detail. Note that in figure 5.2, as well as in similar plots in this and the following chapter, the
real time t runs from right to left, since the breakup process is plotted as a function of the time before the
actual pinch-off at t0 . The less complex configuration allows us to study the instability criteria in terms
of mechanics, i.e., with the Laplace-equation and energy minimization techniques, in particular, using
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the Surface Evolver and compare it to the experiments. For that purpose, the minimum bridge width d is
identified as a critical parameter.

5.2 Experimental Procedure and Data Evaluation
In section 3.1 and 4.2, the experimental setup, global options in data evaluation, and the substrate
preparation as well as its characterization are presented. Here, the focus lies on the experimental procedure
itself and the data evaluation of the taken pictures and videos.

5.2.1 Experiments
Substrates were prepared as described in section 4.2. Then experiments were performed. Depending on
the type of investigation, two different setups were used. When processes on a larger length- and time
scale should be investigated, i.e., the complete droplet shape is relevant, then experiments were performed
inside the benchmark configuration. When the shape of the capillary bridge is of more interest, then
experiments were performed on the microscopy setup. After the substrate was placed at its appropriate
position, water droplets were placed on the substrate using a pipette in such a way that a droplet wets
two hydrophilic stripes with one hydrophobic stripe between them. The applied droplet volume depends
on the two parameters hydrophilic stripe width wphil and the stripe width ratio α. As a fluid, deionized
water (18.2 MΩ·cm at 25 ◦ C) was used, which was collected from a Milli-Q device each time right before
the experiments took place. The experiments were performed at uncontrolled humidity since the focus of
the present study is on the stability of such systems, not on the evaporation behavior of the droplets. An
estimation on the time scale can be found in section 6.2. In both used setups, images were acquired using
high-speed cameras. Triggering of the cameras took place in end-trigger mode. For each set of parameters,
experiments were repeated at least seven times. In subsequent figures, mean values are shown with error
bars, representing the standard deviation. In order to transform primary data to secondary data, a self
written algorithm was used in the case of droplet breakup that is presented in the following section.

5.2.2 Evaluation of Primary Data
Figure 5.3 gives an overview of the high-speed image evaluation algorithm. After the program is started,
the user can define parameters for the image and edge detection. This includes parameters for the edge
detection algorithm itself (see subsection 3.2.3). The program then loops over all experiments in the folder
where it is started. As a result of this, it first evaluates all experiments from one α-parameter study, starting
from small values for α. This happens for each hydrophilic stripe width stored in the folder.
Each experiment is evaluated in the following way: First, the read in direction from the experiment is
inverted. In particular, the first recorded image is the last one that is read in, the second recorded image is
the one before the last one that is read in, and so on. Then the edges of each image are detected using the
Canny edge detection algorithm [38]. In this step, all detected edges are saved to a three-dimensional
data array called edgeDetectArray. Further information on the edge detection is described in section 3.2.
Subsequently, the algorithm finds all relevant lines and columns of the image in which the capillary bridge
has its maximum size. From this information, all images of the experiment are cropped to the relevant area
in order to save computation time in subsequent steps. The resulting array, i.e. the new edgeDetectArray,
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Begin program.
Define parameters for image and edge detection.
for wphil in wphil -list.
for α in α-list.
for experiment in experiment-list.
Invert image read in direction.
Find edges (see section 3.2 for more details) and save it to the three-dimensional
edgeDetectArray.
Find relevant lines and columns from the first image in edgeDetectArray, crop
all images in edgeDetectArray to minimum needed area, and save the cropped
edgeDetectArray as a video to the hard drive.
Find the coordinates of the contact lines for each image
Calculate the smallest distance between the left and right contact lines for each
image and save results as one .dat-file to the hard drive.
Calculate the curvatures for the left and right contact line for each image and
save the results as one .dat-file to the hard drive.

Figure 5.3: Structogram of the image evaluation algorithm.
is stored to the hard drive as a video file for verification purposes. From the edgeDetectArray, the contact
line coordinates can then be evaluated for each frame and saved in the contactLineArray. Within this step,
the algorithm also automatically finds the image where the capillary bridge is broken up, in particular,
when the fluid detaches at t0 . From the coordinate data from both sides of the detected edge of the
contactLineArrays, the minimum width of the capillary bridge can now be calculated using the equation
(︂√︁
)︂
d = min
(xr − xl )2 + (yr − yl )2 .
(5.2)
The minimum bridge width is found by calculating the distance between each coordinate pair of the left
and right contactLineArray. Only the minimum value, which equals the minimum bridge width d, is stored.
This process is performed for every frame for which the capillary bridge is not broken up. The frame
number and the corresponding minimal distance d are saved to the hard drive in a file, which contains two
columns: the number of frames and the minimum distance in pixels.

5.2.3 Code Validation
In order to check whether the image processing algorithm works correctly, image data from a numerical
simulation of the breaking up capillary bridge was evaluated by the algorithm and compared with the cell
data of this simulation. The simulation was set up and performed by Mathis Fricke with the software Free
Surface 3D with initial geometry data originating from the Surface Evolver, which again used boundary
conditions from experiments. The reader is referred to section 6.3 for more details about this process.
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Figure 5.4: Comparison between the simulated breakup of a capillary bridge, and the evaluated images
from the image data originating from simulations. The pixel resolution of the high-resolution
data is 1.79 µm/px and of the low-resolution data 4.95 µm/px, respectively. The relative error is
plotted on the second y-axis. The black dashed line serves as a guide for the eye for the error
data. Cell data originates directly from the numerical simulation and serves as the reference.

Cell data, as well as images, were written out every 1/200000 s. Images were extracted from the visual
representation of the simulation in two different resolutions, i.e. 1.79 µm/px in the case of high-resolution
pictures, and 4.95 µm/px in the case of low-resolution, respectively. Figure 5.4 shows the results. The
red line represents the cell data that serves as the benchmark. It originates directly from the simulations
and is the minimum width obtained from the numerically calculated data within the cells representing
the capillary bridge. Black and green data points represent the data originating directly from the image
evaluation algorithm with the before-mentioned images as image data. From the figure, it can be seen that
the breakup time t0 is found correctly by the algorithm. This instance was also found when comparing the
images with the data originating from the algorithm. Moreover, the data for the minimum bridge width
calculated by the evaluation algorithm dpic follows the cell data dcell correctly. Deviations from the red
line at different times t before breakup are due to the resolution of the images. In order to quantify the
deviation from correct values, the relative error
υ=

|dcell − dpic |
dcell

(5.3)

for the high-resolution data is plotted on the second ordinate as gray data points with a dashed line serving
as a guide for the eye. As can be seen, υ is well below 2 % for larger values for d while the error increases
to about 10 % for small values of d. This is due to the resolution of the image. Nevertheless, with this data,
the absolute error (which is 1.98 µm for the last image (dpic = 10.74 µm, dcell = 8.76 µm) made by the
image evaluation algorithm is of the order of one image pixel size.
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(b)
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(a)

lphil
(c)
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Figure 5.5: Picture of the initial geometry (a), fully converged minimal bridge width conﬁguration (b), and
fully converged critical wetting contrast conﬁguration (c). From the experiments, it is known
that the droplet has a symmetric shape. Therefore only one quarter of the droplet, colored in
blue, is considered in the simulations. Hydrophilic and hydrophobic stripes are indicated in
green and red, respectively. bphil and d refer to the wetted width of the hydrophilic stripe and
the minimum width of the capillary bridge on the hydrophobic stripe.

5.3 Numerical Procedure
For numerical calculations of the problem, Surface Evolver is used. In section 3.3, the general functionality
and the idea of the numerical model is presented. Here it is shown how this is employed for droplets on
chemically patterned surfaces.

5.3.1 Model and Geometry
In contrast to experimental methods, the Surface Evolver allows us to study any contact angle contrast
∆Θcon = Θphob − Θphil , i.e., the maximum difference between the two contact angles for which no breakup
is observed on the hydrophobic and the hydrophilic area of a stripe pattern surface. Therefore, it can be
used to find its critical value for droplets to break up or stay intact.
Starting from the initial geometry, as shown in figure 5.5(a), both situations can be achieved within the
energy minimization iterations within Surface Evolver, depending on the contact angle on the hydrophilic
(green) and hydrophobic (red) stripe. Computational time can be saved by only simulating a quarter
droplet with two symmetry planes, one along the center line of the hydrophobic stripe and one cutting
the droplet along the capillary bridge along its axis. Symmetry planes in Surface Evolver are those with a
contact angle of 90◦ . The resulting simulation domain is colored in blue. For a wetting contrast smaller
than the critical one, it is expected that the droplet does not break up, and the liquid recedes from the
hydrophilic stripe with decreasing volume. This situation is sketched in figure 5.5(c) with bphil being the
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wetted width of the hydrophilic stripe. On the other hand, when the contact angle contrast is large enough,
a situation shown in figure 5.5(b) is expected with d, the bridge width, being the critical parameter. Both
situations in principle do agree with experiments, as will be shown later on. The contact line on the
hydrophilic and the hydrophobic stripe is free to move along the stripe direction.
A second version (subsequently also denoted with (v2)) of the model was implemented to calculate
the critical bridge width. This was necessary because the Surface Evolver does not account for contact
angle hysteresis. However, hysteresis effects may affect the wetted length on the hydrophilic stripe, and,
therefore, the critical bridge width. Consequently, in version (v2), the wetted length lphil is kept constant
during the iterations, while all above described parameters stay untouched. This version of the model
was also used for the calculations in the follow-up chapter 6 to calculate the initial configuration for the
Volume-of-Fluid simulations.
In any case, no other energies except for surface energies were taken into account. In particular, gravitation
was neglected, since the droplet dimensions were expected to be smaller than the capillary length.

5.3.2 Parameters and Algorithm
The required central building blocks in order to automate the calculations are described in section 3.3.2.
Here, the algorithm is presented that was developed to calculate minimal energy configurations of droplets
on chemically striped pattern surfaces. Besides the description, including all relevant parameters, the
implemented algorithm is shown in figure 5.6.
First, the initial geometry, as sketched in figure 5.5(a), with given hydrophilic and hydrophobic stripe widths
and contact angles, is loaded with a specific liquid volume. Then some pre-evolving steps are performed,
including ordinary evolving and mesh refining steps to achieve a realistic surface configuration. This is
followed up by an automated procedure, which, in its central piece, is recommended in the manual of the
Surface Evolver: the subsequent refinement and evolving of the surface towards an energetic convergence
criterion within each refinement level. Therefore, two meshing parameters and one convergence criterion
are defined for each of the, in total, three refinement levels, i.e., a minimum and a maximum mesh size
emin,i and emax,i , as well as a value for the convergence of variation of the last seven iterations cconv,i , as it is
needed for the described routine in section 3.3.2 that is subsequently executed. Note that the calculation of
cconv,i takes place within the surface evolving step in figure 5.6. The problem-specific routine is executed
after the mesh cleanup. It consists of two queries to judge whether a droplet breaks up or evaporates as a
whole:
1. Breakup: An evolved liquid surface is considered as broken up if the minimum width of the liquid
bridge d in figure 5.5(b), is less than dthresh = 0.1 wphil .
2. No breakup: No breakup is expected when the wetted width of the hydrophilic stripe (bphil in
figure 5.5(c)) is less than bthresh = 0.25 wphil .
The breakup criterion (1.) was chosen so that the corresponding threshold is significantly smaller than the
critical widths found in the experiments and the calculations with the model presented below. When this is
true, then in version (v1) for the critical wetting contrast, the calculation for the pair of Θphil and Θphob is
finished. On the other hand, when criterion (2.) is fulfilled, the wetting contrast is small enough that the
droplet is expected to evaporate intact. The described routine is repeated for each refinement level until
the calculation has reached the final convergence criterion cconv,3 = 10−7 for a mesh that fulfills the criteria
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emax = 1/80(wphil + wphob ) and emin = 1/100(wphil + wphob ). When convergence is achieved, but none of
the criteria (1.) and (2.) is fulfilled, then the droplet volume is reduced by ∆V, and the above-described
routine is repeated until either the breakup or the no-breakup criterion is fulfilled. It is not necessary to
further evolve a droplet that fulfills the no-breakup criterion to convergence, since preliminary studies
showed that when convergence is reached, still no breakup has occurred.
In version (v2) for the critical bridge width calculation, the droplet volume is increased by ∆V after a
breakup was detected, and the calculation is repeated with the higher volume. Together with the volume
decrease after the droplet shape has fully converged, the volume is in- or decreased in such a way that this
procedure is similar to the principle of nested intervals. The volume is changed until a pre-defined relative
threshold value ∆Vthresh is reached which equals 0.5% of the last stable volume.
Read in parameters.
Start iteration over different volumes with V0 = Vinit and ∆V = ∆Vinit .
Load geometry.
Set volume to V = V0 .
Perform pre-evolving steps.
Do vertex averaging and equi-angulation.
refinementLeveli ≤ refinementLevel3
Read mesh and convergence parameters (emax,i , emin,i , cconv,i ).
cv,7 > cconv,i
Perform surface evolving.
Perform mesh refining.
Perform mesh cleanup.
d < dthresh
Yes
Write out results to results.dat file.
Calculation has finished successfully (only v1).
Increase volume V0 = V + ∆V/2 (only v2).

No

∅

Continue with (I) (only v2).
b < bthresh
Yes
Export surface to .dmp- and .stl-file.
Write out results to .dat-file.
Calculation has finished successfully.
i += 1

No
∅

Export surface to .dmp- and .stl-file.
Write out results to .dat-file.
Decrease volume V0 = V − ∆V/2.
Calculate ∆V = |V − V0 |. (I)
∆V < ∆Vthresh
Figure 5.6: Overall Surface Evolver algorithm.
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Figure 5.7: Validation of the no-breakup criterion. The dots show the calculated hydrophilic contact angle
upon which no breakup is expected for a ﬁxed hydrophobic contact angle (Θphob =100◦ ) for
different choices of the no-breakup criterion bphil /wphil .

