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Summary

Controlling drop morphology: theory, experiments and applications in printing,

self-cleaning coatings and micro-fluidic systems

The accurate control of drop morphology as a drop is placed on a solid surface is an
important prerequisite in many applications, such as (inkjet) printing of functional materials,
micro-fluidic devices and smart coatings. Carefully patterning the surface on micrometer
length scales and combining this with controlled drop placement is shown to allow the
creation a variety of drop morphologies in both simple and complex (liquid crystalline)
fluids, which is an important parameter in the above-described fields of interest.

Starting from the governing thermodynamic equations determining the morphology of
drops, the dominant energetic terms are identified for the different length scales of both the
drop sizes and micro-structures in the substrate surface. For non-liquid crystalline fluids,
these are gravitational potential energy, surface energy and contact line energy. To study the
influence on the wetting behaviour on various patterned surfaces, the object of analysis was
chosen to be a drop (or droplet) smaller than 1 mm in linear dimension. A combination of
experiments, numerical modelling and theoretical analysis is used to explain the often-
surprising drop shape morphologies and their dependence on the deposition method.

On surfaces patterned with parallel grooves (i.e. a corrugated surface), drops were
found to elongate parallel to the grooves if the drops were deposited using a non-contact
method, such as via inkjet printing or careful placement with a needle. However, if the drops
were positioned in an overspread position (such as when pressed onto a surface with a
contact printing technique such as micro-transfer printing), the drops elongate perpendicular
to the corrugations. The key difference is that hysteresis due to contact line pinning is almost
completely absent parallel to the corrugations and is present and significant perpendicular to
them.

Microtransfer printing with nematic thermotropic liquid crystal monomers leads to
similar perpendicular elongations under similar experimental conditions, even when the
energetic contributions due to the alignment of the liquid crystal director favour elongation
parallel to the corrugations in the direction of alignment.

Drops of water are shown to be able to exhibit a transition between two important
wetting states by employing corrugated surfaces, combined with electrowetting and a high
intrinsic contact angle of the surface. The transition from the collapsed (Wenzel) state to the
suspended (also known as Cassie-Baxter) state was observed experimentally for the first time

without having to heat the drop above the boiling point in order to lift it out of the




corrugations. The mechanism of this lifting transition is also investigated in detail with
numerical simulations. The analysis shows that only under carefully chosen conditions, which
require the elimination of contact line pinning, it is possible to have such a transition
spontancously without other forces such as vibration are employed.

The number of achievable morphologies of drops is extended to non-intuitive shapes
such as octagons, hexagons, squares and quasi-triangular by employing surfaces patterned
with micrometer sized posts. The modulation of the lattice according to which these posts
are placed, as well as the shape of the posts itself, creates various drop shapes as the interface
de-pins from the posts differently in different directions, also dependent on whether the
drop is spreading or retracting. Experimental inkjet printing is combined with microscopy
and numerical simulations to elucidate the local pinning of the interface.

An important application of smart coatings is self-cleaning materials in for instance
windshields, textiles or ship hulls. Liquid repellent surfaces are a particular example with
great industrial relevance. An analysis of the stability of the suspended drop states is
presented by employing a recently created experimental surface containing raspberry-shaped
silica particles covered with lyophobic polymers. By carefully studying the complex wetting
states possible and the transitions between them, design rules for stable liquid repellent
surfaces are derived. The method of analysis is generalised so that in the future further
surfaces can be analyzed in similar fashion.

Finally, a number of new potential applications are discussed in a technology review,

where also a view to future developments in the field is briefly discussed.
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1. Introduction

“[-.] he stretched out his arms towards the dark water in a curious way, and,
Jar as I was from bim, I could have sworn be was trembling. Involuntarily 1

Glanced seaward — and distinguished nothing except a single green light,
minute and far way, that might have been the end of a dock.”

- F. Scott Fitzgerald, “The great Gatsby”




Chapter 1

1.1 Controlling drops of fluid

The Netherlands as a geographic region has a more than average interest in controlling
fluids, as roughly one third of the country is located below sea level as shown in figure 1.1.
The many terps, polders, dikes and canals are predominantly man-made structures that
control water levels in order to insure the continued well-being of the Dutch people. From a
macroscopic point of view, gravity is the dominant force that causes water to flow from high
to low, i.e. from mountains to oceans. The tides are caused by the gravitational influence of
the moon and sun, but these minor perturbations cannot change the essentially flat surface
of water parallel to the horizon, neglecting of course the curvature of the earth. This flat
surface is the energetic minimum configuration, and is intuitively understood from a young
age.

Focussing on smaller length scales, the behaviour of liquids becomes more complex.
Surface tension, which is not a bulk force but a surface ‘force’, creates the typically spherical
form that people associate with liquid drops, such as rain drops or a drop of blood on the tip
of a needle. If these drops become too big, they form ‘puddles’ (as used in the nomenclature
of the field). These puddles are no longer spherical but flattened, due to the influence of
gravity. When drops are small enough to be approximately spherical they are commonly
referred to as ‘droplets’. At these length scales, surface tension and not gravity is the
dominant force. Present research indicates that it is only at the nano-meter scale that other
effects such as contact line tension could become dominant over the surface forces,

excluding for the moment more exotic forces such as magnetism or bulk elastic forces.!?2

Figure 1.1: (a) Height map of The Netherlands where blue indicates the lowest lying areas and red the
highest. The black beight contonr indicates which parts of the country are approximately below sea level? (b)
Typical example of a Dutch dike, including a windmill which was used bistorically as a water pump to keep
the lower lying polders dry.*
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While gravity is the dominant factor determining the liquid morphology at larger length
scales, phenomena at smaller length scales can also play an important role at the same time.
For instance, the manner in which water saturates dikes or oppositely is drained from them
can cause dangerous ruptures in the soil. This effect is predominantly driven by surface
tension and not gravity. Whether your raincoat is permeated by water or repels it or whether
your mirror fogs up when turning on the hot water faucet underneath it, are just a few more
examples of microscopic phenomena which influence the macroscopic reality. In this thesis
the object of analysis is the perhaps humble droplet of fluid on a structured surface, at a
typical length scale of less than 1 mm and the implications of its behaviour at other length
scales, which are sometimes immediate and sometimes more subtle. In many cases
interesting new applications can arise from dealing with our surroundings one droplet at a

time.

1.2 Applications of droplet control

1.2.1 Printing

The ability to quickly reproduce information by printing liquid inks on solid substrates was
developed in the 15th century and was first used to print religious texts such as the Bible.
Since then, a wide variety of printing processes have been developed, so that it is possible to
print on almost any object. Printing has been used, for most of its history, only as a means to
produce or multiply information like texts or graphics. The printing industry is now one of
the largest industries worldwide, with over 460 billion Euro turnover annually (2009).5 Over
time, printing techniques diversified including techniques such as letter press, intaglio
printing, flexography, screen printing and more recently inkjet printing and micro-contact
printing.® An extension of micro-contact printing, called micro transfer printing was
developed at the Eindhoven University of Technology.” All these techniques have found
their way into diverse markets, each having its particular strengths and weaknesses.

The common principle is that a liquid, the ink, is deposited on a solid substrate (for
instance paper). Deposition is achieved as a thin film of liquid or as individual drops,
depending on the technique. Although the way the image creation is achieved varies greatly,
at the microscopic level the ink needs to be placed on the substrate in the desired way: not
spreading too much or too little and only in the desired direction(s), optionally absorbing
into the substrate while always adhering sufficiently. Absorption occurs only if the substrate
is porous or permeable to the ink. The ink is typically a complex chemical formulation,
containing pigments or dyes, solvents, binders (monomers or polymers), surfactants and also
functional materials. The properties of the ink, such as viscosity, surface tension and drying
behaviour have to be carefully optimized to achieve the desired result, and great industrial

efforts have been spent on optimizing ink formulations. In that sense inks are closely related

3
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to coatings, which are typically not patterned, although this is possible, in which case the
distinction between both is only a matter of terminology. Efforts to optimize the surfaces to
be printed on have so far been focused mostly on industrial properties such as
manufacturability, cost, surface cleanliness and permeability. However, recent academic
research focuses on locally modifying the geometry and chemical composition of the surface
to enable new applications, which will be discussed further below.

An emerging field of interest in the printing industry is the use of printing techniques
for manufacturing purposes (which sets this field apart from ‘traditional’ graphical printing).
The products being manufactured by printing have industrial purposes beyond simply
conveying graphical information. Typical examples are printed electronics,!” printed sensors
and actuators,'! printed DNA assays'? and engineered tissues!'? and the list of applications is
growing fast. Key advantages when printing these products is the speed of production versus
conventional production techniques, the low levels of waste as well as the flexibility of the
printing process. While printing in some cases replaces existing less efficient production
processes such as lithography, it also enables completely new applications. One of the most
flexible technologies is inkjet printing, which combines additive (lossless) printing with digital
capabilities, i.e. the ability to cteate new patterns for each new print / product. An ambitious
goal that is being voiced in the industrial printing world is that in the future “anything that
can be printed will be printed”.>

Fignre 1.2: An example of extreme precision in droplet motion and flow. (a) Drops (dark areas) bave been
inkjet printed onto a copper PCB substrate. (b) The resulting conductive copper tracks after etching. In order
to achieve the required conductivity and prevent shorts, all drops have to be printed and must stay on the print

position with tolerances no greater than a few micrometers. Figure reproduced from %,
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Control of the printed patterns is for many industrial printing applications much more
demanding than for graphical printing. A key challenge for instance in printed electronics is
that the pattern is not interrupted anywhere (pattern fidelity), otherwise electrical contact is
broken. Conversely, flowing together of structures where this is not intended creates
electrical short circuits. An example is shown in figure 1.2. The impact of the printing
technique (impact versus non-impact) on geometrically patterned sutfaces is analyzed in

chapter 3.

1.2.2 Micro-fluidics

Mainly due to the increase in micro-fabrication capabilities, interesting new applications have
been developed in the field of micro-fluidics in the past decade.'>1¢ One example is lab-on-a-
chip applications. Here, technologies initially developed for semi-conductor fabrication
(‘chips’) are combined with chemical analysis (lab’). A currently available example is a small
disposable chip which can be inserted in a handheld glucose meter, which quickly and cost-
effectively analyses the glucose level in the blood of an insulin patient, such as the One-
Touch Ultra2tm from LifeScan Inc. By combining inexpensive fabrication technology with
easy-to-use chemical/biological analysis, healthcare costs are decreased while simultaneously
increasing convenience for the patient, especially if patients are able to perform the analyses
themselves.

Another important developing field is micro-reactors.'” The classical bulk approach to
chemical manufacturing, involving large chemical plants, is not optimal for many
applications. The large volumes that are concurrently processed mean that optimizing for
processing conditions suffers from many practical trade-offs. Mixing of fluids, timing of the
process, maximum achievable temperature change rates and many more process steps are
limited in flexibility. Furthermore, large scale reactions have to be carefully controlled, as a
run-away reaction can pose serious health and environmental risks. A solution to these
problems is micro-reactors. Here, much smaller flows of fluid are batch or continuously
processed, flowing through tight channels down to below 1 mm in diameter, depending on
the application. This allows greater control over reaction parameters, parallelization driving
down the minimum efficient scale of production and better safety control. However, cost-
efficient production is only possible when the miniaturization of the equipment can be done
efficiently.

A last example combines the two, namely micro-reactor-on-a-chip. Here, synthesis of
for instance high value pharmaceuticals can sometimes be performed under precise
conditions on a chemical ‘reactor’, not larger than a chip. The high value of the chemicals
produced by such devices allows the expense of the chip.!8

In these applications, liquids are typically in simultaneous contact with solids (catalysts)
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and/or vapour phases, and flow batch-wise or continuously through these reactors.
Controlling the wetting properties and flow mechanisms through surface control is an
important tool in creating efficient micro-reactors. These flows are dominated by the
surfaces and less by the bulk at these length scales. Challenges include the efficient
propulsion of the fluids, especially when there is a mix of gas and fluid in the channels. An
example is shown in figure 1.3. One topic being investigated to this end is the use of artificial
flagellae, which can eliminate the need for external pumps or increased local mixing of
multiple fluids within the channels.!?

In a sense, the components available to electrical circuits on chips, such as e.g. voltage
sources, delays, diodes, transistors and resistors inspire fluidic counterparts. Geometrical and
chemical patterning of the surfaces in these micro-fluidic devices can help eliminate the need
for external devices such as pumps. It can also increase the range of fluids that can be
analysed. A number of surfaces which can inspire or form the basis of new micro-fluidic
component are presented in chapters 3, 5 and 6, and their relevance is discussed in these

chapters as well as summarized in chapter 8.

e

Figure 1.3: A micro-fluidic channel containing precisely measured ‘droplets’ of air (light areas), which help to
efficiently mixc an ink (dark fluid, top) with a surfactant (white fluid, bottom). Here, all three types of
surfaces (solid-fluid, fluid-vaponr and vaponr-solid) are present. Reprinted by permission from Macmillan
Publishers Ltd: Nature,”> copyright 2006.