5.3.3 On the No-Breakup Criterion
The no-breakup criterion (2.) is an empirical criterion that was developed after preliminary simulations
were performed. In these simulations it is found that for a given parameter set (wphil , α, Θphil and Θphob )
and if the difference between the hydrophilic and the hydrophobic contact angle is small enough, bphil
decreases with volume. This finding is based on fully converged simulations. Consequently, in this situation
it is energetically more favorable for a droplet to recede from the hydrophilic stripe than to break up and wet
only the hydrophilic stripes. The value of 0.25wphil for the no-breakup criterion results from a parameter
study for wphil = 500 µm and α = 1 that was performed prior to our final calculations. In this study the
threshold value for bphil was subsequently decreased, and it can be observed that the calculated hydrophilic
contact angle marking the transition to no breakup changes by maximum 1◦ compared to the one obtained
with the no-breakup criterion. This can be seen from figure 5.7. The hydrophobic contact angle was 100◦ in
this study. Having a not too small threshold value for bphil also helps to limit the CPU-time requirements of
the simulations, since for a given set of parameters the number of iterations required significantly increases
when the threshold value is reduced.

5.4 Results and Discussion
Figure 5.8 shows the general evaporation behavior of a water droplet at four different stages (I - IV) on
a surface with a low and a high wetting contrast between the hydrophilic and the hydrophobic stripe in
(a) and (b), respectively. In both cases, the hydrophobic stripe is coated with PFDTS, while in (a), the
hydrophilic area is coated with TFPTS, it consists of the bare glass surface in (b). Corresponding contact
angles are presented in table 4.3. The first row for each wetting contrast shows the bottom view, the second
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Figure 5.8: Water droplets on a striped surface at different stages of evaporation (indicated by I - IV).
Hydrophilic and hydrophobic stripes are formed by TFPTS and PFDTS in (a) and glass and
PFDTS in (b). While in (a) the droplet evaporates as a whole, it breaks up in (b). The width of
the hydrophilic stripe is 500 µm and α = 1 in both cases. The ﬁrst row in each case shows
the top view, the second the side view. Reprinted with permission from [75]. Copyright 2019
American Chemical Society.
the side view that reflects the wetting behavior parallel to the stripe direction. In the experiment with
the smaller wetting contrast, the droplet initially wets two hydrophilic stripes with a hydrophobic one
between them (step I). This is followed by steps II and III in which the liquid first recedes from the bottom
hydrophilic stripe and then from the hydrophobic one while the main body of the liquid phase stays intact,
i.e., there is no breakup of the sessile droplet. This general behavior is similar to the one that is known
from literature [102, 103, 104, 105, 106, 107, 108], and shows that it is also observable for configurations
in which a droplet has similar length scales as the stripe pattern. During evaporation in stages I - III, the
droplet recedes on the hydrophilic stripe with the receding contact angle of TFPTS. In stage IV, however,
when the droplet finally wets only one hydrophilic stripe, the contact angle becomes smaller than the
receding one on TFPTS. This behavior is known from evaporating sessile droplets on unpatterned surfaces
and already discussed in section 4.2.4.
In contrast to figure 5.8(a), in (b), the difference between the contact angles on the different stripes
is increased. Also here, the droplet initially wets three stripes in the order hydrophilic-hydrophobichydrophilic, but the wetted length on the hydrophilic stripe stays constant. At the same time, the width of
the liquid on the hydrophobic region, in the following also called the bridge, decreases from stage I to III,
until it finally breaks up because it is energetically more favorable to wet only the two hydrophilic stripes
(stage IV) instead of these and the hydrophobic one, in addition. The contact angle on the hydrophobic
stripe shows a different behavior than described before. While in stage (I) it is slightly bigger than the
receding contact angle, it increases with decreasing bridge width (compare stages I to III). This is because
the pressure within the liquid bridge on the hydrophobic stripe increases with ongoing evaporation due
to a decreasing bridge width. Since the mean curvature must be the same at every point on the surface,
the pressure within the liquid bridge can only be balanced when the curvature of the liquid above the
hydrophobic stripe is increased. Therefore the contact angle increases. In stage IV, the contact angle is
again larger than in stage IV. This is because the liquid located above the hydrophobic stripe in stage III
has merged with the liquid above the hydrophilic stripes and, hence, the local volume is increased there.
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Figure 5.9: Phase diagram of the stability of droplets wetting three stripes, one hydrophobic one between
two hydrophilic ones. The symbols show the boundary between the stable (no breakup) and
unstable (breakup) regions as obtained with Surface Evolver. A droplet evaporates without
breaking up if its contact angles are located above the line connecting the corresponding
data points. Otherwise, it breaks up. The corresponding regions are marked with arrows.
The rectangles denote the range of advancing and receding contact angles of water droplets
on different combinations of substrates with which experiments were performed. Reprinted
(adapted) with permission from [75]. Copyright 2019 American Chemical Society.
In these experiments, the wetted length on the hydrophilic stripe stays constant over the total evaporation
time.
The experiments depicted in figure 5.8 show that there must be some critical wetting contrast between
the hydrophilic and the hydrophobic stripe above which a droplet breaks up during evaporation instead
of staying intact, as it could already be presumed from our initial experiments. Since the contact angle
contrast is limited to some special cases in the experiments, its critical value is further investigated using
the Surface Evolver in section 5.4.1. On the other hand, also a sessile droplet as in part (b) of figure 5.8
may be stable upon a critical pressure within the bridge. This is discussed in section 5.4.2

5.4.1 Critical Contact Angle Contrast
The results obtained for the numerical calculations with Surface Evolver are presented in figure 5.9. In
these simulations, the parameters Θphob and α are kept constant. Starting from relatively high values for
∆Θcon , Θphil is subsequently increased when an unstable configuration for decreasing volumes is detected
until the no-breakup criterion is fulfilled. Each data point shown marks the critical contact angle contrasts
∆Θcrit = Θphob − Θphil where no breakup is expected for further decreased volumes. It is not necessary to
further increase the contact angle range towards higher hydrophobic contact angles since, for flat surfaces,
the maximum contact angle is about 120◦ [110, 111].
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From figure 5.9 it can be seen that for α ≥ 1, ∆Θcrit is about the same, while for α = 0.5, the critical contact angle contrast is slightly larger. However this difference between α ≥ 1 and α = 0.5 is small
and in the order of the measurable error within typical goniometric contact angle measurement errors.
Therefore the influence of α on the critical contact angle contrast can be neglected for most practical
purposes. Hence, the only relevant parameter to predict if an evaporating droplet breaks up is the contact
angle contrast as a function of the hydrophobic contact angle. With an increasing hydrophobic contact
angle, ∆Θcrit increases linearly, as it is indicated by the black line in figure 5.9 that divides the space
that is spanned by Θphil and Θphob into a stable region above and an unstable one below the line. As
already mentioned, no contact angle hysteresis is implemented within the Surface Evolver either on the
hydrophobic or the hydrophilic stripe. It is expected that when differences in contact angles on both stripes
are close to ∆Θcrit , both, Θphil and Θphob are in their receding states. This observation is in accordance
with the experiments performed with a TFPTS-PFDTS surface, shown in figure 5.8(a). Therefore the
contact angles from Surface Evolver can be interpreted as the receding contact angles. However this is not
true for large contact angle contrasts (see glass-PFDTS figure 5.8(b)).
The experiments presented in figure 5.8 can be used to validate the numerical calculations. In addition to
the experiments on the materials glass-PFDTS and TFPTS-PFDTS, the material combination glass-TFPTS
was tested in experiments, and breakup can be observed for all investigated α. The contact angle hysteresis
for each material combination is depicted as gray rectangles in figure 5.9. I.e., the contact angle range
measured with water on the given hydrophilic and hydrophobic part of the surface are shown. The performed experiments are in accordance with the results from the Surface Evolver calculations and can be
understood as a validation of the numerics.
The results are shown in figure 5.9 and can be used to predict whether an evaporating water droplet on
a striped surface breaks up or stays intact. In the following, the breakup regime, i.e., the region below
the black line, will be further discussed based on the experimental data obtained for the combination
glass-PFDTS.

5.4.2 Critical Bridge Width
When the wetting contrast is above the critical value as discussed in 5.4.1, the droplet is not a priori unstable.
If there would be no evaporation, a freshly placed droplet would stay intact, provided that the contrast in
contact angles is not too extreme. To quantify the stability within the unstable wetting contrast regime, it is
convenient to consider the bridge width d as the critical parameter. The material combination PFDTS-glass
is used as a representative in the unstable regime. In figure 5.10(a), the influence of different hydrophilic
stripe widths (wphil = 250, 500 and 750 µm) and different α (α = 0.5, 1, 1.5) on the minimal width of the
bridge d are shown as a function of the time t before breakup at t0 . The minimal width d of the capillary
bridge and the time t before breakup are made dimensionless in figure 5.10b. For that purpose, wphil is used
as a suitable length scale for the bridge width, and the minimum width of the capillary bridge is multiplied
by the inverse of wphil , i.e., Dphil = d · w−1
phil , to compare the corresponding influence. In order to make
the time dimensionless, the capillary time scale τ = (w3phob ρ/σ)1/2 is chosen since the breakup process is
expected to be dominated by inertia and surface tension σ. In this case, the hydrophobic stripe width wphob
is used as the length scale and ρ is the density of the fluid. The dimensionless time T is therefore considered
as T = t · τ −1 . The characteristic behavior of the curves in figure 5.10 can be identified. For large dimensionless times T >> 1, the slope of the curve is relatively small. At approximately T ≈ 1, there appears to
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Figure 5.10: Inﬂuence of the hydrophilic stripe width on the breakup behavior for different values of α. The
data are plotted in the non-dimensionless (a) and dimensionless form (b). The hydrophobic
stripes were obtained by functionalization with PFDTS. t0 − t and T0 − T measure the time
before the breakup of the liquid bridge. t0 and T0 mark the points in time when the width of
the liquid bridge becomes zero. In (b), the dimensionless minimal width of the liquid bridge is
denoted by Dphil = dw−1
phil . The assignment of symbols is as follows: α = 0.5 (squares), α = 1
(circles), α = 1.5 (triangles). Reprinted (adapted) with permission from [75]. Copyright 2019
American Chemical Society.

be a change in the general behavior towards a steeper slope. Later on it will be shown that this is when the
critical bridge width Dcrit is reached, and the droplet becomes unstable, i.e., no configuration of the droplet
surface with constant mean curvature between different points on the surface can be found for Dphil < Dcrit .
When using the parameters described above for non-dimensionalization, it is obvious that when constant values of α but different values of wphil are regarded in figure 5.10(b), the data collapses onto a
single curve after the critical width is reached (T ≲ 1). This indicates that the breakup process of the
capillary bridge is dominated by inertial and capillary forces. In particular, it can be inferred that Dcrit only
depends on α and increases for an increased ratio of the hydrophobic and the hydrophilic stripe width.
An explanation for that comes from geometric similarity considerations. For a constant hydrophilic stripe
width, the evaporating droplets have different geometric shapes for different α. When α is fixed, however,
and the geometric shape is rescaled, then the corresponding droplet shapes can be obtained for different
values of wphil . Therefore Dphil is independent of wphil . Note that from figure 5.10, it can be inferred that
for a constant hydrophobic stripe width, the critical width of the liquid bridge decreases with increased α.
When Dphil > Dcrit , the slopes of the curves for constant α differ from each other. An extreme example can be seen for α = 1.5. During these experiments, the atmosphere around the droplets was not
controlled. Hence, this can be regarded as a result of different humidity and, therefore, different evaporation rates that lead to a decrease in the bridge width at different rates. For bridge widths below the critical
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Figure 5.11: (a) Shape of a droplet as it is assumed in the model, together with relevant model parameters.
Green and red areas denote hydrophilic and hydrophobic stripes, respectively. In (b) the
capillary bridge is cut in the middle of the hydrophobic stripe parallel to the stripe orientation.
Reprinted (adapted) with permission from [75]. Copyright 2019 American Chemical Society.
one, however, evaporation does not play any role since this breakup process happens on a small time scale.
The reader is referred to chapter 6 for further information on this topic and a detailed discussion of the
breakup dynamics.