1.2.3 Smart functional coatings

In the field of coatings, many academic and industrial efforts are devoted to improving the
quality of existing coatings and extending their properties, as well as creating new
applications with new functionality. Improving durability of coatings has been one important

consideration in order to decrease overall costs and decrease the number of service intervals.




Introduction

Simply put, nobody likes to paint his or her garden fence every year. One factor decreasing
the lifetime and functionality of coatings is surface contamination. The simple sounding
solution for this is self-cleaning or self-replenishing coatings. Inspired by nature, researchers
have been active in artificially reproducing and adapting surfaces with such desirable
properties found in plants and animals. These efforts are known as nature-inspired or
biomimetic approaches.

A well known example of self-cleaning surface properties is found in the Lotus leaf,?0 as
shown in figure 1.4(a). Its leaves are superhydrophobic, i.e. repellent to water. In this way,
the leaves are not covered in water for long periods of time, and also when floating in a pond
(its natural habitat), any dirt that accumulates on it is washed off periodically when it rains.
This is crucial to capturing sufficient sunlight for photosynthesis. Smart surfaces with
purposes other than self-cleaning have evolved in nature as well. For instance the water
strider (a small insect) is capable of literally walking on water as it floats on the surface due to
its water-repellent legs.?!

The above mentioned Lotus leaf and the water strider legs both have a dual-scale
structured surface, with the former having been mimicked successfully by raspberry-like
particles, as shown in figure 1.4(b).222> Such dual-scale structuring is experimentally
challenging to reproduce and there are considerable theoretical efforts underway to better
understand the interactions such surfaces have with liquids drops or when submerged. In

chapter 7 dual-scale structured surfaces are investigated in detail.

<

Figure 1.4. (a) SEM image of the lotus leaf, reproduced from 2°, showing the dunal-scale structure. (b) SEM
side view and (c) SEM top view of an artificially created biomimetic raspberry-like dual-scale structured
surface, reproduced from 2 with find permission from Springer Science and Business Media; the larger first-
layer particles (d, = 700 nm ) are covered by the second-level, smaller particles (d, = 70 nm ). Both surfaces
exchibit superhydrophobicity due to their dual-scale roughness. The scale-bar in (a) corresponds to 20 pum
and in (b) and (c) to 1 .
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Examples of applications for such surfaces are for instance self-cleaning textiles for
domestic convenience or for use in dangerous environments, such as chemical spills. Other
examples include low drag resistance ship hulls that decrease fuel consumption, or car
windows from which the rain runs off much faster increasing visibility in poor weather
conditions. One important consideration in all these examples is not only the functionality
itself, but the durability of this functionality. Put more scientifically, the stability of the
wetting states and the resulting drop morphologies, which will be analysed in chapters 4 and
6.

1.3 Aim of the thesis

Common challenges in the applications mentioned above deal with controlling the shape and
location of the fluid (droplets) on the solid surface it interacts with. From the initial
formulation of Young’s equation in 1805,24 describing the contact angle between a drop and
the surface (defined in chapter 2), the morphology of droplets has been under constant
debate. Experiments have shown that deviations from this straightforward equation are
common. In fact, the drop morphology is highly dependent on the geometrical and chemical
patterning of the surface the drop lies on. Furthermore, the way in which the drops are
placed onto the surface influence the final stationary morphology as well. These deviations
are commonly categorized as hysteresis, the understanding that the final shape of a drop is
determined by both its initial shape and the evolution of this shape. In that sense, there is not
necessarily a single ‘equilibrium’ shape, and multiple meta-stable equilibria can exist. The
evolving morphology is continuously influenced by the local surface conditions that the
fluid-vapour interface encounters as it moves over the surface. Therefore, a static analysis of
forces or energy does not suffice.

The aim of this thesis is to investigate a number of approaches to combine drop
placement methods (such as inkjet printing, micro-transfer printing) with specifically
structured surfaces in such a way that control over the final droplet morphology and its
stability can be achieved. Experiments, theoretical analysis and Lattice-Boltzmann numerical
modelling are combined in both static and dynamic analyses. Specific attention is given to the
motion (pinning and de-pinning) of the contact line, the different wetting states and the
(meta-) stability of these states and morphologies. The aim is to examine the usability and
limitations of the various structures as well as the research methods themselves, with a view

to practical applications.

1.4 Structure of the thesis

The relevant theoretical background needed to interpret the results in this thesis is presented
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in chapter 2, which serves as starting point for the subsequent investigations. First, the
governing thermodynamic definition of the system is presented. From this, the relevant
Gibbs energy terms ate derived and simple models which ate currently receiving considerable
attention in the literature are presented. A lattice-Boltzmann numerical model that is
frequently used in the subsequent chapters is also described.

In chapter 3, a number of fluids are deposited on corrugated sutrfaces (i.e. having
parallel grooves and ridges in one direction), and it is shown that depending on the initial
state of the drop, related to the printing technique applied (inkjet printing versus micro-
transfer printing), the drop can become clongated ecither parallel or perpendicular to the
corrugations. This unexpected result of contact angle hysteresis and breaking of the radial
symmetry due to the surface serves as a good starting point to consider more advanced
surface patterning,

One particular example of this elongation with practical relevance is investigated in
chapter 4 for printed thermotropic nematic polymerisable liquid crystals on corrugated
surfaces. It is shown that the elastic energy that is inherent to liquid crystal order, favours
clongation parallel to the corrugations (which is the alignment direction). However, due to
the contact printing method employed, the overall liquid crystal drops are still elongated
perpendicular to the corrugations.

In chapter 5, similar corrugated substrates, coated with a fluorinated PTFE
hydrophobic coating, are studied during clectrowetting to make the surface temporarily
much more hydrophilic to water drops. During clectrowetting, the air vapour that is
entrapped under the drop is pushed out, which leads the drop to go from a suspended to a
so-called collapsed wetting state, which normally persists after removal of the applied
voltage. For the first time, it is demonstrated experimentally that the reverse transition back
from the collapsed to the suspended wetting state can spontaneously occur after removal of
the voltage, and that this reverse transition is only possible under specific geometrical and
energetic conditions. Since the suspended state is superhydrophobic and the drop is
therefore very mobile, this reverse transition shows that simple removal of drops from a
surface is possible.

In chapter 6, surfaces covered with periodic arrays of microscopic pillars are prepared,
on which drops are deposited with considerable impact energy by means of inkjet printing.
By changing both the lattice type arrangement of these pillars as well as the shape of the
pillars to different polygons, it is shown that the drops can spread to a large number of
geometrical shapes, such as squares, octagons, hexagons and triangles. Pinning and de-
pinning of the contact line is observed and modelled to accurately investigate the various
mechanisms of pinning, for both advancing and receding motions of the contact line. The
predicted shapes of single inkjet-printed drops are observed experimentally even for very

small (200 pl ) and quickly evaporating water drops.
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In chapter 7, a theoretical study of the stability of the different wetting states of single-
and dual-scale structured surfaces is presented. One particular raspberry structure, which is a
biomimetic counterpart of the Lotus leaf surface structure, is analysed in detail. Since
potential applications depend crucially on the stability of this superhydrophobic state, a
detailed analysis of the (meta-) stability of the different states is presented, and it is shown
that these states cannot be considered simply in terms of suspended or collapsed:
intermediate states are also possible, which causes an increase in possible wetting state
transitions as well. The model results are compated in detail to experimental observations.

In chapter 8, the findings of the previous chapters are presented in a technology review.
This also serves as a conclusion to the work and an outlook on potential future

developments.
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2. Theory

“There were many seas. The sea roared like a tiger. The sea whispered in_yonr
ear like a friend telling you secrets. The sea clinked like small change in a
pocket. The sea thundered like avalanches. The sea hissed like sandpaper
working on wood. The sea sounded like someone vomiting. The sea was dead

silent.”

- Yann Martel, “Life of Pi”
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Chapter 2

2.1 Introduction

This chapter presents an overview of the main theories and models used to determine the
morphology of liquid drops on a solid substrate. It summarizes the relevant theoretical
background as it is known in the field, but presents no original research. The purpose of the
chapter is therefore to enable the reader who is not familiar with the fields of soft matter
physics and wetting science to be able to interpret the results presented in the following
chapters. Readers familiar with the field may find this chapter useful to find the relevant
definitions and assumptions used in this thesis.

Following a thermodynamic definition of the system in section 2.2, the phenomenon of
drop shape hysteresis is discussed in 2.3. The contributions to the overall Gibbs energy of
the system are systematically described in 2.4. A number of commonly employed
simplifications relating the drop shape geometry to the Gibbs energy (static models) are
presented in section 2.5, including a detailed discussion of equilibria, wetting states and
stability of these states. In section 2.6, dynamic aspects of drop morphology are discussed
including hydrodynamic effects, as well as several numerical techniques to model drops,
focussing primarily on a particular lattice-Boltzmann model which will be used frequently in
this thesis. The chapter ends with a brief conclusion in section 2.7. The mathematical

symbols used throughout this thesis are presented for reference in appendix F.

2.2 Thermodynamic definition of the system

The model system is a drop of liquid on a solid incompressible sutface, surrounded by a
vapour phase, as depicted schematically in figure 2.1. The three phases are solid s, liquid /
and vapour 7, and are referred to as such in the subscripts. The phase boundaries are the

solid-liquid intetface with area £2

5l >

the liquid-vapour interface with area €2, and the three-
phase line L, commonly called the contact line, where the three phases meet. The substrate
beyond L is £2 , where the solid and vapour phases are in contact. The liquid has volume
17 defined as the volume enclosed by £2, and €2, , and constant on the timescales under
consideration. This means that there is no evaporation of the liquid and the pressure in the
vapour phase is constant. The constant volume constraint also implies constant mass M of
the liquid phase, or more precisely a constant number of molecules 7. The system is in
thermal contact with its surroundings (the solid and vapour phases extend far beyond the
drop size). Since the drop and surface ate small compared to the dimensions of the
surroundings with which it is in thermal contact, the temperature can be assumed constant
throughout the system. It is therefore common and convenient to choose to evaluate the
Gibbs energy G for this system (i.e. considering a system with constant temperature T,

pressure p and number of molecules 7).252 The chemical compositions of the drop and
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solid surface also do not vary in time. The Gibbs energy is also known as the Gibbs free
energy or the free energy, but here it shall be referred to only as the ‘Gibbs energy’ or
‘energy’. However, other choices, such as the Helmholtz (‘free’) energy, would also be
correct in most cases treated in this thesis, and in literature reference is often made simply to

the free energy of the system.

e Smgm e

NP

Fignre 2.1: Quasi-3D view of a drop resting on a surface. The height b , the contact angle [ and the radins
r are indicated. Also indicated are the contact line (three-phase line) L , and the three interfaces €2, £2,
and $2,. Note that the drop here bas an idealized circular contact line and spherical cap shape for
ilustration purposes only.

There are in general three types of Gibbs energy contributions to this system: bulk
contributions, interfacial contributions and contact line contributions. The total energy will
be minimised in the global equilibrium drop morphology. The total energy can thus be
summed as

G =G +G

interfaces

+G

e+ 2.1
In the following sections all energetic terms are presented in integral form, but first the

possibility of deviations from thermodynamic equilibrium and their consequences are
described.

2.3 Non-equilibrium conditions and hysteresis

An ideal, unperturbed droplet system will eventually be in a state of global equilibrium at its
lowest energetic configuration, regardless of initial configuration. If the minimum energy can
be calculated, given that all the relevant terms are taken into account and the system has

enough time to reach equilibrium, one can determine the final state the system will be in.
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This makes it possible to determine « priori which state the system will be in even though the
system is perturbed by some means at a previous time or if it is prepared initially in a non-
equilibrium state. There are however in reality many deviations from this ideal system. For
instance there is always thermal and mechanical excitation unless extreme precautions are
taken. Furthermore, not all allowable states may be reachable with equal probability or there
are energetic barriers between the states that cannot be overcome by the energy available in
the system. Also, the time needed to reach equilibrium may be too large compared to actual
experimental observations. These deviations collectively manifest themselves in the present
system as drop shape hysteresis, where the static state (morphology) of the system depends
critically on its past states.! At a given static configuration, the observed contact angle f is as
defined in figure 2.1. It is important to note that the observed contact angle B is not
necessarily the same as the intrinsic contact angle 6 as defined below.

From experimental practice it is well-documented that drops on a surface exhibit such
morphological hysteresis.?734 A particular type of hysteresis is commonly observed when
forcing a drop to advance over the surface to cover a previously uncovered part of that
surface (i.e. advancing motion of the contact line). This forced quasi-static motion can be
induced by slowly adding liquid to the drop by means of an inserted syringe (advancing
contact line). The liquid-vapour interface will be shaped differently than when the contact
line moves the other way and uncovers part of the previously covered surface (receding
motion), by quasi-statically removing liquid via the same syringe. When consideting
advancing and receding drop interfaces on a surface, a common practical measure of this
hysteresis is the deviation of the macroscopic contact angle. In this case, the observed
contact angle [ varies when performing an experiment compating advancing and receding

motions. This hysteretic behaviour is defined as

B, =pB,-B. 20, 22)

i.e. the contact angle hysteresis is calculated by subtracting the advancing (8,) and receding
contact angles (f,). It is therefore important to note that depending on the way a drop is
placed ot formed on a sutface, its obsetved contact angle f can vaty between S, and S and
is therefore not well defined.