Model From the experiments alone, it is not possible to extract the exact value for the critical diameter. In
order to do that, it would be necessary to calculate the velocity of the capillary bridge due to the evaporation
rate. Even when the humidity is controlled, only a very rough estimation of the evaporation rate is possible
because of the complex droplet geometry. In order to predict the critical width of the capillary bridge, a
geometrical model has been set up that compares the pressure within the bridge, pphob , and within the
liquid wetting the hydrophilic stripe, pphil , adopting the Young-Laplace equation (2.15) for the present
purpose to
)︃
(︃
1
1
.
(5.4)
∆pi = σ
+
ri,∥ ri,⊥
In equation (5.4), i refers to phob and phil. Each ∆pi can be calculated when two radii of curvature
perpendicular to each other are known. For the present purpose, the directions parallel ∥ and perpendicular
⊥ to the stripe orientations are taken for convenience. The reader is referred to figure 5.11 for an overview
of the used geometrical quantities.
For the liquid located above the hydrophilic stripe, the radii of curvature are calculated by scaling relationships using the relevant length scales wphil and lphil,∥ , the wetted length on the hydrophilic stripe.
In accordance with experimental observations, this quantity is fixed. When additionally to the above
quantities the contact angles of the liquid are taken into account, the radii of curvature
rphil,⊥ =

wphil
2 · sin(Θphil,⊥ )

(5.5)

rphil,∥ =

lphil,∥
.
2 · sin(Θphil )

(5.6)

and

can be obtained by assuming circular segments parallel and perpendicular to the hydrophilic stripe.
Θphil,⊥ is the contact angle normal to the stripe orientation at the boundary between a hydrophilic and a
hydrophobic stripe
(︃
)︃
hphil
Θphil,⊥ = 2 · arctan 2
(5.7)
wphil
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as sketched in figure 5.11 with
hphil

lphil,∥
=
· tan
2

(︃

Θphil
2

)︃

(5.8)

being the height of the liquid wetting the hydrophilic stripe. Thus, the pressure within the liquid above
the hydrophilic stripe can be calculated when lphil,∥ , wphil , and Θphil , the contact angle on the hydrophilic
stripe, are known.
The estimation of ∆pphob is a more difficult challenge since it is impossible to calculate this value from
simple scaling relations for the curvatures of radii rphob,⊥ and rphob,∥ . Since rphob,∥ is the result of the
present problem, this variable does not pose a problem. rphob,⊥ , however, must be determined from
experiments. The results of this determination is shown in figure 5.12. There, the dimensionless curvature
K = wphil /rphob⊥ at the point of minimal capillary bridge width is plotted as a function of α. The inset in
−1
−1
figure 5.12 shows a typical dynamics of the curvature rphob⊥
. From this, it can be deduced that rphob⊥
stays
almost constant before the breakup. Therefore, the data points depicted in the main body of figure 5.12
show the curvature at points in time that are at least ten times the capillary time scale. It is extracted from
images by fitting a parabola to the shape of the capillary bridge. The second derivative of the parabola is
half of the curvature. The data points for glass-PFDTS are obtained from a substrate with wphil = 500 µm
and the points for glass-TFPTS with a hydrophilic stripe width wphil = 250 µm. From figure 5.12, it can be
seen that for two different hydrophilic stripe widths and two different wetting contrasts, the dimensionless
curvature is the same, and the data collapse onto a single curve. Therefore it can be deduced that K only
depends on α. In order to have suitable input parameters for the model the data points can be fitted with
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the function K = aα−1 in which a is found to be a ≈ 2.75, and the resulting curvature is
1
2.75
=
.
rphob,⊥
wphil α

(5.9)

Note that equation (5.9) is only valid for receding contact angles Θphob ≥ 90◦ . From figure 5.11(b), it is
clear that if the receding contact angle on the hydrophobic stripe is smaller than 90◦ (Θphob < 90◦ ), the
left-hand side of equation (5.9) must be supplemented by the factor sin(ΘPhob ), so that the curvature is
calculated normal to the plane of the liquid surface. The radius of curvature parallel to the hydrophobic
stripe
d
rphob,∥ =
(5.10)
2 sin(Θphob )
is modeled as a function of the minimum width of the capillary bridge d. When a droplet is in its equilibrium
shape, the pressure within the droplet is uniform and, therefore, ∆pphil = ∆pphob , from which d can be
calculated as a function of Θphil and lphil,∥ .
In the following, a further assumption is made, which corresponds to an observation from experiments
that shortly before the capillary bridge becomes unstable, almost the entire volume V of the droplet is
located above the hydrophilic stripe. This can, for instance, be seen at stage III in figure 5.8(b) in which
the capillary bridge covers less than 10 % of the entire area wetted by the droplet. The volume of the
droplet V is the sum of the liquid in the capillary bridge Vphob and above the hydrophobic stripes Vphil .
With the above made assumption Vphil ≫ Vphob , and therefore, it can be written that V ≈ Vphil and then
V scales linearly with the contact angle on the hydrophilic stripe Θphil , V ∼ Θphil . This is correct when
dp
lphil,∥ is constant, which agrees with experiments. A constrained capillary surface becomes unstable if dV
changes its sign from positive to negative [112, 113]. In the present problem, it can therefore be inferred
dp dV
that the liquid bridge becomes unstable if dΘdpphil changes its sign because dΘdpphil = dV
dΘphil .

Model Results In the experiments where high-speed imaging is needed, no side view recordings were
performed. To be able to see the influence of the wetted length of the hydrophilic stripe lphil,∥ on the critical
bridge width, a sensitivity study is performed. The results are shown in figure 5.13(a). In this figure, as
well as in part (b), the inverse of the width of the capillary bridge, 1/d, is plotted as a function of Θphil .
In figure 5.13(a), it can be seen that lphil,∥ only has a minor influence on the critical bridge dcrit . When
only contact angles on the hydrophilic stripe within the limits of the advancing and the receding ones are
regarded, the maximum error is about 5 %. Therefore it is inferred that lphil,∥ does not have a significant
influence on the breakup diameter.
From the inset of figure 5.12, it is inferred that 1/rphob,⊥ stays almost constant before the bridge breaks up.

Table 5.1: Parameters used in the model. All calculations were performed for wphil = 500 µm.
α
lphil,∥ (µm) 1/rphob,⊥ (1/ µm)
0.5
2000
11.00 · 10−3
1
2300
5.50 · 10−3
1.5
2600
3.67 · 10−3
2
2900
2.75 · 10−3
2.5
3200
2.20 · 10−3
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Figure 5.13: Inverse widths of the liquid bridge as a measure for the pressure obtained from the model. A
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wphil = 500 µm and α = 1. In (b), values for wphil = 500 µm and different α are shown. (b) is
reprinted (adapted) with permission from [75]. Copyright 2019 American Chemical Society.
Therefore, 1/d can be used as a measure for the pressure inside the capillary bridge. From figure 5.8(b), it
is known that Θphil increases when the width of the capillary bridge decreases in the final stage before the
critical width is reached. This is because Vphil is increasing while Vphob decreases due to the adoption of the
pressure in the capillary bridge and the liquid above the hydrophilic stripe. The present model also covers
dp
this effect. While the system is still in the stable region, i.e., dV
> 0 and, therefore, dΘdpphil > 0, volume is
added to Vphil . As a result, Θphil increases. At a certain point, the slope changes from positive to negative,
i.e., dΘdpphil < 0. At the local maximum, the bridge becomes unstable, and the critical bridge width can be
read from the point where

d( 1d )
dΘphil

= 0.

Parameters used in the model calculations are summarized in table 5.1. All presented curves are calculated
with a hydrophilic stripe width of 500 µm.

Comparison to Simulation and Experiments
d( 1d )
dΘphil

The results from figure 5.13(b), i.e., dcrit from the points

where
= 0, are depicted in figure 5.14(a) as a function of α. The red points denote the results
obtained from the Surface Evolver simulations performed with the constant length condition (v2). Within
Surface Evolver, lphil,∥ is set to the values used in the model, and the contact angle on the hydrophilic stripe
d( 1 )

d
is considered as the contact angle where dΘphil
= 0. It can be seen that there is a generally good agreement
between the model and the Surface Evolver simulations. Only the numerical value for α = 2.5 seems to be
incorrect. However, this deviation is acceptable. Multiple reasons might apply for the deviation. First of
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all, the Surface Evolver is a tool for calculating capillary surfaces in their equilibrium shapes. However,
shapes close to their point of instability are considered in the present problem. Additionally, the chosen
convergence criterion has an influence on the calculated minimum bridge width. If a stricter criterion
(cconv,3 < 10−7 ) is chosen, the situation might arise that the critical volume, and therefore the critical
width, is shifted towards larger values. The inverse situation appears for a less strict criterion. Moreover,
due to the implemented algorithm that finds the critical width by applying the principle of nested intervals,
also the chosen initial volume Vinit , as well as the initial step ∆Vinit at which the volume is decreased,
have an influence on the final calculated critical volume. Finally, it must be considered that in the simple
geometrical model presented above, the radii of curvature of the liquid above the hydrophilic stripe are
modeled with simple circular segments. The shape calculated with Surface Evolver, however, is close to
the one observed in experiments. Especially in the case of α = 2.5, in which a larger deviation from the
idealized picture compared to smaller values of α can be expected, the critical width found with Surface
Evolver seems to better describe the experiments (see figure 5.14b).

In figure 5.14(b), the results from the model and the Surface Evolver calculations are compared to
experiments. Also in these, wphil = 500 µm. The results from these agree well with the experimental results
indicated by the fact that the critical widths mark the points where the experimental curves change their
slope. Finally, the conclusion can be made that droplets on striped patterns become unstable if the pressure
within the capillary bridge cannot be balanced by the pressure that can be sustained in the liquid above
the hydrophilic parts of the striped pattern.
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5.5 Summary and Conclusion
Initial experiments with evaporating water droplets on chemically striped pattern surfaces with stripe
widths of the order of 10 µm were performed. These experiments showed that, unlike what is described in
the literature, evaporating sessile droplets on this kind of surfaces do not necessarily recede in slip-stick
motion but eventually become unstable. This observation motivated for studying the stability criteria
for droplets on striped pattern surfaces in more detail. For that purpose, a key configuration is chosen,
in which a water droplet initially wets three stripes in total, two hydrophilic stripes (with contact angle
Θphil ) separated by a hydrophobic one (with Θphob ). Experiments with stripes of different wettability
contrast ∆Θcon = Θphob − Θphil show that the stability depends on this parameter. In order to identify the
critical contact angle contrast ∆Θcrit , i.e., the contact angle contrast where no breakup of the droplet is
expected for decreasing volume, Surface Evolver was employed. This numerical tool allows studying broad
range of contact angles on both the hydrophilic and the hydrophobic stripe. It is found that the parameter
space spanned by Θphil and Θphob can be divided into a stable and unstable regime for ∆Θcon < ∆Θcrit
and ∆Θcon > ∆Θcrit , respectively. The boundary between these regimes is linear and does not depend
significantly on the stripe width ratio, and ∆Θcrit increases with increasing hydrophobic contact angle.
Within the unstable regime, experiments were performed to explore the stability limits in terms of the
minimum width of the capillary bridge that spans the hydrophobic stripe between two liquid fingers on the
neighboring hydrophilic stripes. It is shown that when the minimum width of the capillary bridge d is above
a critical width dcrit , the droplet is stable. With ongoing evaporation and, therefore, decreasing volume, the
bridge width decreases until it reaches dcrit , and the droplet breaks up with two disjoint liquid reservoirs
above the hydrophilic stripes. A dimensionless critical width Dcrit = d · w−1
phil could be identified which only
depends on the hydrophobic and hydrophilic stripe width ratio. For a better understanding, a model was
set up. This model balances the pressures within the liquid reservoirs above the hydrophilic stripes (the
fingers) and the capillary bridge. With this simple model, it could be shown that for a decreasing capillary
bridge width and therefore, an increasing pressure, a critical pressure exists that cannot be balanced by
the pressure within the liquid fingers anymore. At this point, the droplet becomes unstable. The model
agrees well with both the experiments and simulations with the Surface Evolver.
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Parts of this chapter can be found in Hartmann et al. 2020 [114]. Frank Plückebaum performed some of the
experiments. Lukas Weimar helped with the manual evaluation of primary data for the Rayleigh-Plateau
instability. Steffen Hardt had the idea of taking the result of the Surface Evolver as the initial condition for
computational fluid dynamics (CFD) simulations. The transformation of surface meshes to volume meshes
was performed by Tomislav Marić and Dirk Gründing. Numerical Simulations with FS3D and the idea
for the phase space is by Mathis Fricke though Li and Sprittles [115] first applied the idea of the phase
space analysis without naming it explicitly. Steffen Hardt and Dieter Bothe made valuable contributions
during the whole discussion process of the results together with Mathis Fricke. The presented results
are, therefore, a conclusion of the discussion between Steffen Hardt, Dieter Bothe, Mathis Fricke, and the
author of the present dissertation.

6.1 Introduction and Literature
In the previous chapter, the stability of droplets on chemically patterned surfaces is discussed and it is
shown that the droplet is stable as long as the pressure inside the liquid forming the capillary bridge above
the hydrophobic stripe can be balanced in the liquid above the two hydrophilic stripes. This is the case
until a certain width of the capillary bridge is reached. When the width of the bridge decreases further due
to evaporation, it breaks up. While in the previous chapter, the focus is on the statics of an evaporating
droplet, the subject of the present chapter is the dynamics of the breakup process itself. In particular, the
process between stages III and IV in figure 5.8(b) is examined more closely.
The breakup seems to be qualitatively similar to the collapse of a soap film between two circular rings. This
was investigated by Chen and Steen [116] using numerical calculations. The authors found two breakup
regimes, both dominated by the balance between inertial and capillary forces. The change in regime is due
to a geometric transition during breakup. The first scaling they found is a classical result for the evolution
of the minimum width d of a free liquid bridge
(︃
d(t0 − t) = C

σ(t0 − t)2
ρ

)︃1/3
,

(6.1)

where σ is the surface tension, ρ the fluid density, and τ = t0 − t the time t before the bridge breaks up at
t0 . The authors of [116] also calculated that this scaling holds until the cylindrical like shape is formed
which leads to a transition in breakup dynamics to a 2/5th-scaling that follows from the same dominating
forces but is a result from the changed geometry. Note that in that context, "free" means that the bridge is
entirely surrounded by some gas and not in contact with a substrate (except for the two rings, of course).
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The prefactor C in equation (6.1) has been believed to be a universal constant with a value close to 1.4 for
quite some time (see, e.g., Eggers and Fontelos [117]). However, more recent studies show that C is not
universal. Instead, the experimentally observable value of the prefactor may depend, for example, on the
initial state of the system [118].
According to Li & Sprittles[115], the appropriate dimensionless number characterizing the breakup
of a free capillary bridge of a liquid is the Ohnesorge number
Oh = √