It has been found that all of the following phenomena in part can account for contact
angle hysteresis: contact line pinning due to surface roughness, chemical surface
heterogeneity, asymmetric adsorption and desorption of liquid molecules from the surface
and pre-wetting films of one or several molecular layers extending far beyond the observable
drop close to the surface.?

Even while considering hysteresis, equilibrium energy calculations are still justifiable as
an approximate analytical tool to gain understanding of liquid drops, as these calculations do

indicate the shape the drop would prefer to be in. Equilibrium calculations are therefore in
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common use! to predict many aspects of the system, including its morphology. However, in
many cases non-equilibrium calculations are required, which can be quasi-static (treated in

section 2.6) ot dynamic (treated in section 2.7).

2.4 Gibbs energy contributions

2.4.1 Bulk contributions

The bulk contributions to the total energy of the system in the liquid phase are the
gravitational energy and the intra-molecular interactions. The gravitational potential energy

contribution of the liquid is

G, = Z’”ig% = pz%AVi =pg J.J‘J.{dV . 2.3)

Here the summation over individual molecules is replaced by a continuous integral and with
p the fluid density (assumed constant throughout the liquid) and g=9.81ms™ is the earth
gravitational acceleration. As the total energy will be minimal at equilibrium, only the relative
energy as function of drop shape has to be considered, and an arbitrary zero energy position
can be chosen freely. Therefore, the location of =0 can be freely chosen at the solid
surface, indicating that if the drop completely wets the surface (and in effect spreads to a
mono-layer), this is considered as a state without potential energy.

There is also an internal energy contribution due to intra-molecular interactions.?
However since # is assumed constant here, any net energy fluctuations due to this internal
energy will only occur if molecules are so near to the surface that they experience a lack of
attraction to other molecules 'missing' beyond the interface. However this remaining net
energy is defined as the interfacial energy described in the next section, and is not a bulk
term. With this common definition, the interaction energy in the bulk is in fact constant in
time, and can be disregarded. By the same reasoning, bulk contributions to the other phases
(solid, vapour) ate also constant, so do not need to be considered.

In order to assess the relevance of gravity, a common measure in use is the capillary
length, which expresses a ratio between gravity versus interfacial energy contributions. The
capillary length is defined as

L, = -, 2.4)
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with o, the liquid-vapour interface surface tension, which is formally defined in the next
subsection. The common interpretation is that if the dimensions of the drop exceed the
capillary length, the shape is dominated by the gravitational energy term and forms puddles,
whereas if the dimensions are smaller, interfacial terms dominate and the drops form
droplets, i.e. having an approximately spherical cap shape, as discussed in chapter 1. The
dimensionless equivalent of the capillary length is the Bond number, presented here for a
gravitational body force: Bo= (pgl?)/ o, , where gravity dominates if Bo > 1, although for
convenience and convention the capillary length is more often used. For water, with

o, = 72 me,z s me ~2.7mm.

2.4.2 Interfacial contributions

The interfacial energies o, are defined as

o, =| 25| 2.5)
)
T,pn

for all interfaces 7 and where the subscripts T, p,# refer to the constant temperature,
pressure and number of molecules. The total interfacial energy contribution is then a

straichtforward summation
g

G = G/L‘ ‘Q/i/ + G,r/ ‘Q.r/ + G.rzf Qﬂ/ . (26)

interfacial
A further simplification follows if it is considered that the change in solid-vapour and solid-
liquid areas are always equal but of opposite sign, so that an equivalent and more practical
definition of (2.6) is

AG =0,0,+(c,-0,)02, (2.7)

interfacial
where the absolute solid-vapour interface area is removed from the equation, and only the
relative Gibbs energy term is now considered.

Although o, is formally defined by equation (2.5), the nature of the energetic
interactions between the solid and liquid phases is still not fully understood. These
interactions are typically grouped into two contributions: dispersive and polar, where the
dispersive part is considered to be due to London-van der Waals induced-dipole-induced-
dipole attractive interactions, and the polar part due to the various polar non-covalent
interactions, such as dipole-dipole, dipole-induced-dipole and Lewis acid-base interactions.?®
Owens and Wendt?, Rabel’” and Kaelble® independently proposed a method (now known
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as the OWRK method) to calculate the solid-liquid surface energy. The starting assumption

is that surface energies consist only of dispersive and polar contributions, i.c.:
_ D P _ D, P
o,=0, +o, and o,=0, +0, 2.8)

The interaction energy o, is then calculated as

_ D D P P
0, =0, + o, — 2(\/0-10 "0y, + \/O-/L‘ "0y, ) . (29)

Combining (2.9) with Young’s equation (2.13) as described below leads to

2
c055=—1+—(\/a,f’~a5 +\/a,§f~afj) 2.10)
0-/1/

By determining the intrinsic contact angles & of two probe liquids with known dispersive
and polar contributions to their respective &, ’s it is possible to determine both o and o’
for a given surface. With these surface parameters known it is possible to calculate 6 and
o, of the surface for all other liquids with known dispersive and polar contributions. Care
has to be taken that these calculations are at best approximations which work best when
comparing liquids from specific classes (alcohols, linear alkanes, etc.) on a specific surface. If

the liquid reacts chemically with the surface, the method is not applicable.

2.4.3 Contact line contribution

The edge of the drop on the surface is referred to in literature interchangeably as the contact
line, three-phase line or the phase triple-point, as all three phases meet at this edge. The
three-phase line boundary L

.» also adds a non-zero contribution to the energy of the

system, which can be defined as an integral over length L as
G = I A(x)dx , 2.11)
L

where the contact line tension A(x) (units Jm™) is a variable of the position of the contact
line x on the surface.’ The magnitude and sign of this line energy can in principle be
positive or negative depending on the system. This is fundamentally different to the
interfacial energy, which can only be positive, due to the fact that negative interfacial energies
would lead to an increase in surface area, effectively mixing the phases until no separate

phases can be distinguished. Therefore no stable thermodynamic equilibrium states can exist
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with negative interfacial energies. This problem does not occur with line energies, as a
preferred reduction of the contact line does not necessarily lead to a disappearance of phases,
and a stable equilibrium can exist. The sign and magnitude of A(x) depends locally on the
geodesic curvature of the surface, assuming no discontinuities in the derivatives dx of the
surface. Discontinuities are discussed in more detail in the next section.

A characteristic length scale comparing contact line energy to surface energy can be
defined as

A
L,=". 2.12)
o,

Taking characteristic values for A for water of 107" t0 107" Jm™ (experimental)® and
107" Jm™" (theoretical),?s it is found that L., ¥ 1nm. Thus, the energy contribution of a line
is comparable to that of a surface on the length scales of a drop that contain comparable
numbers of molecules on the interface as on the contact line. Therefore, contact line energy

terms can be disregarded under normal circumstances.

2.5 Static interfacial energy models

As described in section 2.2, when considering a system that exhibits hysteresis, only non-
equilibrium calculations can predict the correct drop behaviour as multiple drop shapes ate
possible. However, with an equilibrium approach a great number of common simplifications
can be made. In this section a number of these simplified theories are presented in order of
increasing complexity. They all have a similar appearance in that they predict the observed
contact angle and drop base diameter directly from the (interfacial) energy contributions,
often distegarding gravity. These predicted parameters are also the two main geometric

obsetrvables of the drop morphology which can easily be determined in simple experiments.

2.5.1 Ideal surfaces and Young's equation

The standard equation for relating surface energies to contact angles was formulated first by
Young in 1805.24 Assuming equilibrium, an ideally smooth surface and disregarding any
other energetic contributions, the equation expresses the relationship between contact angle

and sutface energies.

coso = Zu =%

2.13)
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Here, ¢ is called the zntrinsic contact angle, which will only be equal to the observed contact
angle [ in case of an ideally flat and chemically homogeneous sutface. When however there
is any surface roughness or chemical heterogeneity, B can deviate substantially from &.
These deviations will be further detailed in the following sections and atre a key topic in the
remainder of this thesis as well as of ongoing academic interest. Equation (2.13) can be
derived by considering an energetic minimum for a drop with a spherical geometry freely
moving to its equilibrium on an ideally smooth surface. It is also possible to derive Young's
equation from a mechanical point of view as a force balance. The exact derivations can be
found in several textbooks.!:3540 Both derivations of Young’s equation can be performed
locally at the contact line for an infinitesimal movement of the contact line 0 x. This has the
important consequence that the intrinsic contact angle J (also sometimes called Young’s
contact angle) is found locally everywhere along the contact line, as long as the interface is
stationary. This is one of the key reasons for hysteresis, as will be desctibed further in section
2.5.3.

The simple and ubiquitous Young's equation explains why there is a preferential
adherence of fluids to surfaces of high energy o, as compared to low energy surfaces: the
total energy of the system is minimised in equilibrium. For a spreading drop the increase of
liquid-vapour interface area has to be compensated by an energy decrease from the surface-
liquid interface interaction. Therefore, in general, high energy surfaces have low contact
angles 0 (so the drop adheres to surface with a large area), and vice versa.

Regarding nomenclature, surfaces on which water exhibits high observed contact angles
B >90° are called hydrophobic, and low contact angles £ <90 ° hydrophilic. For an ideally
smooth surface this same distinction is made for the intrinsic contact angle (i.e. if §>90°
then a surface is zutrinsically hydrophobic) which is solely a property of the molecular
interactions at the surface as in equation (2.10). This subtle difference is potentially
confusing, as an intrinsically hydrophilic surface may become hydrophobic (i.e. exhibit an
obsetved contact angle £ >90°) due to surface structuring and entrapment of vapout, as
will be described further on. For liquids other than water, other nomenclature is in use in the
literature, including lyophobic, hygrophobic or omniphobic (all indicating repellency to all
liquids) and oleophobic (repellent to oil-like liquids).

Extremely water repellent surfaces, typically defined as f>150°, are referred to as
superhydrophobic (and occasionally as ultrahydrophobic and other popular variants).
However, it is commonly understood that for any surface to be considered extremely
repellent to a given liquid, it is additionally required that these surfaces also exhibit low
hysteresis £, <20°: in particular low contact angle hystetesis according to equation (2.2).
This leads to similarly low roll-off angles of the drops and associated self-cleaning properties
of the surface, as is the case with for instance Lotus leaves. Supetlyophobicity and

superoleophobicity are defined similatly. In the case that the contact angle as well as the roll-
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off angle and hysteresis are large, surfaces are said to exhibit “sticky superhydrophobicity”.4!

2.5.2 Laplace pressure

A freestanding curved liquid-vapour interface under tension exerts a force on its
surroundings if it is stationary. The pressure difference between both sides of the interface,
required to balance this force in equilibrium is known as the Laplace pressure.*? It can be

derived! to have the form

11
Ap=0, [E + R—j , 2.14)
1 2

where R, and K, are the principal radii of curvature. For a sphere, this reduces to
Ap=20, /R. The liquid-vapour intetface is considered, as this is the only sutface free to
move in the system.

If the system is in equilibrium, there is constant pressure within the drop, except in the
case of non-negligible gravity, when there is also an additional hydrostatic pressure
component p= pgh added to equation (2.14), which is height-dependent. The implications
of the Laplace pressure are considerable, in that the curvature of the interface has to be
constant at all points of the interface, including disturbances of the interface such as on
defects, as this force balance has local as well as global validity. The curvature of the
interface, combined with the intrinsic contact angle, uniquely determines the possible
equilibrium position(s) of the interface on a given surface. Note that since the Laplace
pressure is dependent on the size of the drop, the local force balance is changed due to
global pressure conditions, and this establishes a unique relationship between local and

global constraints.

2.5.3 Surface discontinuities and Gibbs criterion

Regarding surface roughness, Shuttleworth and Bailey* proposed that due to the mechanical
force balance, the intrinsic contact angle & is never observed on rough surfaces, but is

related to the observed angle B and the local slope angle a(x) on a surface 4(x) through
B(x)=6+a(x), (2.15)

where the slope angle is defined at any point as
sin(a(x))=[V/y(x)~nL(x)], (2.16)
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where n l(x) is the vector in the horizontal plane normal to the contact line pointing
towards the vapour phase. This approach requires exact knowledge of both the surface and
position of the contact line, so in practise this approach is only feasible for highly defined
surfaces. For rotationally symmetric surfaces, equation (2.16) was indeed fount to agree with
experiments.>

To better understand the role of surface discontinuities, Gibbs proposed a famous
criterion,* which is explained graphically in figure 2.2 for the case of surface roughness. In

that case, the contact angle at the discontinuity can range between
O<p<o+y. (2.17)

In case of an interface that is not convex but concave, the contact line will not be pinned but
instead jump ahead instantaneously upon reaching the discontinuity, until it reaches another
stable point that satisfies Young’s equation. For chemical heterogeneity a similar mechanism
occurs, where upon moving from a region of lower contact angle 0 to a region of higher
contact angle J+y, the contact line is again pinned until the contact angle increases
sufficiently. In the opposite case, the contact line will again jump. This jump occurs in the
direction of the contact line movement, regardless whether this is an advancing or receding
motion. It can be shown mathematically that pinning also occurs on continuously varying
surface slope angles or chemical compositions, but the contact line will not be completely
stationary during pinning in that case.*> Gibbs criterion has been proven experimentally’* and

will play an important role in chapters 3 to 6.

Fignre 2.2: graphical illustration of Gibbs criterion. On a discontinnously rough surface, the contact line
moving from left to right is pinned at the surface edge (discontinuity) until the lignid-vaponr interface has
deformed so far that the contact line can continue its quasi-static advance down the slope at Young’s contact

angle. In equilibrium the contact angle can therefore range continously between the two angles indicated.

Young’s equation, the Laplace pressure and Gibbs criterion have been called the three

fundamental equations in wetting science,* and collectively can be used to analyze a great
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number of wetting situations, especially involving the shape of the liquid-vapour interface
locally near the contact line, as well as describing the causes of local contact line hysteresis.
However, full energetic calculations or preferably simplified models are more applicable for
finding the global drop shape, as will be discussed next. In addition, dynamic calculations are
not possible with these three equations alone and applying them in non-equilibrium

situations can give erroneous results.

2.5.4 Wenzel equation

In practice a simple thermodynamic approach is often used by approximating surface
roughness by a roughness constant R. The sutface terms (2, and 2 are assumed to
increase straightforwardly by this factor R, defined as the ratio between true and projected

(ideally smooth) surface area:
, (2.18)

where
Q, :'U/a(x) A (2.19)

and where A4 is the projection of this surface on a smooth plane. Equations (2.18) and (2.19)
can be equivalently evaluated for £2, . By inserting these new surface terms into Young's

equation the so-called Wenzel's equation is detived as:#

_ R(O-.w _O-,r/) _
cosf=————~-=Rcoso. (2.20)
9;

When Wenzel proposed this equation in 1936, there was no way to verify it quantitatively,
although a qualitative match was established. The advent of high-precision lithography and
AFM to determine roughness on a sub-micrometer level has enabled experimental work3347-
4 in which the validity of the equation is reasonably established if the roughness of the
surface is several (at least three to five) orders of magnitude smaller compared to the drop

size and within certain limits for & and R.

2.5.5 Cassie-Baxter equation

When the surface consists of several independent fractions of molecular species or even
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several phases, Cassie and Baxter® proposed a similar approach as Wenzel in altering

Young's equation so that
cosff = Z f;cos0;, (2.21)

where the respective contact angles of the surface species 7/ are summed using the area

fracton [ of surface that each species occupies to yield the appatent contact angle .. If a

flat surface consists of several chemical species, the surface coverage fractions f; are used to
determine the weighted contact angle, with the sum of all weights E f;=1. That this
7

summation should always equal unity is a common interpretation of the Cassie-Baxter
equation. However, in the spirit of the original article (the liquid-solid contact area not

necessarily being flat), the weights can be allowed to sum to more than unity without loss of

correctness of the equation, i.e. E [; 21, if the surface is patterned geometrically.
7

It is possible that the liquid does not completely wet the surface because a vapour
fraction is entrapped in the crevices of a roughened surface. In that case the liquid is in
contact with a “vapour surface”. The intrinsic contact angle of a liquid on this vapour phase
is 180° for any liquid. This explains why entrapped vapour always leads to increased
lyophobicity and roughening the surfaces is a common approach to achieving this. Assuming

that the surface protrusions which the liquid is in contact with are planar (i.e. that

D /=), equation (2.21) simplifies to

cosff = fcosd —(1- f) (2.22)

with f the fraction of surface that is wetted and 1— f the fraction that is ‘covered in
vapour’. Equation (2.22) is (confusingly) also referred to as the Cassie-Baxter equation, but is

in fact a particular case of the general equation (2.21).

2.5.6 Gibbs energy calculations for isotropic drops and substrates

A more sophisticated approach for calculating the equilibrium drop geometry was proposed
by Johnson and Dettre.27.283031 Instead of finding an explicit relationship between £ and the
o, 's via local force or enetgy considerations, the total Gibbs enetgy landscape for all contact
angles between 0 and 180 degrees is calculated, after which the minimum is determined.
Equilibrium, the absence of gravity and a radially symmetric spherical drop shape are still

assumed, but the other improvement upon previous models is the fact that radially
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symmetric model surface geometries could be implemented, and multiple local energetic
minima could be determined, including the energetic barriers between them, thus giving a
measure for hysteresis.

Before explaining this model in more detail, first it is instructive to compare it briefly
with completely analytical models that do not take into account non-ideal surface geometries.
Finding an exact solution for the minimum of the free energy terms, with the constraint of
fixed volume I, can be done by minimizing an Euler-Lagrange functional,! while optionally
also including the bulk energetic contribution of gravity.5! The coupled differential equations
of the solution describe the drop surface without assuming « priori which shape it has, aside
from rotational symmetry. A drawback is that the free energy landscape cannot be
determined and only the minimum solution (as was the case with the Young, Wenzel and
Cassie and Baxter equations) is found. Therefore in literature the basic approach of Johnson
and Dettre has been used a number of times to gain insight into hysteresis and surface
roughness.?’2 The derivation presented here is slightly different from that in the original
article. It is desctibed hetre in detail because it clearly illustrates the connection between
energy models and the simpler models described before. Several intermediate results will be
used in subsequent chapters.

In order to easily calculate the total interfacial energy is useful to make some minor
changes to equation (2.7) by making the energy dimensionless by dividing by &,17*? so

that all 0’'s can be substituted with the intrinsic contact angle:

~ 0, + 1 cosd

AG e (2.23)

interfacial

where the tilde signifies that AG , is made dimensionless. This is the basic equation used

interfacia

to determine the minimum free energy.

B¢

L.

Figure 2.3: A side view of the geometry of a spherical drop, where the solid surface is at 3 =d . Indicated are
the contact angle [, the drop radius r, the intrinsic curvature k. and the z -axis cut-off d .
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The geometrical parameters in equation (2.23) will now be written explicitly in terms of
the observables 7 and f as schematically shown in figure 2.3. The drop is approximated
with a spherical cap shape. The intrinsic curvature (principal radius) of the drop £ and the
cut-off distance 4 between the actual solid surface and the imaginary plane at the centre of
the sphere needs to be determined first. From this figure the geometric relationships between

B, &, d and the radius of the drop on the solid-liquid surface plane r are
sinff = L and tanf = z (2.24)
2 e .

An important simplification comes from the fact that the surface roughness with height &,
compared to the height of the drop, is & < (/é —d ) for the model to hold. Therefore, the
total volume can be calculated from the drop geometry ignoring any liquid penetration into

the surface as

v ([ = [, 02
d

with a parameterization over g and the horizontal cross section of the drop, which is

defined as
2
A=k {1 - (Ej J . (2.26)

The integral (2.25) is then evaluated with this integrand as
&

2
V;ﬁbere = ﬂ-’ézj‘ [1 - (%j Jd‘?

d

2.27)
26 4 o= ’ _ 3
=k (?4_? dj_—S( _ ,B] (2 3cosfl + cos ﬂ),

Sin

where in the last step the relations of (2.24) were used. By expressing 7 as a function of 1/

and f the fixed volume constraint can be expressed as

. 317 "
r=sinfs 71'(2 —3cosf + cosSﬂ) ' (2.28)
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The function b(x) =&* = x? =4 defines the height of the sphere as function of horizontal

position. Now the liquid-vapour interface area 2, can be expressed as

Q, = L \/ 1+ (S—ij + é(g—ij dA. (2.29)

This integration is evaluated, considering that there is rotation symmetry around the g -axis,

thus eliminating the partial detivative to ¢@. The integration limit over x is 7, so that

0, = 27:&[—\/&2 -5 J , (2.30)

0

which can be simplified further using (2.24) to

2

2
= (2.31)
1+ cosfB
Obviously for flat surfaces,
Q,=nr", (2.32)

although for non-flat surfaces equation (2.32) may still be used as long as any significant
amount of liquid penetrating the surface is accounted for by appropriate corrections to
equations (2.27) and (2.28). In chapter 7 equation (2.32) will be modified to account for
multi-scale surface roughness.

All terms in equation (2.23) are now written explicitly as function of 7 and f, and due
to the fact that both (2, and (2, have a 7> term, the volume I can be conveniently
eliminated from the equation. Furthermore, because 7 is expressed explicitly as function of
S due to the fixed volume constraint (2.28), AG can now be expressed only as function of
B, which greatly facilitates the calculations.

Both the Wenzel (2.20) and Cassie-Baxter (2.21) equations have limited validity and
should be used correctly only under specific circumstances. In contrast, the more general
Gibbs energy model presented here can also be used calculate the energy of non-equilibrium

configurations, such as meta-stable drop morphologies.
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2.5.7 Wetting states, stability and transitions

When considering surfaces with increasing roughness R, there are two generic wetting states
named after the equations that describe them: the smooth to intermediately rough “Wenzel’
state (typically 1< R < 2) and the rough to very rough (typically R 2 2) ‘Cassie-Baxter’ or
‘Cassie’ state. Other names for these states are the collapsed state (Wenzel) and suspended
state (Cassie) and both conventions will be used in this thesis. These states are shown

schematically in figure 2.4.
@ (b)
NN oL |

Fignre 2.4: Schematic close-up of a structured surface exhibiting two generic wetting states of a liguid
interacting with the surface protrusions. (a) Collapsed (or Wenzel') state, (b) Suspended (or ‘Cassie’) state.

The main qualitative difference is that in the Wenzel state no vapour phase is trapped
under the drop, in contrast to the Cassie state. In the Wenzel state, contact angles increase
due to a net increase in the lyophobicity of the surface and contact angle hysteresis generally
increases with increasing roughness, as pinning at surface discontinuities increases. In the
Cassie-Baxter state the observed contact angle is typically higher than in the Wenzel state but
the contact angle hysteresis is dramatically lower, as the receding contact line in only weakly
pinned on the convex ends of surface asperities. Due to this decreased interfacial contact and
low pinning, drops can roll instead of slide, which decreases viscous dissipation. Transitions
between rolling and sliding motion are being investigated currently.52 Lastly, a mixed state is
also possible, where parts of the drop have collapsed between the surface protrusions,
whereas other parts of the drop remain suspended. Please note that the Wenzel and Cassie-
Baxter equations have limited validity and have been being hotly debated recently.>3-> By
convention these states are referred to as Wenzel or Cassie-Baxter states, even when the
similarly named equations cannot be used to calculate the observed contact angle of that
state.

Lyophilic surfaces with & <90° typically only exhibit the Wenzel state, although with
smart geometric surface designs it is possible to create a meta-stable Cassie state on these
surfaces as well.” Wetting states are considered stable if they are in their global energetic
minimum whereas they are meta-stable when they are in a local energetic minimum (both
have G =0 and 6°G>0). Saddle points or maxima in the energy landscape (6G =0 and
5°G <0) are inherently unstable and are not considered viable states. The stability of a state
depends on the energy barriers between the neighbouring states, and the possible pathways
for a wetting state transition. Two generic transitions are the collapse transition (from a

suspended to a collapsed state) and a lifting transition. In chapter 5 a full lifting transition is

27




Chapter 2

demonstrated, which in combination with electrowetting and an associated collapse
transition leads to the first experimentally realised surface that enables both transitions
reversibly. Analysis of wetting states and transitions is a powerful tool in wetting research.
For many systems, complex wetting state diagrams can be derived.#>5 In chapter 7 such an
analysis is presented for artificial Lotus-like raspberry structures.

Typical perturbations that can lead to wetting state transitions are for instance
mechanical perturbations such as drop impact on a surface with non-zero kinetic energy,
vibrations or other body forces acting on the drop. Other perturbations are thermal
fluctuations (typically on atomic scale), changes in surface tension (due to i.e. electrowetting)
or changes in hydrostatic pressure. While perturbations and wetting state transitions can
sometimes be assessed with static or quasi-static models, in many cases dynamic models are
required, for instance if viscous dissipation is non-negligible or no symmetry is available to

simplify the geometry of the interfaces and contact line.

2.6 Dynamic non-equilibrium models

In this section, dynamic models for wetting are described, focusing particularly on lattice-
Boltzmann simulations that are employed throughout this thesis. When considering the

model system in a dynamic situation, no equilibrium is assumed a priori.