η
,
ρσR

(6.2)

which is the square root of the ratio of the viscous length scale η 2 /(ρσ) (with η being the dynamic viscosity)
and a characteristic length scale R. The width of the hydrophobic stripe in case of α = 1, ωphob = 500 µm, is
chosen as the characteristic length scale. With this definition, the Ohnesorge number for water surrounded
by air can be calculated as Oh ≈ 4.70 · 10−3 . Clearly, the limiting cases Oh → 0 and Oh → ∞ characterize
the inviscid and viscous breakup regime, respectively. The inviscid breakup regime is already mentioned
above for the soap film. Within the viscous regime, viscous forces play the dominant role, and d scales
linearly with time t0 − t, i.e., d ∼ K(t0 − t), with K being a constant. In the same publication of Li and
Sprittles [115], a phase diagram is presented, in which, besides the two regimes mentioned above, also a
third regime, the viscous inertial regime for intermediate values of Oh, can be identified in the parameter
space that is spanned by d and Oh. Here, as well as in the viscous regime, d ∼ K(t0 − t) is valid but with
a different constant K. In [115], numerical simulations for a free capillary bridge with a similar value
of Oh compared to the present case were performed. Dynamic transitions into the inviscid regime and
from the inviscid into the viscous regime were observed as the minimum diameter of the bridge decreases
approaching breakup.
Note that Chen and Steen [116], as well as Li and Sprittles [115] deal with a free capillary bridge
without substrate contact. This is not the case in the present investigation, where the capillary bridge is in
contact with the substrate. For liquids in contact with a substrate, Bostwick and Steen [113] provided a
review, where the focus lies on the stability of constrained capillary surfaces in general. The same authors
theoretically investigated the instability of static rivulets [119] and considered varicose (symmetric) and
sinuous (anti-symmetric) modes for pinned and free contact lines. For symmetric modes, they confirmed
the results by Davis [120]: For all contact angles, breakup can happen in the case of a free, i.e., unpinned,
contact line, while for pinned contact lines, contact angles must be greater than 90◦ . Other studies exist for
unpinned [121, 122] and pinned [123] contact lines, as well. In the case of anti-symmetric modes, a static
rivulet is always stable in the case of a pinned contact line and unstable only for contact angles larger than
90◦ . These publications deal with the stability of rivulets. However, to the best knowledge of the author,
no investigations on the breakup and dynamics of capillary bridges in contact with surfaces have been
published so far. This chapter aims to examine the corresponding breakup dynamics and compare it to a
"free" liquid bridge. For that purpose, the experiments are supplemented by numerical simulations, since
only with these, it is possible to overcome some technical drawbacks origination from the experiments
and to independently change fluid, and fluid-substrate properties. This is needed for detecting influencing
parameters on the breakup physics. Moreover, the final breakup process is compared to the classical
Rayleigh-Plateau instability, which is only possible from the experimental data due to other drawbacks, i.e.
limited spatial resolution, originating from simulations.
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6.2 Some Details on the Experimental Procedure and Data Evaluation

The experimental setup used to examine the bridge breakup dynamics in contact with a substrate is already
presented above. Moreover, the experimental procedure itself is the same as used throughout chapter 5.
Therefore the reader is referred to sections 3.1 and 5.2 for further details on the experiments. The dynamic
data shown in this chapter are all recorded within the experimental setup that allows observing a droplet
in top and in side view mode. No humidification of the atmosphere around the droplet was performed, and
the recording frequency was set to 75,000 fps. As in the chapters before, DI-water (Milli-Q, 18.2 MΩ·cm) is
used as the working fluid, and experiments are performed on PFDTS-glass patterns with different stripe
width ratio α = wphob /wphil . The experimental data shown in figure 6.8 results from all experiments
performed within the microscopy setup since it allows a higher spatial resolution of the images taken
during the breakup process. In the following, some explanations regarding the choice of this setup and the
data evaluation are given.

6.2.1 Experiments

In chapter 5, it is shown that the critical diameter depends on the wetting behavior of the liquid on the
hydrophilic stripe, i.e., its wetted length lphil and the contact angle Θphil , while these two parameters are
connected. The present chapter now deals with the breakup dynamics. Since the configuration at the
onset of the instability is needed as the initial geometry for numerical simulations, it is vital to perform
synchronized recordings from both the wetting behavior on the hydrophilic stripe and the breakup process
of the capillary bridge. From the side view, the parameters lphil and Θphil can be extracted close to the
moment of the onset of breakup, while the top view gives information on the dynamics of bridge breakup,
i.e., the temporal evolution of the minimum width of the bridge as a function of time d(t). Only then
numerical and experimental data can be compared reasonably. Therefore, the experimental setup that
allows experimental observations in the top and side view mode is used for these experiments, though
the resolution in top view mode is less than the one with the microscopy setup. This is taken into account
by using only substrates with the parameter wphil = 500 µm, which is small enough to neglect gravity but
large enough to guarantee a sufficient spatial and temporal resolution. Furthermore, from chapter 5 it is
already known that the only relevant geometrical parameter for a change in the dynamics is α. Therefore,
it is sufficient to take into account only one hydrophilic stripe width.
Moreover, humidification of the atmosphere around the observed droplet
√︂ is not needed since the breakup
process occurs on the capillary time scale τ , see section 5.4.2, with τ = σρ w3phob , with ρ being the density
of the liquid, σ being the surface tension and wphob being the hydrophobic stripe width. According to Li et
ρLH
al. [124], the evaporation time scale of a sessile droplet can be estimated as τevap = DH O,air
∆cH O , with L
2

2

and H being two different length scales, DH2 O,air = 2.4 · 10−5 m2 /s being the diffusion coefficient of water
vapor in air and ∆cH2O ≈ 1 · 10−2 kg/m3 being the concentration difference of a saturated atmosphere
to the surrounding air. Since typical widths of the capillary bridge are in the order of a few 100 µm, the
τ
ratio between the two time scales is evap
≈ 105 , and therefore, evaporation can be neglected during the
τ
breakup. The option of performing experiments within a climate chamber is therefore not needed.
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Figure 6.1: Illustration for the choice of breakup time for wphil = 500 µm and α = 1. In (a), three curves
resulting from the same set of averaged ﬁve breakup experiments are shown. The ﬁnal slope
of the curves (dotted lines) depends strongly on the choice of breakup time t0 . The red curve
results from choosing breakup to occur when the bridge fully detaches at t⋆ while the green
curve represents the data with a breakup point at t⋆ − ∆t in which ∆t is deﬁned by the camera
frame rate. The inlet pictures are taken from a different experiment from the microscopy setup.
In (b), the breakup velocity is plotted versus the minimum bridge width for one experiment
ﬁltered (black) and unﬁltered (red). The averaged data shown in (a) is plotted as its derivation
in green color.

6.2.2 Data Evaluation - On the Choice of the Exact Breakup Time
The experimental data presented in the present chapter is evaluated with the same evaluation algorithm
as presented in section 5.2.2. While in chapter 5 the exact time of breakup t0 is of minor importance, it
may have a significant influence on the interpretation of the data regarding the dynamics. This can be
demonstrated with the breakup data for wphil = 500 µm and α = 1, as it is depicted in figure 6.1(a). When
images with a constant frame rate are recorded, and an event happens at a singular instance in time, this
event can never be captured precisely. In the present case, this is the exact point of breakup when the
fluid of the breaking up liquid bridge detaches at time t0 . Typically, we have access to a frame in which
the capillary bridge has already pinched off at t⋆ and a picture at t⋆ − ∆t, in which the liquid bridge is
still connected (see inlets in figure 6.1(a)). The time interval ∆t is defined by the inverse of the camera
frame rate, which is ∆t = 1/75, 000 s. The correct pinch-off time t0 must occur at some point in time
between t⋆ − ∆t and t⋆ . From figure 6.1(a), it can be seen that the slope of the mean value of the same five
experiments, depicted with logarithmic scales on both axes, changes depending on the choice of breakup.
Since the slope within a log-log-plot represents the exponent of the drawn data, the choice of t0 is of great
importance for interpreting the data. Consequently, the uncertainty in breakup time is accounted for by
estimating the pinch-off to happen at t0 = t⋆ − ∆t/2, mapping the events at t⋆ − ∆t to t0 , and assuming an
error in the time of ∆t/2 on both sides of the mean value. The error bar in the vertical direction represents
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the standard deviation of the minimum width of five measurements.
Another way to analyze the breakup process is to investigate the breakup speed as a function of the
minimum width as shown in figure 6.1(b). From now on the evaluation within the space that is spanned
by the minimum width and its breakup speed is called the phase space analysis. This type of analysis can
be found in Li and Sprittles [115] but was independently developed by Mathis Fricke as described in [114,
125]. Since this analysis is independent from the exact point of breakup, it allows more detailed insights into
the breakup processes. The key points of this analysis are presented here. However, a precise mathematical
derivation of the idea can be found in the dissertation by Mathis Fricke [125]. When d(t0 − t) follows a
scaling relation, as it does, e.g., in the inviscid regime (see equation (6.1)), then it can be expressed as
d(t0 − t) = C(t0 − t)ν ,

(6.3)

with C being some constant, and ν the scaling exponent. The breakup speed can then be calculated as
ḋ (t0 − t) = νC(t0 − t)ν−1 .

(6.4)

Note that the time derivation is performed with (t0 −t) as the time variable. Equation (6.3) can be converted
to t0 − t and substituted into equation (6.4). After some calculus, the breakup velocity can be written as a
function of the minimum width
1 ν−1
ḋ (d) = νC ν d ν .
(6.5)
This means that if some scaling exists, that can be expressed with equation (6.3), then this scaling can
be unambiguously identified within the phase space with equation (6.5). However, a consequent analysis
of the breakup process requires the numerical differentiation of the experimental secondary data, which
results from the code described in section 5.2.2. In the present case, the speed of breakup ḋ (t0 − t) for
every data point in time for each single experiment is performed by
d(t) − d(t − ∆t)
ḋ (d(t − (∆t)/2)) =
.
∆t

(6.6)

When this calculation is performed with experimental data, two things must be taken care of. First of
all, this analysis only makes sense when single experiments are investigated. When the averaged data
is taken, such as shown in figure 6.1(b), the real dynamics is averaged out, and the investigation within
the phase space is less meaningful compared to the data for a single experiment, especially for the last
few data points before pinch-off. Second, taking the derivative of experimental data that always is noisy
requires to apply some filters to draw meaningful conclusions from it. This issue can be seen when the
red and black data points are compared, resulting from one single experiment. In the present case, the
Savitzky-Golay-Filter [126] is used as it is implemented within the Python package SciPy [127].

6.3 Numerical Methods
The presented data in figure 6.1 is an excellent example for the limitations of the experiments since from
these data, a definitive statement concerning the governing physics of breakup is hardly possible. While in
figure 6.1(a), the errors are too large, in (b), the derived data from experiments are too noisy to conclude
for a definite scaling as suggested in equation (6.3). Therefore, simulations are performed to overcome the
experimental limitations. However, also these suffer from some restrictions that must first be resolved for a
quantitative comparison between experiments and simulation. One of the restrictions of the computational
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fluid dynamics (CFD) simulation methods, as used in the present chapter, is the computation time and,
hence, the duration of one simulation. The geometry of the last stable droplet configuration on a chemically
patterned surface is relatively complex (see, e.g., figure 5.5(b)). If this shape must first be found from a
generic geometry, such as a spherical cap, these simulations are not practicable in a reasonable amount of
time without knowing the critical volume.
A practical way to overcome this issue is to use fully converged Surface Evolver calculations as the initial
geometry for the CFD simulations. The parameters originating from the experiments at the moment when
the bridge becomes unstable, i.e., the wetted length on the hydrophilic stripe lphil , and the contact angles
on the hydrophilic and hydrophobic stripes Θphil , and Θphob , must be captured precisely to calculate
realistic initial conditions. These parameters are summarized in table 6.1. With this knowledge, a droplet
configuration with a minimum stable volume corresponding to a minimum stable bridge width d can be
calculated using the Surface Evolver model in version (v2) for the minimal bridge width configuration.
Details can be found in sections 5.3 and 3.3.
The software Free Surface 3D (FS3D) used for numerical simulations is a finite volume solver, i.e., the
mesh consists of many finitely small volume elements, and the free surface is modeled by exploiting the
Volume-of-Fluid (VOF) method [128]. Surface Evolver, on the other hand, is a tool that accounts for a
triangulated, two-dimensional mesh within a three-dimensional space. After the initial geometry for the
VOF simulations, calculated with Surface Evolver, is stored as a standard triangulated language (stl) file
(which is possible with a Surface Evolver internal script), this surface is transformed into a volume mesh
using a tool called Surface-Cell Mesh Intersection (SMCI) algorithm. Details on this transformation can be
found elsewhere [114, 129].
As mentioned above, FS3D uses the VOF-method. I.e., besides momentum, and mass, an additional
variable ψ is transported in an Eulerian grid consisting of the volume elements mentioned above. ψ may
have values between 0 and 1, while each phase (here it is liquid and gas) is assigned to one of these
values. The phase boundary is located in those cells, where a value between 0 and 1 is calculated with
a fraction of phase 1 specified by ψ. Each contact angle is kept constant during the whole simulation on
each stripe, the hydrophilic, and the hydrophobic one. The Boundary Youngs interface reconstruction
algorithm [130] was adapted to three dimensions, and a modification of the Navier-Slip boundary condition
was introduced ("staggered slip") to dampen spurious currents. The continuum mechanical standard model
(two-phase Navier-Stokes equations with Navier slip at the solid boundary, and continuum equation) was
solved within the CFD calculations with transmission conditions at the phase boundary between liquid and
gas. However, evaporation was neglected due to the discussion in section 6.2.1. The computational domain
was the same as used within Surface Evolver calculations, i.e., a quarter droplet was calculated. Besides the
Navier-Slip boundary condition, walls were assumed to be impermeable. Since the numerical simulations
were not performed by the author of the present work, the reader is referred to the dissertation by Mathis
Fricke [125] who performed the simulations in our joint work [114] for more detailed information.

Table 6.1: Contact angles and wetted length on the hydrophilic stripe as observed in the experiments and
used in the Surface Evolver calculations.
α (−) Θphil (◦ ) Θphob (◦ ) lphil (µm)
0.5
21
102
1966
1
28
102
2638
1.5
31
102
2936
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Figure 6.2: Qualitative comparison between experiment and simulation for wphil = 500 µm and α = 1
at the same instants in time before breakup. The scale bar is valid for both experiment and
simulation. Adapted from [114].