2.6.1 Navier-Stokes equation

The Navier-Stokes equation is the fundamental equation in hydrodynamics. It is in fact a set
of coupled non-linear partial differential equations, which can only be solved considering
proper boundary conditions. Exact solutions are typically obtained by employing simplifying
approximations. The equations can be expressed, with Einstein summation convention to
paired indices and Greek indices representing Cartesian components of vectors. The choice
for this formulation is made to link up with the description of the lattice-Boltzmann model

presented further on and reads

0,(pny)+0p(pugng)==04P,5 +vOs[p(0ptty +0,ng+08,,0,u,)], (2.33)
where p, u, P, and v are respectively the local density, velocity, pressure tensor and
kinematic viscosity. An important condition that is imposed on fluid is the continuity

equation

0,p+0,(pu,)=0, (2.34)
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indicating that mass is preserved locally.

Importantly, there are several numerical simulation packages available that solve or
approximate the Navier-Stokes equations by means of Computational Fluid Dynamics
(CFD) methods. A state-of-the-art commercial example is COMSOL MultiPhysics, which
has a dedicated micro-fluidics module offering simulations at the relevant length scale. Non-
commercial software packages also exist. However, CFD approaches can have several
drawbacks, including difficulties in dealing with multiple phases (liquid and vapour phases, or
multiple non-mixing fluids).> Furthermore commercial packages are not open-source and
many fundamental properties of the simulations cannot be easily verified or checked against
known examples in literature. In particular numerical artefacts cannot easily be quantified.

As a last remark, it is important to point out that there is also a class of models in use
which simulate drop morphologies by minimizing the surface energy by a different
approach.® The basis of these Gibbs energy surface models is an open source program
called Surface Evolver,S! which can be altered to handle specific geometries and optimization
problems. The method employed involves recursively minimizing the liquid-vapour interface
locally to find a (local) energetic minimum, while keeping the volume constrained. While a
powerful model for qualitative understanding, this class of models suffers from a number of
drawbacks, which is why they are not employed in this thesis. The most important is that
while the morphology of the drops evolves as the simulation progresses, this is not a
pathway based on the Navier-Stokes equations but rather on numerical optimization of the
interfaces to minimize interfacial energy. Therefore, it is not possible to determine with any
certainty that the (dynamic) evolution of the drop is correct, but only that (static) final
morphology is a local energetic minimum. In case multiple minima are possible or suspected
these can only be found by manually altering the initial surface configurations. Lastly, the
varying geometries used in this thesis would have required significant additional

programming to adapt the basic model to these geometries.

2.6.2 Lattice-Boltzmann simulations

Lattice-Boltzmann models are a class of meso-scale CFD models, which are receiving
increasing academic interest.? They have proven to simulate wetting drop systems as
considered in this thesis accurately for many experimental cases described in the open
literature, e.g. in 972 and references therein. The lattice-Boltzmann simulations presented in
this thesis in chapters 3, 4 and 5 are performed in collaboration with Professor Julia
Yeomans at the Rudolf Peietls Centre for Theoretical Physics of Oxford University and
(former) co-workers Halim Kusumaatmaja and Matthew Blow.” In the past, the dynamics of
drop motion on chemically patterned surfaces was investigated,’* as well as
superhydrophobic drops on pillared surfaces.®>’ These and other recent results showed

good qualitative agreement with experiment.
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The simulation work in this thesis has been done in collaboration, meaning that
determining the simulation setup and relevant parameters as well as discussing the results
have been done jointly, but the conception of the model, programming and executing
(including rigorous checking of the quality of the simulations) has been done exclusively by
the Yeomans group. In what follows, a highly abbreviated and qualitative description of the
model is given with references, while the details of the simulations are presented in their
respective chapters and references therein.

The basis of models used in this thesis is a three-dimensional lattice, where the lattice
points are assigned a local density as well as a local vector velocity. The local density is
determined as function of time, and the system will relax to equilibrium through fluid
movement governed by the Navier-Stokes (2.33) and (2.34). Note that in the model the fluid
is compressible, i.e. the simplified continuity equation 0,#, =0 for incompressible liquids is
not used. The latter approximation is often made in other fluid dynamic simulations, but is
not valid for multi-phase simulations with variable density.

The great benefit of the model is the ability to locally investigate the forces, fluid
velocities and viscous dissipation as well as the precise geometry of the fluid-vapour
interface. However, there are also several limitations to the lattice-Boltzmann approach: first
and foremost, there are only a limited number of lattice sites (at most some 300 nodes)
available if the computational expense is to remain manageable in time and cost. This means
that physical systems have to be approximated via numerical models with simplified
geometry, often employing periodic boundary conditions or symmetry to reduce
computational expense. Secondly, the difference between the vapour and liquid phase
densities is unrealistically small, and the interface thickness is un-physically wide.
Renormalization to physical length and timescales is possible, but the agreement between
model and experiment will be qualitative, as described further below.

The lattice-Boltzmann model starts with defining a continuum energy function ¥,

W:_m (%(p)+§(aap)2)dr/+” w.(p,)ds, (2.35)

where y,(p) is a bulk free energy term taken from™

'r//h (Io) = p[ (Vn + 1)2 (Vﬂz - Zvﬂ +3- Zﬁz—ﬁ/) (236)

where v, =(p—p,)/ p,, 7,=(T.=T)/T. and p,, T, T, and p, are the critical density,
local temperature, critical temperature and critical pressure of the fluid respectively. Due to
the choice of 7, (p), the local density p has two coexisting bulk phases with densities p,
and p, , each having an energetic minimum bulk energy. £ is a numerical parameter used

exclusively in the model to fix the density ratios between the fluid and vapour phases and
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used here for consistency with literature, which should not be confused with observed
macroscopic contact angle with the same symbol. From the context, it is made clear which
f is intended.

The three terms in (2.35) model the bulk energy, the energy associated with phase
boundaries and the surface interaction respectively. The second term is a function of the
density gradient, which leads to a finite surface energy o, . The third term determines o,
o, and thus the intrinsic contact angle J.

The hydrodynamics of the drop are described by the Navier-Stokes (2.33) and
continuity equations (2.34), which is evaluated via a lattice Boltzmann algorithm. No-slip
boundary conditions are imposed on the velocity field on the surfaces adjacent to and
opposite to the drop. The thermodynamic properties of the drop are included via the
pressure tensor P, which is a function of density p and is calculated from the energy
function ¥ .09737¢ P is defined as

Py =(5(P) —g@mz — K00, P)8,5 + K0 ) (0 5P), (2.37)
with

pb(p) = p[(vﬂ +1)2(3V: _Zvn +1_2ﬂrw)' (238)

Computationally, the lattice-Boltzmann uses several distinct steps to evaluate all model
parameters and to ensure physically acceptable results (local conservation of mass and
momentum in particular). The simulation is then run for a number of these cycles (called
time-steps), typically on the order of 105 steps.

The results from the model are the drop morphology and local velocity for each time
step. From the morphology, the relevant geometrical parameters such as contact angles, base
diameters and height can be determined. Interpolation between lattice units increases the
precision of the geometrical parameters considerably. A typical example of the model results

showing both geometry and local velocity is shown in figure 2.5.
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Fignre 2.5: A typical example of a recent result from the lattice-Boltzmann simulations from the Yeomans
group, showing drop morphology as well as the velocity distribution (in a centre-of-mass frame) of a rolling
drop on a superhydrophobic surface. Figure reproduced from 7.

Simulation and experimental parameters are related by choosing a length scale /;, a time
scale #,, and a mass scale 7, . A simulation parameter with dimensions [/]"'[#]"*[#]" can be
rescaled via a factor [/,]"'[7,]*[m,]” to give the physical value.” Since the interface widths
are too large compated to experiments and the density difference between liquid and gas is
too small, the result of this is that time scales are too fast.6373 Comparisons with experiments
so far have shown that the dynamic pathways are correct however.”.76.78 Changing the values
of the interface width, density ratio, surface tension and viscosity only changes the speed of

the dynamics, but not the pathway itself.

2.7 Conclusions

In conclusion, in this chapter the relevant theory was presented needed for the reader
unversed in the field to comprehend the following chapters. Evaluation of the various
energetic terms in static models has been the primary means of analysis in the field. While
this has shown great merits, a more complete understanding can only be gained by including
dynamic aspects of drop morphology evolution. This includes considering hysteresis, which
is nearly always present, even in laboratory conditions. Therefore, in the following chapters,
the Gibbs energy models presented here are often combined with force and pressure balance

calculations and lattice Boltzmann (dynamic) modelling.
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3. Anisotropic drop morphologies

on corrugated sutfaces'

“Two roads diverged in a yellow wood,
Abnd sorry I could not travel both
Abnd be one traveller, long I stood

And looked down one as far as I could
To where it bent in the undergrowth”

— Robert Frost, “The Road Not Taken”

1'This chapter is published in:

— H. Kusumaatmaja, R. J. Vrancken, C. W. M. Bastiaansen and J. M. Yeomans, Awnisotropic
Drop Morphologies on  Corrugated  Surfaces, Langmuir 24, 7299 (2008). Reprinted with
permission. Copyright 2008 American Chemical Society.

—  Mariette E. Koekoek, Thijs Meijer, Robert J. Vrancken, Digital printing of multilevel optical
variable Devices for Document Security & Brand Protection, Proceedings of the Optical Document
Conference II, 357-367, San Francisco, United States (2010)

— R Vrancken, Geometry of micro-transfer printed polymerised mesogen structures, M.Sc. Thesis,
Laboratory for Polymers in Advances Systems, Department of Chemical Engineering and

Chemistry and Laboratory for Molecular Biosensors for Medical Diagnostics, Department
of Applied Physics, Eindhoven University of Technology (2006)
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3.1 Introduction

In recent years, anisotropic wetting and spreading of drops have received continued attention
from the scientific community due to their relevance to micro-fluidic devices, surface
coatings and bio-mimetic applications for example. Surface roughness can be exploited to
significantly alter and tailor the behaviour of fluids moving over a surface. Also, it is now
possible to reproduce heterogeneous surface patterns in a controlled manner on micrometer
length scales. Regular arrays of chemical patches?-8! and posts>$82-84 of different shapes and
sizes have been fabricated and several authors?28580 have even shown the possibilities of
manufacturing multi-scale surface patterns. Recently, such patterning has been used to
control the movement of drops®”-88 and to manipulate flow in micro-channels.8%%

The motion of drops on patterned surfaces is complex because of pinning and
hysteresis. Surfaces with anisotropic patterns on a length scale comparable to the drop size
can result in elongated drop shapes and in a different motion of drops parallel and
perpendicular to the grooves. Gleiche e 2/7° showed that there is anisotropy in the contact
angle and contact angle hysteresis on chemically nano-structured surfaces. Brandon ef /%!
investigated the effect of drop size on chemically striped surfaces and found that the drop
anisotropy and contact angle hysteresis depends on the drop volume. Elongated drop shapes
were also obtained by Chen ef 4/ and Chung ef al%? for patterns with hydrophobic and
hydrophilic grooved surfaces respectively. Narhe and Beysens® studied the growth dynamics
of water drops condensing on grooved surfaces and showed that similar elongated drop
shapes can be found during growth when the surface is hydrophilic, but that this elongation
is absent when the surface is superhydrophobic. Pakkanen and Hirvi** further showed that
the anisotropy still persists when surface patterning is nano-scopic. Morita e¢f @/30 and
Yoshimitsu ez /3 studied the dynamics of drops sliding on chemically striped and
hydrophobic grooved surfaces and found that the sliding angles are considerably larger for
drops moving perpendicular to the stripes. Thus similar observations and phenomena related
to contact line pinning are reported for surfaces modified by chemical as well as geometrical
patterning.

In this chapter a number of experiments are presented of drops spreading or de-wetting
on a hydrophilic surface patterned with parallel grooves. The results are then compared to
lattice Boltzmann simulations, demonstrating the importance of hysteresis and energetic
barriers due to the surface patterning: because of the asymmetric behaviour of the advancing
and receding contact line, the final drop shape can be elongated either along or perpendicular
to the grooves.

This chapter is organised as follows. Sections 3.2 and 3.3 summarise the experimental
and numerical approaches respectively. Equilibrium and quasi-static drop experiments and

simulations are presented in section 3.4. In section 3.5, an investigation of the influence of
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three dimensionless surface parameters is presented: the roughness factor, the aspect ratio of
the barriers and the dimensions of the drop versus the dimensions of the barriers. As
expected, the contact angle, particularly that of the interface lying perpendicular to the
grooves, strongly depends on both the parameters of the surface and the history of the drop

motion. In section 3.6 the main conclusions are presented.

3.2 Experimental methods

Two sets of experiments were performed with anisotropically grooved surfaces. In the first
set of experiments, micrometer-sized droplets were placed on sub micrometer-scale
corrugated polyimide surfaces. The polyimide layers were created on glass by spin-coating a
commercially available mixture (JSR AL-3046) of polyimide from solvent. After spin-coating,
the samples were heated for 5 minutes at 80 °C on a hotplate to evaporate the solvent, and
afterwards thermally cured in a vacuum oven at 180 °C for 1.5 houts. Subsequently the
samples were rubbed unidirectionally with a velvet cloth with a force ~1kgem™ over a
distance of 30 cm with a velocity of 10 cms™. This created grooves between 15 to 20 nm
deep and 50 to 200 nm wide, as measured by AFM and presented in figure 3.1. Non-rubbed
surfaces were prepared identically, only the rubbing step was omitted. The non-rubbed
surfaces are very smooth and the roughness is distributed isotropically as expected from the
preparation process.