6.4 Results
The breakup of the capillary bridge is depicted in figure 6.2 at three different instants in time t before
breakup at t0 for both experiment and simulation. All images show the process in top view representation
with the stripe orientation in a horizontal direction, i.e., from left to the right, and geometrical parameters
wphil = 500 µm and α = 1. In the case of experimental pictures, the black colored regions represent the
liquid, while the gray ones show the substrate. Note that the contrast is increased to make the picture
easier accessible for the reader. In the case of images from the simulation, the blue color represents the
substrate, while the light gray color represents the liquid. Besides the hydrophobic stripe, both rows do
show a small part of the liquid covering the hydrophilic stripes.
At t0 − t = 0.42 ms, the minimum width d of the catenoid-like liquid bridge lies in the middle of the
hydrophobic stripe. This is also true when the bridge has evolved towards smaller d. The bridge width d
agrees well between experiment and simulation (a quantitative comparison is performed in a subsequent
paragraph). However, the curvature in the plane parallel to the substrate is higher in the case of experiments,
which can be seen for the images at 0.10 ms before the breakup. In the final instants before pinch-off, as
shown for t0 − t = 0.02 ms, the minimum of the liquid bridge moves away symmetrically from the middle of
the hydrophobic stripe towards both hydrophilic stripes, right after an elongated thread (a cylindrical shape
cut by the substrate at some plane along its axis) has formed between two cones which are connected to the
liquid above the hydrophilic stripe. This leads to a bulge at the position where the minimum is located for
larger times t0 − t. In the subsequent sections, the described process is discussed in more detail. From the
images at t0 − t = 0.02 ms, it can be seen that the thread length, as well as the width of the forming bulge
and the minimum bridge width d, differs between the experiment and the simulation at the last instances
before the detachment of the liquid bridge at the pinch-off points above and below the bulge. Different
aspects emerging from the experiment and the simulation may be the reason for that. As discussed in
section 4.2.4, unavoidable, surface-active contaminations may lead to significant smaller contact angles.
Since the critical bridge width is about 200 µm, this effect can neither be excluded from the consideration,
nor captured by the Surface Evolver and the VOF-simulation. The aspects can also be a reason for the
diverging curvatures in the parallel plane of the substrate, as well as the absolute value of the maximum
radius of the capillary bridge, denoted with parameter R in figure 6.2 that differs slightly between the used
methods, though it stays constant in both. Moreover, chemical or topological surface heterogeneities on
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Figure 6.3: Breakup behavior of the capillary bridge for α = 1. (a) shows the dynamics for the numerical
data and the averaged experimental data. In (b), the same numerical data as in part (a) is
compared to three individual experiments in the phase space that shows the speed of breakup
versus the minimal bridge width. Adapted from [114].
the sub-micrometer scale can become predominant, especially in the case of the thread, leading to contact
line pinning, and therefore, contact angles appear to be below the measured receding angle. On this small
length scale, also numerical issues, originating from the VOF-method, are relevant. Due to mesh resolution
of approximately 4 µm, the bridge is under-resolved for small values of d in the order of a few µm. This is
shortly before the actual pinch-off process happens, as it is shown in the inlets of figure 6.1. Though there
is a good qualitative agreement between the experiment and the simulation in all relevant aspects of the
bridge breakup, the actual pinch-off event can not be observed in a correct quantitative manner using the
VOF-method and therefore is only investigated experimentally in section 6.4.2. However, a quantitative
comparison between simulation and experiment can be made in case of the breakup dynamics before
pinch-off of the capillary bridge, i.e. in the time evolution of the minimum bridge width.

6.4.1 Breakup Dynamics
α = 1: For a quantitative analysis of the breakup dynamics, the focus is first directed to the case α = 1. As
described in section 6.2.2, besides the standard evaluation in a d-t-diagram, it also is performed within the
phase space, as shown in figures 6.3(a) and 6.3(b), respectively. Since for very small bridge widths in the
order of a few µm the bridge is under-resolved in the numerical simulation, the real point of the breakup
cannot be extracted directly from the numerics. Instead, the data is transformed into the phase space,
which gives a picture of the situation independent of the real breakup time. Then the final slope of the data
is fitted with equation (6.5), as shown in figure 6.3(b). The function can be transformed back into the
d-t-space, and the numerical data is adopted to this function, and it can be compared to the experimental
data, see part (a) of figure 6.3.
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Figure 6.4: Image sequence corresponding to the last eight experimental data points in ﬁgure 6.3(a), taken
from experiment 1 as shown in ﬁgure 6.3(b).
It can be seen that when the liquid bridge becomes unstable in the experiments, i.e., when the numerical
data has its maximum in bridge width at about 200 µm, the bridge width decreases for decreasing t0 − t.
During this initial phase of breakup, the bridge has a catenoid-like shape (see figure 6.2 at t0 − t = 0.42 ms).
The dynamics approximately follows the relation d ∼ t2/3 , indicating that initial- and capillary forces govern
the breakup during this phase. The pre-factor C from equation (6.1) is found to be approximately 0.765.
This general behavior is also known from a breaking up soap film spanned up between two circular rings, as
investigated by Chen and Steen [116]. The authors of [116] call this phase of breakup that approximately
lasts for about one decade, role-off, though it is stated that the d ∼ t2/3 -relation is not a real scaling, but
an apparent scaling, since a real length scale is missing. This statement is supported by the data plotted
in phase space in figure 6.3(b). No real scaling relation of the breakup can be found during the roll-off
phase between t0 − t ≈ 0.1 ms - 1 ms. At t0 − t ≈ 1ms, the slope of the curves in figure 6.3(a) becomes
more gentle, corresponding to a decreasing velocity for capillary widths between approximately 50 µm
and 70 µm in figure part (b). After the velocity has reached a local minimum, at d ≈ 50 µm, it increases
again with a constant slope in the log-log scaled phase space. The slope corresponds to a d ∼ t0.52 -scaling,
which lasts for more than one decade. This is what from now on is also called the second breakup regime.
To clarify what happens within the second breakup regime, eight images (taken from experiment 1)
corresponding to the last eight data points depicted in figure 6.3 are shown in figure 6.4. Note that, except
for the time between the first and the second image, ∆t corresponds to the used frame rate (75,000 fps).
The contrast of the images has been increased. The first image approximately reflects the capillary bridge
in the state corresponding to the local maximum in breakup speed at d ≈ 79 µm. The shape of the bridge
is still catenoid-like, but then a thread starts to form, in the middle of the hydrophobic stripe, when the
slope in figure 6.3(a) starts to change at the onset of the second breakup regime at t0 − t ≈ 0.1ms. While
the width of the thread decreases, its length further increases until it simultaneously pinches-off at two
constriction points. During the pinch-off process, depicted in the last four images of figure 6.4, the location
of the minimum width moves from the middle of the hydrophobic stripe towards the final pinch-off points.
According to the made observations, the second breakup regime, therefore, is set in motion with a shape
change towards a liquid thread, and the pinch-off process follows d ∼ t0.52 -scaling. However, note that this
scaling does not agree with the d ∼ t2/5 -scaling for a free soap film bridge found in [116]. On the other
hand, numerical simulations with different viscosity, surface tension, and contact angles were performed.
All of these do not influence the general breakup behavior, i.e., the scaling exponent, but only the constant
C of the inviscid scaling in the case of varying the surface tension. The pinch-off process itself is discussed
in more detail in section 6.4.2.
α = 0.5: When the stripe width of the hydrophobic area wphob is decreased by a factor 2, i.e., α = 0.5,
the critical width decreases, as discussed in chapter 5. Therefore, the maximum width in the simulation
is smaller than for the case α = 1. After a short initial phase, in which the capillary bridge in numerics
stays almost constant before it becomes unstable, the agreement between this data and the experiments is
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Figure 6.5: Breakup behavior of the capillary bridge for α = 0.5. (a) shows the dynamics and (b) the phase
space. Adapted from [114].
quantitatively good. The apparent d ∼ t2/3 -scaling is also investigated for the present case with the constant
C = 0.78. Also, the second breakup regime can be found for α = 0.5. However, the scaling exponent within
this regime is determined to be ≈ 0.48, which is slightly lower than in the previous case.
α = 1.5: For α = 1.5, the data points of the simulation and the experiments in the initial phase differ
significantly from each other. As described in section 6.3, Surface Evolver is used to calculate the initial
condition for the CFD-simulations. Surface Evolver usually is employed to calculate static capillary shapes.
Since the initial condition of the simulation is very close to the point of instability, it is not calculated
consistently with the experiments. However, after the initial phase, the experiments and the numerics
agree well, and the data can be compared. As for α = 0.5 and 1, the roll-off phase is governed by capillary
and inertia forces with C = 0.75. The exponent of the second dynamic regime is determined to be slightly
smaller than for the other cases. The scaling is found to be d ∼ t0.54 .

6.4.2 Rayleigh-Plateau Instability
Four pictures of the unstable capillary bridge at four different instances in time are shown in figure 6.7.
From a catenoid-type structure, as depicted in part (a), a liquid thread forms with a thread width of
dthread , which more precisely, is a liquid cylinder cut by the substrate in a plane along its axis, as shown in
figure 6.7(b). This thread forms between two cones that look like triangles with unique opening angles β
in the images from the top perspective. The distance between the two cone tips is denoted as λ. At these
tips, this thread first gets pinched (figure 6.7(c)), before the capillary bridge finally breaks up right there,
as can be seen in figure 6.7(d), leaving a larger primary satellite droplet in the middle of the hydrophobic
stripe. Some smaller secondary satellite droplets can be seen between the receding liquid of the two former
cones and the large droplet, which have their origin in a self-similar breakup process. This behavior can

74

6.4 Results

(a)

1000

(b)

d (µm)

d (µm / ms )

100

∼ t2/3; C = 0.75
∼ t0.54
α = 1.5, experiment 1
α = 1.5, experiment 2
α = 1.5, experiment 3
α = 1.5, simulation

∼ t2/3; C = 0.75
∼ t0.54
α = 1.5, experiment
α = 1.5, simulation

10
10−3

0.01

0.1
t0 - t (ms)

1

100
20

50

100

200

d (µm)

Figure 6.6: Breakup behavior of the capillary bridge for α = 1.5. (a) shows the dynamics and (b) the phase
space. Adapted from [114].

(a)

250 µm

(b)

(c)

(d)

dthread

λ

β
t0 - t = 0.12333 ms

t0 - t = 0.03333 ms

t0 - t = 0.00667 ms

t0 - t = - 0.00667 ms

Figure 6.7: Qualitative analysis of the ﬁnal breakup behavior of the capillary bridge. From a catenoid type
structure in (a), the bridge has evolved to a liquid thread between two cones in (b). The ﬁnal
breakup happens at two pinch-off points (c), leaving behind a primary droplet with smaller
secondary droplets in the middle of the hydrophobic stripe (d). The scale bar in (a) is valid for
all images. Adapted from [114].
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Figure 6.8: Quantitative analysis of the ﬁnal breakup behavior. For a deﬁnition of the parameters see
ﬁgure 6.7. In (a), the opening angles β of the cones are evaluated for different α’s and hydrophilic stripe widths. In (b), the diameter dthread of the cylindrical segment is plotted versus
the measured wavelength λ for wphil = 500 µm and different α. Each point represents one
experiment. These are condensed in the ellipses, representing the standard deviation around
the mean value for each α. The dashed line corresponds to equation (6.7). Adapted from [114].
also be observed when a soap film between two circular rings breaks up, as investigated by Chen and
Steen [116]. In the following part, this process is analyzed more quantitatively.
As can be seen from figure 6.7(b), two events happen almost simultaneously and can be observed for all
values of α. I.e., two cones and a liquid thread between the tips of the cones are formed in each experiment.
In the case of the cones, it can be observed that for each value of α these have unique opening angles β, as
plotted in figure 6.8(a). The angles are highly reproducible for different experiments and independent
of the hydrophilic stripe width wphil , which can be explained by geometrical symmetry considerations
(discussed in chapter 5). The second feature, the liquid thread, breaks up in a self-similar process. In
figure 6.8b, the width of the thread dthread is plotted versus the distance λ between the two tips of the cones
for all experiments performed with wphil = 500 µm and α = 0.5 − 2. Each point represents one experiment,
and different values for α are plotted in different colors. In order to compare the trend for different α’s,
data points are condensed to black crosses with ellipses around them, representing the mean value and the
standard deviations for λ and dthread for each ratio of the hydrophobic and the hydrophilic stripe width,
respectively. The experimental data are compared with the classical Rayleigh-Plateau instability, according
to which a cylindrical liquid jet disintegrates into droplets due to the tendency of a system to minimize
its energy. Following this classical theory, dthread is connected to λ, which is the critical wavelength that
belongs to the most unstable mode, by
λ
(6.7)
dthread = √ .
π 2
The reader is referred to section 2.1.2 for more information.
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According to figure 6.8(b), the final breakup process follows the classical Rayleigh-Plateau instability within
the experimental error. This can be explained by the receding contact angle to be Θrec = 102◦ , which
is slightly higher than 90◦ . In case of a contact angle of 90◦ and an unpinned contact line, a cylindrical
liquid jet in contact with a substrate breaks up following the classical Rayleigh-Plateau result, which is
formally calculated in, e.g., [113], but can be also be deduced from symmetry consideration. A remarkable
finding is that the distance between the tips of the cones corresponds to the critical wavelength of the
classical Rayleigh-Plateau instability, which is also indicated by the distance of the secondary satellite
droplets. The reasonable agreement with the classical Rayleigh-Plateau theory, which is based on an
inviscid fluid, also indicates that the influence of viscous stresses that may show up in the final stages of
the breakup process, is not significant for the decay of the thread. The scattering of the data points within
each group of experiments might be a result of the uncertainty in contact angles but also to roughness
effects. The roughness, as well as chemical defects do become important on the order of a few µm. This is
already discussed in section 4.2.4. Moreover, the equally distanced data points in the direction of dthread
directly result from the spatial resolution of the optical setup and increase with increasing α since the
used magnification decreases with increasing α to capture most of the liquid bridge. Due to the small time
scale of the breakup process and the limited amount of light delivered by the used light source, image
acquisition is limited to the given pixel resolution. However, dthread and λ increase with increasing α. This
again is consistent with decreasing β for increasing α (see figure 6.7).