Surface energy measurements were performed on the prepared polyimide surfaces. By
measuring the contact angle of water, ethylene glycol and diiodomethane drops on the
surface, the surface energy was calculated to be 43.6 mjm'2 , employing the OWRK method
from equation (2.10) extended to three probe liquids for higher accuracy.36-38

26 nm

(b)

0 nm

Fignre 3.1: AFM topographies for an (a) unrubbed and (b) rubbed polyimide surface. The non-rubbed
surface exchibits only minor isotropic roughness, whereas the rubbed surface has well-defined horizontal grooves.
Notice the difference in the height scale bars.
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Fignre 3.2: Chemicals used in this chapter. Print mixture (a-b): (a) monomer ethoxylated bisphenol-A

dimethacrylate, (b) photo-initiator 1-Hydroxycyclobexyl phenyl ketone. Photo-embossing mixture (c-f): (c)
monomer  dipentaerythritol penta/ hexa-acrylate, (d) polymer polybengylmethacrylate, (e) photo-initiator
phenyl-bis(2,4,6-trimethylbenzoyl)phosphine oxide, (f) inhibitor tert-butyl hydroguinone.

The print mixture as presented in figure 3.2(a-b) consisted of a monomer of 99.0 w%
ethoxylated bisphenol-A dimethacrylate (S348L, Sartomer Europe BV), having a surface
energy?”> of 39 to 44 rn]nf2 , mixed with 1.0w% photo-initiator phenyl-bis(2,4,6-
trimethylbenzoyl)-phosphine oxide (Irgacure 184, Ciba Specialty Chemicals). Drops of this
mixture were placed on the surface by two deposition methods. In the first method, the
mixture was sprayed manually onto the polyimide surface. The resulting drops were placed
randomly on the surface and were of varying size. As the drops impact the surface with
additional kinetic energy, the overall process is qualitatively similar as other impact methods
such as inkjet printing.

The second method employed was micro-transfer printing as presented schematically in
tigure 3.3.7% The stamp consists of PDMS elastomer structured with an array of trapezoidal
posts with face areas of 100x100 pm which is pressed into a thin spin-coated layer of
monomer mixture and afterwards pressed against the polyimide layer. Part of the mixture is
transferred to the polyimide surface, after which the stamp is detached from the surface
leaving an array of drops with equal size. The drops were polymerised within one minute
after placement under a nitrogen environment to prevent oxygen inhibition of the photo-

polymerisation reaction. This fixed the geometry of the drop and enabled analysis afterwards,
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while still allowing the drop sufficient time to equilibrate. As the drops were adhered to the
surface with additional pressure and contact between the stamp and the surface, micro-
transfer printing belongs to the category of contact printing methods.

The drop x— y—z profiles were determined by optical interferometry (Fogale
Zoomsurf 3D), and the parallel and perpendicular cross-sectional height profiles were
extracted and ellipse-fitted to determine the contact angles and elongation. A minimum of
five drops were examined for each surface.

Step 1: inking process
Removal of stamp

Custom PDMS stamp Pressure )
— P B 4
A s a2 an and
IR = _—
r __ _  Awy 2 — vy &N AN 4
Inkpad
Step 2: printing process Removal of stamp
Pressure 1 r
. = = B _———
- - = S ——— T T *
4 __ i -
4 -w YW W aF & &F

Step 3: UV polymerisation

y &y &

Figure 3.3: Schematic representation of micro-transfer printing, showing the three main steps of inking the soft
elastomeric (PDMS) stamp, printing of the lignid onto the patterned surface and polymerisation of the

resulting structure.

|l

In the second set of experiments, corrugated polymer surfaces, were created by means
of a four-step process called photo-embossing, as shown in figure 3.4(a-d).”” In the first step
a photo-polymer mixture was spin-coated on glass and a layer of 20 ym thick was obtained.
The mixture, presented in figure 3.2(c-f) consisted of 41.9 w% monomer di-pentaerythritol
penta/hexa-acrylate (Sigma Aldrich), 41.9 w% polymet polybenzylmethacrylate (Mw 70
kg/mol; Scientific Polymer Products), 4.2w%  photo-initdator phenyl-bis(2,4,6-
trimethylbenzoyl)phosphine oxide (Irgacure 819, Ciba Specialty Chemicals) and 12.0 w%
inhibitor tert-butyl hydroquinone (Aldrich). In the second step, the layer was illuminated
with UV light through a suitable lithographic mask (described below), partially polymerising
the exposed parts of the layer. In the third step, the sample was heated. During heating part
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of the monomers in the non-illuminated regions diffused towards the illuminated regions,
creating a corrugated surface. In the last step the surface was flood-exposed with UV light
under a nitrogen environment to completely polymerise the layer. The photo-embossed
surfaces were found to have a surface energy of 44.7mJm™, similar to the polyimide
surfaces. A SEM image of a typical surface produced by photo-embossing is presented in
figure 3.4(c).

(a) ©

© ' (d)"l“”

Figure 3.4: Surfaces created by photo-embossing. (a-d) Schematic representation of the photo-embossing
process, reproduced from %, which consists of (a) spin-coating a smooth layer onto a glass slide, (b) patterned
UV exposure, (c) developing step at elevated temperature and (d) UV flood excposure. (¢) SEM image of a
surface used in the experiments. The scale-bar in (e) indicates 20 pimr .

The lithographic masks employed had sizes of 1x1cm and consisted of parallel stripes,
where the width of the stripes was equal to the distance between the stripes, i.e. 50% of the
incident light is transmitted. The resulting surface parameters are schematically defined in
figure 3.5. The pitch p was vatied from 10 pm to 100 pm . The depth of the grooves 4
was varied between 100 nm and 5 um by varying the illumination time, with the exception
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that the maximum depth could only be reached with masks with pitches above 40 pm
because of limitations of the photo-embossing process. The depth of the grooves was also

determined with optical interferometry.

Fignre 3.5: schematic of the geometric surface parameters. Indicated are the groove height b , the pitch p ,
which is the sum of the width of the grooves w, as well as the width of the corrugations w, .

Water drops of 4ul were placed on the photo-embossed polymer surfaces by an
automated dispensing needle (Optical Contact Angle setup, Dataphysics) at a constant height
above the surface to minimize any variations in drop placement. The water used for the
measurements was purified (Millipore Super-Q) and CO , was removed (Elix-10 UV). The
drop properties were measured on the surface with the contact angle measurement setup.
Both 'ql and S, were determined, as well as the drop elongation ¢, defined as the ratio
between parallel and perpendicular base diameters of the drop. The contact angles and base
radii were determined by means of digital drop shape fitting employing an ellipse fitting
algorithm.

The two sets of experiments are complementary, in that they employ different surfaces
and probe liquids. The rubbed sutfaces have nano-meter scale corrugations, whereas the
photo-embossed surfaces have micrometer-scale corrugations. Micro-transfer printing is
suitable for creating well-defined de-wetting drops, while photo-embossed surfaces have the
great benefit of being smooth as well as controllable with regards to the size of the
corrugations. In the following sections the results from both sets of experiments ate

presented next to each other, highlighting different aspects of anisotropic hysteresis.

3.3 Lattice Boltzmann simulation method

In the simulations reported here, the model described in section 2.6.2 is employed. The
simulation parameters are chosen such that the relative densities of the liquid and vapour
phase ate p, =4.11and p, =2.89 tespectively. The intrinsic contact angle is ¢ =70°. The
typical drop and pattern sizes are of order 100 and 10 lattice spacings respectively. More
specific details on the model used here, including the way complicated surface geometries are

implemented, can be found in Dupuis and Yeomans.®
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The typical surface pattern used in the simulations is slightly different to that produced
experimentally. In the simulations the solid surface can only be initialized with rectangular
geometry, as curved surfaces cannot be implemented currently. It is therefore important to
note that the aim of this chapter is to obtain a consistent qualitative understanding of the
problem rather than to attempt to exactly match experiments and simulations. The shape of
the grooves is taken to be rectangular, as shown in figure 3.5. The aspect ratio is defined as
the ratio of the groove height 4 to the pitch, i.e. y =4/ p. No-slip boundaty conditions are
imposed on the velocity field on the surfaces adjacent to and opposite to the drop and

periodic boundary conditions are used in the other two directions.

3.4 Anisotropic drop morphology on a corrugated surface

In this section, the anisotropy in the final shape of a drop spreading on a corrugated surface
is investigated. In section 3.4.1 an experimental comparison is presented between sprayed or
micro-transfer printed drops of monomer onto the rubbed polyimide surface. In a second
set of experiments water is quasi-statically added to a spreading drop prepared on a photo-
embossed surface. The consistent results from both sets of experiments are then
complemented by performing lattice Boltzmann simulations in section 3.4.2 to further
understand the role of the surface anisotropy in determining the final shape of the drop. In

3.4.3 a compatison is made between experimental and simulation results.

3.4.1 Experimental results

Figure 3.6(b) shows a typical final shape of a liquid drop that is sprayed onto the surface,
causing the drop contact line to advance to wet the corrugated surface. Since the surface
patterning is not isotropic, the advancing contact line behaves differently parallel and
perpendicular to the grooves. Based on Johnson and Dettre's work? no hysteresis due to the
surface patterning is expected in the parallel direction as there are no energetic barriers
present which could tend to pin the contact line. On the other hand, perpendicular to the
grooves, surface undulations are known to pin the contact line.#344+% Contact line pinning
leads to strong contact angle hysteresis and this causes the advancing contact angle f,, to
differ from that in the parallel direction.
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Figure 3.6: Typical drop shape observed in experiments when (a) there is no surface patterning, (b) the drop is
sprayed onto the surface and spreads, and (c) the drop is stamped onto the surface and de-wets. The polyimide
surfaces of (b) and (c) were patterned with sub-micrometer grooves (not visible, only schematically indicated).
(d), (¢) and (f) Lattice Boltzmann simulation results when (d) the drop spreads on a smooth surface, (e) and
(1) the drop volume is quasi-statically (¢) increased and (f) decreased. (g) Experimental measurements of the

average elongation as function of printing temperature for the printed acrylate drops on rubbed and non-rubbed
polyimide.

The pinning is illustrated in figure 3.7(a) as a specific instance of Gibb’s criterion
(section 2.5.3). For the drop contact line to advance, it has to wet the side of the grooves,

which, according to the critetion occurs when f, =0 +90° for rectangular ridges. More
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generally 8, =0+« in two dimensions whete ¢ is the maximum inclination of the surface.
In three dimensions, the value of the advancing (and receding - see below) angle is not as
extreme as that predicted by the Gibbs criterion, due to the energy costs associated with the
surface deformation from the spherical cap shape. The advancing angle perpendicular to the
grooves is, nonetheless, generally larger than the advancing angle parallel to the grooves. As a
consequence, it is easier for the drop to spread in the parallel direction and hence the drop
shape is elongated parallel to the grooves as shown in figure 3.6(b). This is the final drop
shape typically found in corrugated surface experiments.®%9294 The shape of a drop on a

smooth surface is also shown in figure 3.6(a) for comparison.
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Figure 3.7: Graphical illustration of Gibbs criterion for the specific corrugated geometry employed in the

simulations in this chapter, where the onset of (a) advancing and (b) receding motion of the liguid-vaponr

interface is depicted as the intrinsic contact angle is just reached.

When the drop is (micro-transfer) printed onto the surface, on the other hand, the drop
contact line retreats to de-wet the surface, as the liquid is initially spread out much further
than its equilibrium shape. This occurs when the drop contact angle is smaller than or equal
to the receding contact angle. If no contact angle hysteresis is present, the final drop shape
will be independent of the initial conditions. However, as discussed above, hysteresis is an
important effect in the perpendicular direction and as a result the receding angles are again
different parallel and perpendicular to the grooves. Contact line pinning for the receding
motion is illustrated in figure 3.8(b). For the contact line to recede, the drop has to de-wet
the side of the posts, which happens when £ =06 —-90° for rectangular ridges. For other
geometties, f. =0 —a in two dimensions where « is the maximum inclination of the
surface. Since the receding angle in the perpendicular direction is smaller than the receding
angle parallel to the grooves, it is easier for the drop to de-wet in the parallel direction and
the final drop shape is typically elongated perpendicular to the grooves, as shown in figure
3.6(c).

The effect of the printing temperature on the final shape of the printed drops showed
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an interesting result, as shown in figure 3.6(g). With increasing temperature, the elongation
perpendicular to the barriers decreases. The drops on non-rubbed surfaces have
approximately spherical contact lines at all temperatures, whereas with decreasing
temperatures the drops on rubbed surfaces become more and more elongated. In order to
exclude the influence of temperature of the various surface energies, contact angle
measurements were performed on drops over the whole temperature range. It was found
that the contact angle did not change within experimental error +2°. Measurements of
increasing the temperature of an individual drop gave the same result. Therefore, if any

changes to the surface energies had occurred they approximately cancelled each other out.

Figure 3.8: Microscope observation of the shape of the receding contact line as a water drop evaporates over
time. The drop retreats predominantly parallel to the photo-embossed grooves until it becomes sufficiently
distorted that it is favourable for it to retract, de-wetting one groove at a time. As a guide to the eye, the black
line indicates the initial position of the contact line. 1w% Rhodamine-B fluorescent dye is added to the drop
Jor visibility.

Clearly, the pinning ability of the barriers decreases at higher temperatures and the drop
morphology is less affected by hysteresis. A possible explanation for this effect is that the
viscosity at higher temperature decreases so that the drop in general and the contact line in
particular move faster and dissipate less energy. Even without determining the exact barrier

crossing mechanism, in general the interface can more easily overcome pinning on the ridges
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by having more energy available for deforming its surface locally, enabling it to cross more
batriers. This is further supported by simulation results, where a similar dependence of drop
clongation on the drop viscosity and impact velocity is found. The typical drop elongation
decreased as the drop viscosity decreased or the drop initial kinetic energy increased.

The mechanism by which the interface crosses the ridges can be envisaged as the
nucleation mechanism as described by DeGennes: in this process an advancing drop will first
form a nucleus in the next groove, after which the interface spreads along the grooves until a
new and stable, but less elongated morphology is reached.? For drops retracting over the
batrier, the inverse process occurs. The drop retreats parallel to the grooves until it becomes
sufficiently distorted that it is favourable for it to retract and de-wet the outermost grooves.
This retracting mechanism was also observed with evaporating water drops which were
placed on a photo-embossed surface. This is shown in figure 3.8.

This interpretation of the role of contact line pinning in determining the drop shape is
backed up by the experimental evidence obtained when considering a quasi-statically growing
drop on a photo-embossed surface, shown in figure 3.9. The initial drop volume was 4 ul.
Water was added with 0.06 pl per second causing a quasi-static, linear increase in volume.
The surface had a pitch 80 pm and groove depth of 4.3 pum , i.c. an aspect ratio y =0.10.
The equilibrium contact angle of the surface was 8 =70°. The drop contact angles and base
radii both parallel and perpendicular to the grooves are measured as a function of drop
volume.

Three distinct features are visible in the figure: (i) the saw-tooth shaped variation with
time of the perpendicular contact angle, (ii) the step-shaped variation of the perpendicular
base radius and (iii) the absence of these distinct features in the parallel direction where the
base radius increases continuously and the contact angle is roughly constant over the whole
range of the experiment. Features (i) and (i) are clear indications of contact line pinning in
the perpendicular direction, while feature (iii) shows that pinning of the contact line due to
the surface patterning does not occur in the parallel direction, leading to a significantly lower
advancing contact angle. These features were reproduced for all aspect ratios and surfaces.
For the receding contact line, no de-pinning was observed in the parallel direction, while de-
pinning in the perpendicular direction occurred irregularly, with interfaces sometimes
crossing multiple ridges at once. For this reason, reproducibly quantifying the de-pinning as
function of the surface parameters was unsuccessful. It was found that, on the un-patterned
sutfaces, receding contact angle measutements give values of about 15° to 25° with
occasional outliets of up to 50°. On the patterned surfaces, receding contact angle
measurements in the parallel direction give similar values to those for the un-patterned
samples, while the receding angles in the perpendicular direction are on average about 5°
lower than those in the parallel direction. The high experimental scatter is attributed to the

common problem of measuring very low receding contact angles, namely that incidental
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pinning and de-pinning are observed even on (apparently) smooth sutrfaces. The base radii

were also greater in the perpendicular direction, further proving that hysteresis is increased

by the bartiers.
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Figure 3.9: Advancing contact angle measurement for a drop of water spreading on a photo-embossed surface.

(a) and (b) are measurements of the base diameter (in arbitrary units because the setup was not length-
calibrated), while (¢) and (d) are the contact angles as a function of time. (a) and (c) are the diameter and
contact angle perpendicular to the grooves, (b) and (d) show the same variables parallel to the grooves.

3.4.2 Simulation results

In order to better understand the experimental results, lattice Boltzmann simulations were

performed. A liquid drop was allowed to equilibrate on the corrugated surface. Then, using

this as an initial condition, two sets of simulations were performed where the drop volume

was quasi-statically increased in the first set and decreased in the second set. To do this, the

liquid density was varied by £0.1% from its equilibrium bulk density every 104 time steps.
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This changed the drop volume as the system relaxed back to its coexisting equilibrium

densities.

100

0 1000000 2000000 3000000
Drop Volume [a.n.]

Figure 3.10: Simulations of drop contact angles on a grooved surface as a function of the drop volume for
groove height h = 3 , ridge width w, =10 and pitch p=40. The solid line indicates the caleulated Wenzel
contact angle. The drop was initialized at V) ~ 0.75X10° and equilibrated. Then the drop volume was

either slowly decreased or increased, as indicated by the arrows.

When the drop volume is increased, the drop contact line advances. Therefore, it is
expected that the first set of simulations mimics a drop sprayed onto the surface and the final
drop shape to be clongated parallel to the grooves. When the drop volume is decreased, to
the contrary, the drop contact line recedes. Therefore, the second set is expected to mimic a
drop stamped onto the surface and the drop shape to be elongated perpendicular to the
grooves. The simulation results shown in figure 3.6(d) and (e) cleatly show that the drop
shape is indeed elongated parallel and perpendicular to the grooves when the contact line is
(d) advancing and (e) receding. The drop contact angles were also determined continuously
during the simulation and the results are shown in figure 3.10. The main features indicating
contact line pinning in the perpendicular direction are again reproduced: (1) the parallel
contact angle stays roughly constant and (ii) a large variation in the perpendicular contact
angle measurements is observed. Note, however, that due to numerical limitations, it is only
possible to follow the drop as it moves over one groove so that the perpendicular contact
angle in figure 3.10 shows just one period of the repeating saw tooth pattern obtained in the
experiments in figure 3.9(c). In the figure the receding contact line jump in the perpendicular

direction occurs at I/ ~0.3x10°.
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3.4.3 Discussion

The experiments and lattice Boltzmann simulations are found to agree well qualitatively. No
quantitative comparison was attempted, given the differences between the physical
parameters of the lattice Boltzmann drops and experiments, as described in section 2.6. Also,
the surface geometry used in the simulation was necessarily different than the two types of
surfaces used experimentally. The overall morphology of the final drop shapes after
advancing and receding contact line motion can be understood theoretically by considering
the Gibbs criterion. Also for quasi-statically advancing contact lines the main features of
both experiments and simulations agree well. This lends confidence to the fact that the
mechanisms here described are universal, and agree with the observations in literature as
cited at the beginning of section 3.4.1. The differences in surface geometry are further

explored in the next section and will be discussed in more detail there.

3.5 Drops spreading on corrugated surfaces:
understanding the contact angle measurements

In this section we will attempt to provide a consistent picture of the geometry of a drop
spreading on corrugated surfaces as a function of a wide range of surface parameters. In
particular, this sheds light on the influence of three dimensionless surface parameters: the
roughness factor, the aspect ratio of the barriers and the relative ratio of the dimensions of
the drop to the dimensions of the barriers. Conclusions will be drawn from both
experiments (3.5.1) and lattice Boltzmann simulations (3.5.2), followed by a comparison
between both (3.5.3).

3.5.1 Experimental results

In order to simplify the experimental analysis, only the two principal directions are studied:
parallel and perpendicular to the grooves, since the greatest difference in contact angle is
expected between these two, as determined in the previous section. Figures 3.11(a) and (b)
show the experimental results on how the drop elongation and contact angles depend on the
aspect ratio. In this second set of experiments, photo-embossed surfaces are prepared having
different corrugations and water drops were placed onto the surfaces with a syringe. Initially,
no obvious relationship between the final drop geometry and either the groove depth or the
groove pitch was found. However, plotting the data against the aspect ratio of the
corrugations, trends could be identified, although the scatter was significant. This is expected
given the important role of hysteresis and the existence of multiple local energy minima. The

data in figure 3.11 shows four features that are of interest here:
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Fignre 3.11: Experimental results for water drops on photo-embossed surfaces. (a) Elongation of the droplet

and (b) Static AI and P, as functions of the aspect ratio of the surface. Both the elongation and 6,

increase approximately monotonically with increasing y . The solid line corresponds to the Wenzgel angle. (c)

ApB =( b - 'BH) as a function of elongation e. The solid line is the relation between AR and the

elongation predicted by equation (3.3) and nsing By = Py, -

(i) On chemically striped surfaces, it has been shown experimentally’ and theoretically>
that there is no contact angle hysteresis (at least due to the surface patterning) in the
direction parallel to the stripes. Furthermore, Gleiche e¢f 2.7 showed that the parallel contact
angle is close to the Cassie-Baxter contact angle.’0 Similarly, in this study, it might be
expected that the parallel angle approximately follows the Wenzel formula, as described in
equation (2.20).

In the experiments the surface roughness parameter R can be approximated by
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w +ws +4 b G3.1)

R >
P

IR

with the surface parameters as defined in figure 3.5. The equilibrium contact angle is
0 =68°. In figure 3.11(b) the Wenzel approximation is indeed shown to cotrespond well to
B, The same conclusion was also found by Chung ez. a/.%2

(ii) The perpendicular contact angle, on the other hand, shows large scatter. Typically
B, > f,and B, tends to increase with y . This may be explained using Gibbs criterion as
discussed in the previous section. Since the drop spreads outwards on the corrugated surface,
it is appropriate to consider the advancing contact line motion. Therefore, it is easier for the
drop to spread parallel to the grooves. This immediately implies that the drop contact angle
perpendicular to the grooves is larger than that parallel to the grooves. The maximum value
of f, is an estimate of the advancing angle in the perpendicular direction. For the two
dimensional model illustrated in figure 3.7, f, =8+ a , where @ is the maximum slope on
the surface. This is clearly an overestimate in three dimensions, since it neglects the energy
costs associated with the surface deformation from a spherical cap. Nevertheless, from the
data presented in figure 3.11, it was found that the advancing angle increases from 70° to
88° with increasing y . This is consistent with the fact that, for the experimental substrate
geometry in figure 3.4(e), the maximum slope « increases with the aspect ratio of the
grooves. Similar behaviour is also observed Chung ef a/°2 in their figure 3.2(c).

(iii) The drop elongation ¢ increases monotonically with y. This result follows from
the fact that the energy gain of spreading in the direction parallel to the grooves is higher for
higher aspect ratio.

(iv) In figure 3.11(c), the difference between the contact angles Af as a function of the
drop elongation is plotted. A varies monotonically with drop elongation and the
experimental scatter is reduced when compared to figure 3.11(a) and (b). Qualitatively this
can be explained by assuming that the drop shape is close to elliptical. Assume for simplicity
that the drop profiles in the two principal directions can be fitted to circles. In this case, the

apparent contact angles can be written as

tan(B/2)=h/a and tan(B, /2)=h/b 52

where @ and & are the drop base lengths in the two principal directions. As a result,

tan(B, /2)=¢ tan(f / 2) (3.3)

B, is approximately constant in the experiments and hence 3, increases monotonically with

e. In figure 3.11(c), equation (3.3) is plotted assuming S = By » and again it corresponds
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well to the trend observed in the experiments.

3.5.2 Simulation results

To gain further insight into these relationships between surface and drop geometry,
simulations were performed. The drop was initialised as a spherical drop just above the
surface and was allowed to spread, without any external force, on the corrugated surface.
The drop elongation and contact angles were then recorded after 4x10° time steps, by
which time the drop had reached its (meta-) stable configuration. A typical final drop shape
is shown in figure 3.12. As shown in figure 3.12(a) and (b) the drop cross sections in the
direction parallel and perpendicular to the grooves can be fitted well with ellipses. It was
attempted to fit the contact line around the base of the drop, see e.g. figure 3.12(c), but the
typical fit that is obtained is poor: indeed, the top view of the drop clearly shows a
corrugated contact line. The corrugation is more noticeable with increasing aspect ratio. This
is because it is more advantageous to wet the sides of the grooves the higher the aspect ratio.
This is similar to changing the wettability ratio between the hydrophilic and hydrophobic

stripes on chemically striped surfaces.

40 60 80 100 120 140 160 180 200 220
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Figure 3.12: A typical drop shape observed in simulations. The drop cross sections in the direction
perpendicnlar (a) and parallel (b) to the grooves. (c) Top view of the drop, with the direction of the
corrugations indicated in the top right corner. The dashed lines are fits to a circle (a-b) or an ellipse (c).
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Table 3.1: Drop contact angles and elongation for different groove heights for a drop left to spread unforced.
The drop volume is V"~ 747 X 10° and the groove width and pitch are kept constant at 30 and 40 lattice
units, respectively. By, s the theoretical Wenzel angle. Here the drops only lie on 4 grooves.