6.5 Summary and Conclusion
In the present chapter, the breakup dynamics of a capillary bridge that forms on a hydrophobic stripe
during evaporation of a water droplet wetting a chemically striped pattern surface in the order hydrophilichydrophobic-hydrophilic, is studied numerically and experimentally. Different stripe width ratios α between
the hydrophobic and the hydrophilic stripe are considered, i.e., α = 0.5, 1, and 1.5. Experiments were
performed with two synchronized high-speed cameras. One camera was used to record the breakup
dynamics. The other one was employed to record the wetting behavior on the hydrophilic stripe by means
of the wetted length and the contact angle at the moment when the bridge becomes unstable. These latter
two parameters were used to calculate physically realistic initial conditions with the Surface Evolver for
the employed simulation tool Free Surface 3D (FS3D). The data transfer from the surface mesh emerging
from Surface Evolver into the volume fraction field needed for solving the three-dimensional two-phase
Navier Stokes equations employing the Volume-of-Fluid method was achieved using the Surface-Cell Mesh
Intersection algorithm [129].
A detailed picture of the breakup dynamics could be attained by transforming the breakup data into
the phase space, which, in particular, allows to remove the choice of breakup time t0 that may have a
significant influence on the evaluation of the breakup process. I.e., the phase space allows us to obtain the
scaling exponents systematically. After the bridge becomes unstable, an initial regime, the roll-off regime,
can be observed lasting for about one decade. This initial regime follows approximately the inviscid theory
d(t0 − t) ∼ C(σ(t0 − t)2 /ρ)1/3 , which is also known from the breakup of a free capillary bridge. In the
present case, C is found to be 0.75 − 0.78 in both experiments and simulations. Approximately one decade
after the bridge has become unstable, a transition towards the second breakup regime can be observed. In
experiments, this transition is manifested by a shape conversion from a catenoid-like liquid bridge towards
an elongated thread. Within the phase space picture, it can be seen for both the experiments and the
simulations that during this shape adjustment, the velocity of breakup significantly decreases until a local
minimum in the breakup speed is reached, marking the start of the second regime. For approximately
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one decade, the second breakup regime follows a different scaling with an exponent found by fitting the
numerical data. I.e., the scaling relation that is extracted is d(t0 − t) ∼ (t0 − t)ν with ν ranging between
0.48 and 0.54. A good quantitative agreement between simulations and experiments down to a bridge
width of approximately 10 − 20 µm is established.
In experiments as well as in the numerics, a pinch-off process can be observed during the second dynamic regime. In particular, this is when a liquid thread (a cylinder cut by a plane) has formed between
two cones. This process was studied in more detail using the data obtained from experiments. It is found
that the cones have well-defined opening angles that decrease with an increasing α. The final liquid
thread breaks up in a Rayleigh-Plateau type instability. Remarkably, the critical wavelength of the breakup
corresponds to the distance between the tips of the cones.
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7 Surface Taylor-Cones

The content of this chapter represents work in progress and is not published elsewhere at the submission
date of the present dissertation. It can be understood as a preliminary study. Frank Plückebaum performed
most of the experiments presented below, and Lukas Weimar helped to evaluate the primary data. Michael
Heinz programmed DENIISE [30], with which the contact line and contact angle dynamics could be
evaluated with some minor modifications. Steffen Hardt gave valuable input during the discussion of the
results.

7.1 Introduction
In chapters 5 and 6, some effects that can happen after droplets have been jetted onto structured substrates
are investigated. Besides inkjet printing, another way to apply some material onto a substrate is electrospinning. This technique can be used to produce fiber mats [131], tissue implantats [132], or scaffolds [133],
among others. Xue et al. [134] wrote an extensive review about electrospinning. Between a needle and
a substrate, an electric potential U is applied (in the order of about U =10 kV). When some liquid is
transported through the needle with a constant volume flow, a thin thread is generated that is jetted onto
the substrate. When the focus is directed onto the needle tip, a liquid cone can be observed [135] that is
consequently called Taylor-Cone, named after G. I. Taylor, who was the first person to analytically describe
this shape [28]. It results from the balance of Maxwell stresses and surface tension and is stable at a critical
potential Ucrit , i.e. no liquid jet does emerge from the tip of the cone. Taylor found that the cone’s opening
angle β has a unique value of 98.6◦ .
The same governing forces, as in electro-spinning, do act between two oppositely charged droplets attached
to two needles that are positioned opposite each other. Bird et al. [27] observed that the water droplets
attract each other and two cones form at each droplet. The authors could show that these two droplets do
merge or recoil depending on the critical opening angle of the cones (note that Bird et al. denoted their
critical angle as π/2 − β). Liu et al. [136] used the same setup but with oil between two water droplets and
ramped up the DC field. The authors showed that the droplets do merge upon a critical voltage depending
on surfactant concentration within the water, among others. With this knowledge, they can measure a
threshold in the disjoining pressure and make conclusions on emulsion stability. Parameters that lead to
non-coalescence were also investigated for free suspended droplets within a homogeneous electric field
between two plates of a capacitor [137], or a sessile droplet and a pendant droplet [138].
When it comes to electrically driven coalescence between two oppositely charged sessile droplets with the
electric field being directed parallel with the surface, the literature is sparse. To the best knowledge of the
author, only two publications do exist that deal with this topic. In [139], Xie et al. observed the merging of
two droplets with a subsequent flashover, on which the focus is directed in that publication. Ndoumbe et
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Figure 7.1: Droplets merging at the three-phase contact line and droplet "Ping-Pong". In (a), an uncharged
2.5 µl DI water sessile droplet merges with a charged one at 0 ms. A conical shape can be
observed. The left hand-side shows top, and the right hand side of (a) side view images. A
cone-like deformation of the droplet is also seen in (b) where a 5 µl droplet of 1 mol/l NaCl in
DI water gets repelled from the bottom electrode, and then is pulled by the top electrode. After
a charge transfer has happened, the movement is directed in the opposite direction. Note that
the droplet does not touch the electrode. In both experiments, substrates with a hydrolyzed
silicon oil layer were used. The potential difference was 3 kV.
al. [140] performed a joined numerical and experimental study on the parameters leading to the merging
of two sessile droplets. However, the authors used hydrophobic surfaces.
In the ongoing work presented in the present chapter, initially, an attempt was made to study the influence
of the contact line on the merging behavior of sessile droplets. Therefore, initial, provisionally experiments
were performed with two electric copper wires. The ends of the wires were located close to the surface. As
a substrate, the hydroxy-terminated PDMS surface [88] was used, as already mentioned in section 4.3.
The result can be seen in figure 7.1(a) in the top (left) and side view (right). It can be observed that after
an electric potential has been applied, the droplets are attracted to each other and do initially touch each
other at the three-phase contact line after a cone shape has developed at t = 0 ms. Then the droplets
merge. Note that the droplet between the electrodes is initially uncharged, but di-electrophoretic effects
lead to a local accumulation of charge on the left and right side of the droplet. However, before proceeding
with the droplet merging, we wanted to characterize the structure of the liquid, i.e., the cone structure,
between one charged droplet and an electrode. Therefore, the same setup was used, but only one droplet
was placed so that it was in contact with one electrode. When the voltage was switched on, the droplet
was pulled towards the electrode on the opposite side. Then the liquid came close to the electrode but did
not touch it and was repelled to take the inverse direction. This indicates that there is some charge transfer
through the hydrolyzed silicon oil. Then the process was repeated several times until the droplet came to
rest. The droplet ping-pong is, for sure, a process that is worth being investigated separately. However, this
chapter is about an improved setup to study the cone formation, and the cone characterization itself. For
that purpose, the cone is compared to the original Taylor-Cone. Since at the rear part of a sessile droplet
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sliding down an inclined surface, a similar structure can be observed (see, e.g., [141, 142, 143]), this
example is taken for comparison, as well.

7.2 Methods
In contrast to the chapters that deal with the wetting states of water droplets on micro-patterned surfaces,
the Surface Taylor-Cones were studied in experiments only.

7.2.1 Samples and Setup
In order to study the electrostatically triggered formation of a liquid bridge between a droplet and an
electrode on a substrate, samples need to be produced, which must fulfill specific requirements. Note that
in all considerations, it must be ensured that the substrate has a defined wettability. The requirements that
must be fulfilled are:
1. Hydrophilic surface with small contact angle hysteresis, ideally transparent and non-conductive.
2. Defined shape of the electrode for comparable electric fields.
3. Defined length scale between the initial distance of the sessile droplet and the electrode.
4. Defined fluid supply in terms of electric charge and flow rate.
5. Optical access from two sides, to allow simultaneous observations in side view and top or bottom
view.
As a carrier substrate, a microscopy glass slide (Carl Roth, 76 x 26 mm) is used on which the sol-gel layer
(main components PEG-M (Evonik, Germany, Dynasylan 4148) and TEOS (abcr, Germany, CAS:48-10-4))
is applied via spin coating, based on the idea of Kaneko et al. [90]. Silicon substrates cannot be used due
to their small but present conductivity leading to observable electrolysis. A detailed description of the
substrate preparation, as well as its characterization, can be found in section 4.3. The surface-modified
substrate serves as the basis for all other fluid and electrical connections, as it is sketched in figure 7.2.
To have a comparable electric field while simultaneously using the lowest possible electric voltage, the shape
and type of the electrode are also of importance. First experiments with a flat electrode, i.e., a vertical stripe
of copper tape spanning over the total width of the substrate, were performed. The electric fields were too
small so that the bridge forms at a small distance before the electrode, and therefore, its dimensions were too
small to have a sufficient spatial resolution at higher frame rates. Instead of a straight electrode, a triangular
electrode shape is preferred with one tip pointing towards the fluid outlet of a piece of Polydimethylsiloxane
(PDMS). The opening angle of the electrode is approximately 15◦ . Tests with sputtered electrodes prior to
the coating of the sol-gel layer and electrodes made out of copper tape applied onto the substrate after the
coating process was performed. Both setups can be used to investigate the forming of capillary bridges.
However, for every single experiment, a new substrate must be fabricated since after the contact of the
liquid with the electrode (a), the wetting behavior close to the electrode has changed to an almost entirely
wetting substrate, and (b), the sputtered material is removed by an electric discharge. Since sputtering
is performed externally, it was decided to choose the electrode setup with the triangular copper tape
on top of the coating, though the repeatability of the shape is not as good as when the electrode is sputtered.
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Figure 7.2: (a) Schematics of the experimental setup. To ensure a tight connection, the block of PDMS
is clamped onto the substrate (indicated here) by an applied force F. (b) shows the ﬂuid and
electrical connections in more detail.

The droplet application was performed via a prepared piece of PDMS that was clamped onto the substrate
after the preparation of the sol-gel layer and the copper electrode. Usually, PDMS is bonded onto glass
by a plasma-bonding process. This step is not practicable in the present case since, on the one hand, the
plasma treatment of the already coated surface leads to its destruction. On the other hand, bonding before
spin coating cannot be performed since the PDMS piece would act as a barrier for the fluid, and, hence, it
would not be possible to apply a homogeneous fluid layer during spin coating. Therefore, the PDMS piece
was simply clamped onto the coated substrate to ensure a tight connection and prevent leakage. Prior to
clamping, the PDMS piece was prepared by cutting it into a cuboid-like shape of about 2 cm in length and
1 cm in width and height each. A hole was pierced along the height dimension through the middle of the
cuboid using a dosing needle. With a scalpel, a triangular channel with sides in the order of 1 mm was cut
from the outlet of the hole towards one end of the cuboid along the width direction. The shape and the
dimensions of the channel are not relevant as long as the channel outlet is small compared to the final
droplet diameter. Details are shown in figure 7.2(b). The PDMS piece was then clamped onto the substrate
with the outlet facing the tip of the electrode at a distance a.
The fluid connection was established by sticking the end of a flexible dosing needle (VIEWEG, Germany,
flexible dosing needle 1 1/2 inch, inner diameter 0.81 mm) into the inlet of the PDMS piece at the top of
the cuboid. The needle tip is made out of polypropylene instead of some metal to minimize its influence on
the electric field. Via Luer Lock connections and an FEP-tube, the needle was connected to a 10 ml gastight
glass syringe (model 1010 Gastight, Hamilton, USA) spanned inside a syringe pump (KD Scientific, USA,
Legato 100). This assures the application of a defined flow rate V̇ .
A voltage U between the droplet and the electrode can be applied using a high-voltage source (Heinzinger,
Germany, PNC 6000-100 ump). The copper (Cu) electrode is grounded while the droplet and the complete
fluid reservoir (the liquid inside the syringe and the tubing) is electrically connected to the voltage source
via a Cu-wire stitched through the PDMS piece until the tip penetrates the walls of the channel as sketched
in figures 7.2(a) and (b).
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7.2.2 Experimental Procedure
The prepared substrate was set onto the x-y-z-table of the benchmark configuration described in section 3.1.
Then, the fluid- and electrical connections were attached, as described above. Before dosing the liquid, a
constant voltage U was applied. For safety reasons, the maximum amount of current is limited to 3 mA
(3 % of the maximum current of the used high voltage source). Afterward, the fluid supply was switched on
by actuating the syringe pump. The flow rate was set to 0.05 µl/s, which is small enough that the volume
increase can be neglected during formation of the bridge between electrode and droplet, and that the
contact angle is the advancing contact angle Θadv , if no voltage is applied. Deionized (DI) water (Milli-Q,
18.2 MΩ·cm) was used as the fluid. The whole process was recorded by two synchronized high-speed
cameras (Photron SA1.1 and SA-X2) in end-trigger mode at a frame rate of 10,000 fps. It was taken care of
that the recorded image section contains the fluid outlet of the PDMS piece and the tip of the electrode for
both the top and the side view. The cameras were triggered after the droplet got in (visible) contact with
the electrode what can also be noticed by the experimenter as an acoustic signal. The voltage source was
switched off as soon as possible afterward. Then the images were stored to the hard drive, and the next
substrate was set onto the table and was readily connected.
The process is investigated for two different parameters. In particular, experiments were performed
for different values of the distance between the outlet of the PDMS-piece and the electrode tip a and the
applied voltage U. Experiments were performed at least five times for each set of parameters. To ensure
comparability between experiments, substrates with a defined wettability were used, i.e., the substrates
were produced using a molar ratio of [PEG-M]/[TEOS]= 0.15, as described in the protocol in section 4.3.1
that originates from [90]. Though the substrates were already characterized, the advancing and receding
contact angles were measured separately for each substrate using the DSA 100 (Krüss, Germany) to perform
goniometric measurements with a flow rate of 0.25 µl/s and a maximum volume of 2.5 µl.

7.2.3 Data Evaluation
For characterization of the liquid structure that forms between the liquid outlet and the electrode, the focus
lies in comparing this process between the formation of ordinary Taylor-Cones and a droplet sliding down
an inclined surface. The relevant parameters are, therefore, the opening angle of the forming cone, the
tips curvature, and the contact angle evolution of the droplet of the process. Therefore, side view images,
as well as top view images, had to be evaluated.

Side view In the side view image evaluation, DENIISE was employed to evaluate the time series data. As
input data, it takes images of droplets in contact with a substrate and extracts, among others, the contact
line, i.e., the wetting radius and the contact angle (see [30] for more information). However, this software
can only handle images in which the left and right side of the contact line of the two-dimensional projection
of a sessile droplet does appear. Due to the nature of the experimental setup, this situation can never
happen (see, e.g., the droplet sketched in figure 7.2(a), or the pictures from the experiment in figure 7.4).
As a workaround, the side view images have been mirrored to imitate the left and right contact points (in
2D). Before evaluation of the images, the region of interest (ROI) can be chosen within DENIISE. By doing
that in such a way that the ROI of the resulting mirrored image reaches from the tip of the electrode to the
mirrored tip, the distance between the contact point and the electrode tip, denoted as b, was extracted
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Figure 7.3: To the droplet shape ﬁtted hyperbola and the resulting tip radius R in the moment the surface
Taylor-Cone with opening angle β has formed at a distance b0 from the electrode.
by subtracting the pseudo contact length from the image width. In addition, the contact angle Θ was
calculated by DENIISE for each image of the image series for each experiment.
Top view When evaluating the top view image sequences, a manual pre-selection must be performed.
Therefore, the image in which the conical shape has formed was selected by the experimenter. Since the
behavior of the wetting droplet within an electric field is compared to the classical Taylor-Cone, the sign of
the curvature was chosen as the selection criterion. In particular, the last image in which a convex shape in
the 2D-projection of the droplet can be observed is taken as the point in time when the Surface Taylor-Cone
has formed, before the curvature changes to become concave and a liquid jet emerges from the cone tip,
subsequently. Initially, the opening angle of the cone β was measured manually. However, for a comparison
with the shape of a sessile droplet sliding down an inclined surface, a similar evaluation of the data as in
Peters et al. [143] had to be performed. In the first step of this procedure, tiny spots are removed from the
images. Then, the image section in which only the cone can be seen is extracted manually. Subsequently,
the contact line of the droplet and its coordinates are extracted from the image, as described in section 3.2.
Then, a hyperbola is fitted to the coordinates using the least-squares method implemented in SciPy [127].
The result of one experiment can be seen in figure 7.3. From the hyperbola coefficients, the opening angle
β and its tip radius R can be extracted. Since the opening angles have already been measured manually,
these were taken to check the quality of the described fitting procedure. The maximum absolute derivation
from the data was approximately 5◦ .

7.3 Results and Characterization
Figure 7.4 shows the typical behavior of a DI water droplet within the experiment. Note that not the entire
process, starting from the point when the first amount of liquid leaves the PDMS piece, is captured by the
cameras since these have only a limited amount of storage. However, from the first image at -1.25 s before
the time when the cone is formed, from the top view, it can be seen that the droplet is almost spherical.
This is also the first impression from side view images. However, a close observation of the three-phase
contact line reveals a slight deviation from the spherical shape at this location. This observation fits with
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Figure 7.4: Typical evolution of the liquid surface in an electric ﬁeld on a low contact angle hysteresis
substrate. Here, the applied voltage U = 3 kV, and the distance between the ﬂuid outlet and
the electrode tip is a = 3.5 mm. From an initial, approximately spherical shape, a cone appears
as the contact line approaches the electrode. From the tip of the cone, a liquid jet emerges
towards the electrode. The moment when the cone appears is set to t0 = 0 s.
the contact angle measurements showing that this state is already influenced by the Maxwell stresses
due to the static electric field. Some more details about the contact angle can be found in section 7.3.2.
Emerging from this state, the front part of the droplet, i.e., the part located next to the electrode tip,
accelerates, and a liquid tongue forms that has a convex tip shape (-0.10 s). This convex shape changes to
a concave one as presented at 0.04 s. Inbetween this shape change, a state can be observed that shows a
conical shape of the tip of the tongue, at 0.00 s. Due to the similarities between ordinary Taylor-Cones and
the shape evolution within the present problem, and in view of the equal governing forces that lead to
the conical shape, this cone is denoted as the Surface Taylor-Cone (STC) in the present work. A detailed
comparison between the opening angles in the present experiments and the unique opening angle of the
Taylor-Cone is presented in section 7.3.1. However, note that this conical shape can also be observed at the
rear part of a droplet sliding down an inclined surface. A comparison between this process and the experiments is made in section 7.3.3. The visual contact angle at the moment when the STC appears is smaller
0.00 s

1 mm

0.50 s

0.85 s

Figure 7.5: Typical evolution of the liquid surface in an electric ﬁeld on an untreated glass surface. Since
no deﬁnite time t0 can be deﬁned, the time starts with the ﬁrst image. Experimental properties
were U = 4 kV, and a = 4.5 mm.

85

7 Surface Taylor-Cones

160

U (kV)

140

1.0
2.0
3.0

a (mm)
2 .5
3 .5
4 .5

(°)

120

100

80

60
0.00

0.25

0.50

0.75

1.00

1.25

1.50

b0 (mm)

Figure 7.6: Opening angles β of the STC as a function of the distance b0 between the tip of the cone and
the electrode for different applied voltages U and distances a between the PDMS outlet and
electrode tip. Each dot represents one experiment. The dashed line is the unique Taylor-Cone
angle, as calculated by G.I. Taylor (98.6◦ ) [28] in the absence of a three-phase contact line.
than the initially measurable one, at -1.25 s. After the cone has formed, a liquid jet emerges from the tip
of the cone towards the electrode and gets in contact with it (0.09 s). This is when the experiment is stopped.
In contrast to the substrate with low contact angle hysteresis of figure 7.4, figure 7.5 shows experimental images when the uncoated glass is used with a contact angle hysteresis that is about four times
larger. Also here, the liquid accelerates towards the electrode and a typical tongue forms. However, no
cone can be observed. Instead, something that looks like a liquid film can be observed with some parts
being pinched off from the liquid main body. Note that this experiment had to be performed at U = 4 kV to
see any relevant effects that are remotely similar to those of the STC-forming in figure 7.5.

7.3.1 Opening Angles
In order to characterize the Surface Taylor-Cones, the opening angles of the STCs are compared with the
one from the classical Taylor-Cone as it originates from theoretical considerations by G. I. Taylor [28]. If a
droplet is located at a conical needle tip and an electrostatic force acts on the droplet, then this droplet
forms a conical shape at a specific applied voltage between the electrode and the droplet, whose opening
angle is 98.6◦ . The opening angles β originating from the STC’s are plotted in figure 7.6 against the
distance b0 between the tip of the cone and the electrode. Different applied voltages U, and distances
a between the electrode and the fluid outlet of the PDMS-piece are considered. It can be seen that the
scattering of data is relatively high. However, clusters within the chosen space can be observed that are
unambiguously disjunct from each other and depend on the applied voltage. The opening angles decrease,
and the distance b0 increases for increased potential differences U. According to our measurements, the
parameter a does not influence the opening angle and the distance b0 . Therefore, it can be concluded
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Figure 7.7: Contact angle ΘSTC at the moment of the appearance of the STC over the initially measured
contact angle Θinit for different applied voltages U and distances a between the PDMS outlet
and electrode tip. Each dot represents one experiment. As a reference, the receding contact
angle, as measured in goniometric experiments is shown as a box plot (vertical line: mean
value - box: standard deviation - error bars: absolute error (symmetric)). The inset shows a
typical evolution of the contact angle Θ as a function of time. In it, the solid line marks the
extracted Θinit and the dashed line the ΘSTC .
that the droplet size at the moment the cone forms does not influence β. When the measured values of
the opening angles are compared to the one of the regular Taylor-Cone, it can be seen that for an applied
voltage of 1 kV and 2 kV, β is larger than 98.6◦ . For U = 3kV, β scatters around the theoretical value for
the Taylor-Cone. However, the scattering is large, and therefore, no definite conclusion concerning this
matter can be drawn.

7.3.2 Contact Angles
Figure 7.7 shows the contact angle ΘSTC of the droplet at the moment the STC has formed as a function of
the initial contact angle Θinit . These are determined from the data as depicted in the inset that shows a
typical evolution of the front contact angle as a function of time. Initially, between approximately 1.5 s and
1 s before the STC appears, the contact angle is constant, and can be determined as Θinit . Since the frame
when the STC appears is known from the top view recordings, the contact angle ΘSTC can be extracted
directly by comparing the relevant frame from the side view images with the one from the top view (the
image sequences in top- and side view are synchronized). The advancing and receding contact angles Θadv
and Θrec were determined in separate experiments for each substrate using the DSA 100 (Krüss, Germany).
Θadv was determined to be 63.4◦ ± 2.2◦ , while Θrec was measured to be 51.8◦ ± 2.8◦ . These values agree
well with the ones obtained in section 4.3.1. The mean receding contact angle is also depicted in figure 7.7
as a vertical solid line within a box, while the width of the box represents the standard deviation and the
error bars the maximum symmetric error in the contact angle measurement experiments. It is obvious
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Figure 7.8: Evaluation of the tip radius of the STC. The radius is compared with the stresses resulting
from the electric ﬁeld taking cos(ΘSTC ) as a measure for it.
that, though the contact line is in an advancing state when the initial contact angle is measured in the
STC experiments, it does not adopt the advancing contact angle Θadv . In fact, the contact angles scatter
between Θadv and Θrec . This indicates that the electric field already influences the droplet before the
liquid tongue accelerates towards the electrode. From electrowetting, it is known that the contact angle is
decreased when an external electric field is applied in the normal direction to the substrate (see, e.g., [26]).
Though the field is directed horizontally to the substrate surface in the present case, some similar effects
might play a role here. On the other hand, preliminary, accompanying simulations by Maximilian Schür
indicate that it is possible that a liquid film forms between the droplet and the electrode. However, this film
has a thickness below the resolution limit of the used optics and, hence, can not be verified with the present
setup. Nevertheless, this can also be a reason for a decreased contact angle and may fit into the precursor
film framework [144]. The determined values of ΘSTC are all below Θrec . From our measurements, a
trend can be derived that ΘSTC increases for increased Θinit . However, there seems to be no influence of
the applied voltage nor the droplet size.

7.3.3 Tip Radius
Another essential property of a cone is its tip radius R, which is plotted over cos(ΘSTC ) in figure 7.8(a).
The contact angle of the droplet in its equilibrium shape is described by Young’s equation (2.21). If σs is
increased, then cos(ΘSTC ) decreases, assuming that all other parameters stay constant. The same effect can
be observed when an external tension is applied. Therefore, cos(ΘSTC ) is chosen since it can be interpreted
as a measure of the force due to the electric field acting on the three-phase contact line, though it has a
non-negligible velocity. It can be seen that R decreases with increasing cos(ΘSTC ), and therefore increasing
external tensions. However, the tip radius of the cone seems to be independent of the applied voltage, as
well as on the parameter a. At a first glance, this is not intuitive as the force on the droplet should scale
linearly with U since the electric field does so, too. However, no definitive statement on the electric field can
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be made since the electrode tip shape is difficult to reproduce with the copper tape, though it was taken care
off that it was always cut with a defined angle (for an example compare the electrodes in figures 7.4 and 7.5).
An analogous droplet shape as the conical one from the Surface Taylor-Cones can also be observed
in the case of droplets sliding down an inclined surface [142]. At the rear part of these droplets, a cone-like
liquid shape forms similar to those observed in the present experiments. The tip radius R of the cone,
and, therefore, the curvature 1/R assigned to it, depends on the droplet velocity and, hence, the viscous
stresses. These stresses could be understood as an analogous tension due to the electric stresses that are
assumed to be located almost entirely at the three-phase contact line due to corner effects [16]. The latter
assumption is supported by the experimental observations shown in the side view images in figure 7.4
where the Maxwell stresses seem to be pre-dominant at the three-phase contact line. The appropriate
dimensionless number, in the case of droplets sliding down an inclined surface, is the capillary number Ca,
which compares viscous and surface tensions, i.e., Ca = uη/σ, with velocity u and viscosity η. According
to Cox and Voinov [145], the capillary number in the case of spreading droplets can be calculated as
Ca =

Θ3e − Θ3
,
9 ln( lmac
lΘ )

(7.1)

with ln( lmac
lΘ ) being a parameter that compares two length scales at the contact line and is usually taken as
a fitting parameter. Θe is the equilibrium contact angle and Θ being the contact angle that actually can be
measured during the spreading process. Peters et al. [143] exploit equation (7.1) by assuming that Θe is
the receding contact angle Θrec at the rear part of the droplet since it is sliding down an inclined surface.
The authors found that the tip radius of the hyperbola they fitted to the cone shape at the receding side of
a sliding droplet can be calculated as
(︃ 3 )︃
Θe
,
(7.2)
R = lmic exp
9Ca
with lmic being another length on the molecular scale that is taken as an additional fitting parameter, as
suggested by Peters et al. [143], and Ca being calculated with equation (7.1).
In the situation when the STC appears in the present case, the contact line is advancing. The equilibrium
contact angle in equation (7.1) is, therefore, assumed to be the advancing contact angle, Θe = Θadv , in
order to compare the above model with the present case. Θ is the contact angle at the particular moment
when the STC appears, i.e. Θ = ΘSTC . Subsequently, by combining equations (7.1) and (7.2), R can be
expressed as a function of ΘSTC . Since both parameters can be measured for each experiment (see data in
figure 7.8), the model can be fitted to the experimental data using the least-squares method. The best fit to
the data and the data itself is presented in figure 7.9(a) as the solid line. Note that in this case the capillary
number Ca of the data points can be read from the bottom axis. It is calculated with equation (7.1) with
the parameters found in the best fit, which are summarized in table 7.1 (Peters et al.).
From a comparison of these data and figure 7.9(a), it can be seen that the present problem cannot be
described in this relatively simple framework, and the analogon between viscous and Maxwell stresses
does not hold. By modifying equation (7.2) by adding an additional fitting parameter o that simply is an
offset, i.e.,
1
1
(︂ 3 )︂ + o,
=
(7.3)
R
l exp Θe
mic

9Ca
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the experimental data can be fitted well, as depicted with the dashed line in figure7.9(a). The corresponding
capillary number Caos can be read from the top axis in that case and the fitting parameters are presented
in table 7.1 (offset model). However, this would mean that for Ca → 0, and, therefore, for a negligible
contact line velocity, a cone like tip would exist with a measurable inverse radius, which is not the case.
On the other hand, this offset may be a hint for the influence of the electric field, prior electric stresses
lead to an acceleration of the liquid. This influence is measurable in the contact angle (see section 7.3.2).
Nevertheless, then the above described model can unlikely be used for describing the process. Moreover,
though the assumption that the Maxwell stress is located almost entirely at the three-phase contact line is
reasonable, there is one difference between this kind of stresses and the viscous ones (see figure 7.9(b)).
While Maxwell stresses are directed normal to the surface, and therefore normal to the three-phase contact
line in the substrate plane, viscous stresses do also have a tangential part at every location of the contact line
that does not move in the parallel direction to the droplets velocity vector. In particular, this is every point
that is not located at the center axis of the droplet. This might also lead to differences for the tip radius R.
Moreover, in the STC problem, the force acting against the Maxwell stress (not depicted in figure 7.9(b)) is
the viscous force itself while in the sliding drop problem, the force acting against the viscous force is the

Table 7.1: Fitting parameters from the model by Peters et al. [143], an extended one (offset model), and
their reference values.
(︂
)︂ Peters et al. offset model reference value source
ln

lmac
lΘ

lmic (µm)
o (1/ µm)

90

2.33

11.1

ln 104

[146]

9.38
-

0.0014
0.00416

0.01
-

[143]
-
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gravity. The latter one is a volume force, while all other forces are surface forces. Finally, the contact line is
in an advancing state in the STC problem, while it recedes in the sliding droplet problem.

7.4 Conclusion and Outlook
An experimental setup was developed with which it was possible to show the existence of Surface Taylor
Cones (STC). To the best knowledge of the author, this has been described for the first time. In particular,
Taylor-Cones in contact with a substrate do appear due to the interplay between the surface tension
of the liquid and a horizontal electric field between the electrode and the droplet. Throughout all the
experiments, DI water was used as a liquid. Hydrophilic substrates with a defined advancing and receding
contact angle, and a contact angle hysteresis of about 10◦ were fabricated for that purpose. The STCs
could only be produced reliably on these kinds of substrates. On substrates with larger hysteresis, in
particular ordinary, pristine glass surfaces, no STCs could be observed, though the presence of the electric
field led to a deformation of the capillary surface. To characterize these surfaces, cone properties, i.e.,
its opening angle, tip radius, and contact angle, as well as contact angle information before and after
the cone developed, were extracted from the top- and side view image data. It could be shown that the
opening angle of the cone is not unique, like the one from the classical Taylor Cone, but depends on
the applied voltage, and not on the droplet size. The contact angle evolution at the three-phase contact
line reveals that the electric field already influences the wetting behavior of the droplet before the liquid
accelerates towards the electrode. However, the applied voltage and the droplet size have no influence on
the contact angle at the moment when the STC appears. An attempt was made to compare the cone with
the one that appears at a rear part of a droplet sliding down an inclined surface. However, this comparison
shows that the forces due to viscous stresses and because of an electric field could not be brought entirely
into accordance. However, the data reveals a correlation between the tip radius and the STC’s contact angle.
Further experiments are needed to reduce the scattering of the data points and to extract additional
information. First of all, the electrode design must be improved, and better repeatability must be achieved
together with fast availability and high throughput. Due to the latter two points, photolithography with
subsequent sputtering is not the right choice. However, electrically conductive adhesives could be used in
combination with a mask. This assures a more repeatable electrode design. It must be tested if it is possible
to apply the adhesive onto the sol-gel layer. In order to test whether a liquid film of small thickness below
the resolution limit of the optical setup appears prior to the contact of the liquid with the electrode (as
suggested by preliminary simulation results), the conductivity between the electrode and the droplet must
be measured. This measurement must be synchronized with the image sampling. Finally, it could be tested
how the absolute contact angle influences the behavior of the cone. By mixing the main components of
the coating solution at a different ratio, this is possible without significantly changing the contact angle
hysteresis (see section 4.3.1).
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In the present work, the wetting behavior of droplets on chemically striped pattern surfaces and in an electric field was studied experimentally, numerically, and based on models. For experiments, an experimental
setup was planned and constructed that allows the simultaneous observation of wetting processes from
two sides, in particular, from the top and bottom perspective. The optical setup allows a spatial resolution
in the micrometer range and temporal resolutions in the order of a few 10,000 fps. The observed process
may optionally but not necessarily occur within a humidified atmosphere that can be set within a climate
chamber. Since it also serves as a central benchmark configuration within the Collaborative Research
Centre 1194, the setup was constructed to be equipped with different apparatus, e.g., a droplet dosing unit,
to allow maximum flexibility for experiments that can be performed within the benchmark configuration.
Moreover, it was taken care of that individual units can be used within other setups.
To obtain the desired wetting behavior, different surface modification techniques were applied. In the
case of the patterned surface, an apparatus, i.e., a low-pressure chemical vapor deposition chamber, was
designed that allows the deposition of the silanes from the vapor phase at defined conditions [58]. These
silanes chemically bond to the silicon and glass surfaces and lower the surface energy on the regions
where they are deposited. By using this technique, repeatable wetting conditions were achieved on the
hydrophobic regions reliably. When neighboring substrate regions are covered, these are protected from
the vapor atmosphere and keep their original wetting behavior (hydrophilic). This allowed producing
chemically patterned surfaces with striped regions of different wettability. Besides these substrates, hydrophilic surfaces with low contact angle hysteresis were produced by applying the protocol by Kaneko et
al. [90] This modification technique seems to be the only one that allows water contact angles on solid
surfaces well below 90◦ and, at the same time, small contact angle hysteresis in the order of 10◦ . Both
techniques were tested by characterizing the resulting substrates in their relevant surface properties. In
particular, the surface wettability was tested with water, and in the case of the silane, the monolayer
quality was verified. For the silanes, the wettability was measured as it is known from the literature, and
the monolayer thickness was determined to be in the order of a molecule length of the respective silane.
Both indicate that the silanization within the self-build CVD-chamber works reliably. In the case of the
hydrophilic surfaces with low contact angle hysteresis, it was found that the contact angle values from
Kaneko et al. [90] could only be measured on the modified silicon wafers. However, using microscopy
glass slides as carrier substrates, substrates with repeatable advancing and receding contact angle could be
produced with a contact angle hysteresis of about 10◦ .
On a striped pattern surface with a droplet wetting a width much larger than the stripe width, a breakup
of the evaporating droplet could be observed while it evaporates. To the best knowledge of the author, this
was the first evident experimental proof of the instability of an evaporating sessile droplet on a substrate
due to its chemical inhomogeneity. To further investigate the instability criteria, the stripe width was
increased so that the droplet wetted three stripes in the order hydrophilic-hydrophobic-hydrophilic. A
Surface Evolver model was set up, including an automatic routine that accompanied the experimental
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investigations. These numerical calculations made it possible to identify two wetting contrast regimes. In
particular, a stable and unstable regime within the wetting space of the hydrophilic and hydrophobic contact
angle was found. This was confirmed from experiments for all accomplishable contact angle contrasts.
Further experiments of evaporating droplets on an alternating stripe pattern with different absolute stripe
widths and stripe width ratios were performed within the unstable branch. These droplets form an H-shape
with the capillary bridge spanning (and being in contact with) the hydrophobic stripe, which is located
between the two liquid fingers sitting on the two adjacent hydrophilic stripes. During evaporation, the
capillary bridge width decreases until it becomes unstable at a certain width. To further investigate the
stability limits of this setup, the experiments were accompanied by a numerical study with the Surface
Evolver and a simple scaling model that compares the pressures within the capillary bridge and the liquid
above the hydrophilic stripe. The application of the scaling model revealed that the bridge is stable, as
long as its width is above a critical value, below which the Laplace equation does not have a solution
anymore. In an energetic sense, this means that below the critical bridge width, it is more favorable for
the droplet to wet two disjoint hydrophilic stripes instead of some additional parts of the hydrophobic
one. This was confirmed by the Surface Evolver, which validates the model results. Both, the model and
Surface Evolver simulations confirm the experimental measurements quantitatively. The obtained results
can be used to improve multi-layer inkjet printing processes or printing onto pre-patterned surfaces, among
others. In particular, the numerically calculated and experimentally validated border between a wetting
contrast region leading to breakup of the evaporating droplets, and one leading to no breakup, allows to
chose material combinations that enable to produce a clean printed surface or to precisely guide ink to its
desired location. Furthermore, the scaling model allows a fast estimation of the stability limits within the
unstable regime. Since ink has more complex fluid properties than water, in future works it could be investigated how evaporating fluid mixtures behave on the striped pattern. Possible suppression of the breakup
might occur due to Marangoni-effects. Moreover, phase-separation of complex fluids might lead to a split-up.
The breakup behavior of the capillary bridge was investigated in more detail. For that purpose, the
experiments were accompanied by VOF-simulations. This was the first-ever detailed investigation of the
breakup dynamics of a capillary bridge in contact with a rigid substrate oriented along the bridge axis, as
far as the author knows. In particular, the breakup process was studied applying the phase space analysis,
which removes the uncertainty of the choice of the exact breakup time. It was found that capillary and
inertial forces govern the overall dynamics within the chosen set of parameters. After a short initial phase
after the capillary bridge becomes unstable, the breakup can be roughly described by the well-known
d ∼ t2/3 -scaling, indicating that viscous forces do not play any role. After a regime transition, a d ∼ t0.48 d ∼ t0.54 -scaling could be found, depending on the observed parameter. The regime transition is accompanied by a shape change of the capillary bridge from a catenoid-like shape towards a liquid thread between
two conical liquid shapes. In the phase space analysis, the transition can be identified in a local minimum of
the breakup speed. It was found that the final liquid thread breaks up in a Rayleigh-Plateau-type instability
leaving behind some satellite droplets in the middle of the hydrophobic stripe.
The hydrophilic surfaces with low contact angle hysteresis were used to demonstrate the existence of
Surface Taylor-Cones (STC), i.e., Taylor-Cones in contact with a solid substrate. It was shown that these
can only be formed between a droplet and an electrode at different electric potentials when the difference
between the advancing and receding contact angle is small enough. The opening angle of the cone depends
on the applied voltage but not on the droplet size. No unique opening angle, like the one calculated
by G. I. Taylor for the free Taylor-Cone, could be observed. By measuring the contact angle over the
whole process, it could be revealed that the electric field already influences the contact angle before the
three-phase contact line and the liquid is accelerated towards the electrode due to the applied electric
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field. A further attempt was made to explain the cone by comparing it with the cone shape that appears
at the rear part of a droplet sliding down an inclined surface for which a model exists [143]. It could be
shown that only a poor comparison with this model is possible. However, when an offset in the curvature
of the cone tip is introduced, the fitting parameters suite reasonably with values from the literature. It
was hypothesized that the difference may be due to tangential forces at the three-phase contact line
present in the case of the droplet sliding down an inclined surface, but not in the STC case, where only
normal forces are pre-dominant. Nevertheless, it is worth investigating the STC extensively, since it could
open the way for performing two-dimensional electrospinning in an easy manner. Future works may also
include the influence of the wettability of the substrate on the structure of the STC. The used hydrophilic
coating is suited well for these experiments since it was shown that the mean water contact angle can be
changed, but the contact angle hysteresis stays constant for different ratios of the main components of
the coating solution on the microscopy slides. Moreover, the conductivity between the two electrodes can
be measured simultaneously with the image recording. This would allow gaining information on liquid
transport processes that occur on a length scale that cannot be captured by the currently used optical setup.
Finally, the influence of the three-phase contact line on the merging or recoiling of two sessile droplets at
different potential could be investigated.
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