Wi h B B B ¢

10 3 67.2 65.4 66.8 1.03
10 5 65.9 61.7 64.7 1.08
10 8 62.8 57.5 61.4 1.11
10 10 58.8 52.9 59.1 1.13
10 15 43.6 37.4 53.2 1.18

The simulation results are presented in table 3.1 and figure 3.13. In interpreting the data
it is important to note that there were two differences to the experiments dictated by
computational requirements. Firstly, the dimensions of the simulated drop were comparable
to the dimension of the grooves so that a drop lies on only 4 to 5 barriers. Secondly, the
ridges were taken to be rectangular so that the maximum slope @ =90° was independent of

. The groove depth varied but the other parameters were kept the same. In the simulations

2 h

R=1+22, (3.4)
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Figure 3.13: Lattice Boltzmann simulation results for drops spreading unforced on a corrugated surface. (a)
Elongation of the droplet and (b) B and B, as function of the aspect ratio y of the surface. The
elongation increases monotonically with increasing aspect ratio, but both AI and B, decrease. The straight
line corresponds to the Wenzel equation. (c) AP as a function of the elongation e. (The dotted lines in (a)
and () are guides to the eye.)

Of the experimental features listed in the previous subsection, (iii) the drop elongation

increases with increasing y, and (iv) Af increases with increasing ¢, and ate reproduced in
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the simulations as shown in figure 3.13(a) and (c). These trends are observed for the same
reasons as in the experiments. The experimental trends (i) and (i) are, however, not
reproduced by the simulations for the following reasons:

@) B = By in the simulations, shown in figure 3.13(b), the Wenzel angle is a poor
approximation for the parallel contact angle, even though both simulations and experiments
are in the same aspect ratio regime. The reason for this discrepancy is that the size of the
heterogeneities is of the same order as the size of the drop. Since the drop only lies on a
small number of grooves, the Wenzel equation is not applicable. For this reason a second set
of simulations was performed where the size of the ridges is an order of magnitude smaller
than the drop, as shown in table 3.2 and figure 3.14, which found that Wenzel equation is
indeed a reasonable approximation to the parallel contact angle. In this case, the size of the
ridges is comparable to the width of the interface in the lattice Boltzmann simulations and
the roughness factor is much higher than that obtained in the experiments. In other words,
as long as the typical length scale of the corrugation is much smaller than the drop size, the
Wenzel equation is a good estimate of the parallel contact angle. The other main trends in

figure 3.13(a) and (c) are again reproduced by this second set of simulations as expected.

Table 3.2: Drop contact angles and elongation for different groove widths for a drop left to spread unforced.
The drop volume is V'~ 7.42 X 10° and the barrier width and height are kept constant at 4 lattice units
each. By, s the theoretical Wenzel angle.

W, p B ﬂ|| B Wenzel €

4 8 57.6 45.4 46.8 1.31
10 61.0 52.0 52.0 1.21

8 12 59.3 54.7 55.2 1.10

G B, > A’l and B, on average increases with increasing aspect ratio: from figure
3.11(b) it is indeed found that B, > /3, however, from the data gathered so far, increasing
the aspect ratio is not followed by an inctease in f, ; instead a dectrease was found. The
reason for this is believed to be the following: in the experiments, the roughness factor is
close to 1 (at most 1.06, from equation (3.1)) and hence A is typically just below &.
Furthermore, [, increases with the aspect ratio since @ increases with the aspect ratio.
Since ;< B, <B,, B, increases with increasing aspect ratio. In the simulations, on the
other hand, R is considerably larger than 1 (between 1.15 and 2) and hence /| is much
smaller than & . Since the lower limit of the allowed values of £, is decreased, it is plausible

to find B, decreasing with increasing aspect ratio in figure 3.11(b).
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Figure 3.14: AI and [ as a function of the aspect ratio y of the surface. Here the size of the ridges is
much smaller than the size of the drop. The solid line is the theoretical Wenzgel angle.

3.5.3 Discussion

Of the four main qualitative aspects of the experimental data, three are clearly reproduced by
the simulations. In order to show aspect (i), that the Wenzel angle is a fair approximation to
the parallel contact angle B = By, > @ second set of simulations had to be performed in
order to increase the number of corrugations underneath the drop. The fact that this increase
indeed led to the same behaviour as in the experiments further demonstrates that the Wenzel
approximation of (2.20) is indeed only valid if the surface can be considered isotropic as far
as the parallel contact line is concerned, since it can move freely over the surface to its
minimum energy shape. The sole qualitative difference between experiments and simulations
was the increase (expetiments) versus the decrease (simulations) of f, with increasing
aspect ratio, which could be explained well in terms of the overall difference in surface
roughness R. This difference indicates that the compatison between experiments and

simulations has its limitations, but it is possible to explain these differences from theory.

3.6 Conclusions

In this chapter experiments and simulations were used to investigate the behaviour of drops
on surfaces patterned with sub-micrometer and micrometer-scale parallel grooves. It was
found that the final drop shape is highly dependent on the path by which it is achieved.
Drops which advance across the surface are elongated parallel to the grooves whereas drops

that de-wet the surface are elongated perpendicular to the grooves. This behaviour is
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explained in terms of the pinning of the contact line on the groove edges. It should be
stressed that it is not possible to measure a single contact angle for a drop on a patterned
surface. The contact angle varies around the rim of the drop, with its position on the surface
and with its dynamic history.

Contact angles and base dimensions were measured for drops spreading on corrugated
surfaces. This was done for a large number of drops and substrate geometries. The data was
quite noisy, underlining the prevalence of hysteresis on patterned surfaces. However, several
conclusions could be drawn from the results. Firstly, the parallel contact angle is close to the
Wenzel angle. The Wenzel angle in return depends on the roughness factor of the surface.
Pinning effects render results for the perpendicular contact angles noisy but they are, in
general, greater than the parallel angles and tend to increase with increasing aspect ratio. The
difference between parallel and perpendicular contact angles increases with the drop
clongation while the drop elongation increases with the aspect ratio. This behaviour is
explained, again by considering contact line pinning, and by noting that the drop spreads
more quickly in the parallel direction on surfaces with higher aspect ratio.

Lattice Boltzmann simulations of drop motion were of great use in interpreting the
experiments. The same relation between the direction of eclongation of the drop and its
direction of motion over the surface was immediately apparent in the simulations, and it was
possible to probe the pinning perpendicular to the grooves. Differences in detail between the
simulations and experiments arose because the simulations are limited to drops lying on a
small number of grooves. In particular, it is found that the Wenzel angle no longer provides
a good estimate of the parallel angle when the drop dimensions are comparable to the
dimensions of the corrugation. An interesting future project would be to perform
experiments on wider grooves where a quantitative match to the simulations may be

possible.
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The sea closed over me. And then I heard plainly in my ears the sign of the god.

— Mary Renault, “The King Must Die”
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4.1 Introduction

Since their invention polymerisable liquid crystals,'00-1%4] also known as reactive mesogens,
have attracted significant academic interest over the past three decades. These materials
typically possess useful anisotropic mechanical and optical properties arising from the liquid
crystalline order. For practical applications utilizing these properties it is often a requirement
that liquid crystal structures (drops, layers, etc.) can be ‘frozen in’, which can be achieved via
the polymerisation. Their polymerisability also enables ease of processing in the monomer
state and subsequent fixation into a solid state via photo- or thermal polymerisation. These
properties therefore enable a number of interesting applications, including printed security
features,!95-18 micro-mechanical actuators driven by light!! and patterned optical elements
such as retarders and wavelength selective reflectors which can be used in for instance
display applications.!?

A novel method of patterning is micro-transfer printing, which can enable these and
other new applications.!” A key aspect of these applications is the need to control the
morphology of the printed drops to achieve the desired optical, mechanical or other
properties. Furthermore, the local orientation (alignment) of the liquid crystal molecules also
has to be controlled for this reason.

In this chapter polymerisable liquid crystals are micro-transfer printed in the same
manner as the isotropic liquid monomers (i.e. amorphous) in chapter 3. The alignment of
these polymerisable LC’s is often achieved by using rubbed polyimide with the same
nanometer-size corrugations as in chapter 3. The effect of these anisotropic substrates is
investigated experimentally and theoretically to distinguish between the effects of substrate
anisotropy and anisotropy caused by the liquid crystal structure. From the literature it is
known that this order significantly affects the shape of liquid crystal drops suspended in
solution, but a theoretical description of sessile thermotropic liquid crystal drops on a surface
is not available.!!! The analyses offer insight into the possibilities and limitations of drop
morphology control required in the various demanding applications. The analysis is generally
valid also for non-polymerisable liquid crystals, as will be shown below.

This chapter is structured as follows. In section 4.2 the relevant theory for the
thermodynamic energetic contributions to the surface and bulk energies for these
thermotropic nematic polymerisable liquid crystals is presented. In section 4.3 the
experimental methods are described including the optical analysis of the type of alignhment.
In section 4.4 the micro-transfer printing results are presented. As these drops display
elongation similar to those in chapter 3, the energetic analysis is then extended to include the
liquid crystalline surface and bulk energies in section 4.5. The theoretical predictions are
compared to the experimental results in section 4.6 and discussed in the context of the

above-mentioned applications, followed by conclusions in section 4.7.
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4.2 Theory

Liquid crystals are a class of liquids which exhibit certain ordering at the molecular scale
analogous to regular crystals, except retaining the ability to flow as a liquid. The liquid crystal
phase is found in a temperature range between a pure fluid (isotropic phase) and the solid
phase. Pure materials with such a phase (or phases) are called thermotropic liquid crystals.
Alternatively, certain materials exhibit liquid crystalline behaviour when dissolved in a
solvent, which are called lyotropic liquid crystals. Multiple thermotropic liquid crystalline
phases have been found, depending on the particular materials or mixtures of materials
studied. The shape of the molecules is of influence on the type of ordering in the liquid
crystalline phase. The most common shapes are rod-like and discotic (disk-shaped).!? In
figure 4.1 the two most relevant classes of rod-like phases are indicated schematically, namely
nematic and smectic. The smectic phases exhibits long-range positional order in one
direction as well as rotational order, whereas the nematic phase only exhibits rotational order.
There are various types of nematic and smectic phases. In the following only thermotropic

rod-like nematic liquid crystals are considered.

0000 _ 0000 _0,00., 0=
00000000 =G0y = 2y
0000 0000 00  0Sy

Figure 4.1: The various phases thermotropic liguid crystals can go through upon heating from left to right:
(1) crystalline, (2) smectic, (3) nematic and (4) isotropic. The smectic and nematic phases are referred to as
lignid crystalline phases as they have both an inberent order, but also translational freedom common to

liguids. Not all lignid crystals exhibit both smectic and the nematic phases. Figure reproduced from 7.

Misalignment of the molecules in the bulk or at the surface requires more energy than
being perfectly aligned. The orientation-dependent interaction energy terms between the
molecules in the bulk, at the interfaces and at the contact line will now be described
mathematically. This increases the number of Gibbs energy terms from section 2.4 which
need to be considered to find the equilibrium shape of a drop on a surface.

The additional energy contribution associated with the local orientation of the
molecules in the bulk is known as the elastic energy. In the case that the liquid crystals are
uniformly aligned in the bulk, this elastic energy is constant. Only elastic energy
contributions due to deviations from uniform alignment are further considered just like the
average intra-molecular interactions described in section 2.4.1, which could also be

disregarded for being constant. The elastic energy is defined as a volume integral
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G, =%J‘J‘J‘(@(Vn)2 +h, (n-Vxn) +4, [nx(Vxn)T)dV , 4.1)

where the elastic constants are associated with the three main types of deformation
(misalignment), namely splay (4, ), twist (£&,) and bend (4;) types of deformations, as shown
schematically in figure 4.2. The local orientation is described by the director n(x), which is a
vector defined locally at x in the direction of the long axis of the elongated liquid crystal
molecules. This equation is commonly known as the Frank-Oseen equation.!4!1> When the
orientation of the molecules is known locally as well as the elastic constants for the particular

liquid crystal, the integral can be evaluated either analytically or numerically.

© ,/

Figure 4.2: Three types of deformation of liguid crystals: (a) twist, (b) splay and (c) bend deformation.

The liquid crystal interfacial energy term is more complex than for isotropic liquids
because of the various ways liquid crystals can align at the interface. Because this alighment is
energetically determined, a straightforward way of describing the interfacial energy is

commonly used in literature, known as the Rapini-Papoular equation!!s

G; = O'yJ. (l +w,(q- n)2 )d.Qy , 4.2)

where the interfacial energy o can denote both the solid-liquid and liquid-vapour interfaces
over area (2. Equation (4.2) is a generalisation of equation (2.7) specifically for liquid
crystal surfaces. The first term between brackets is equivalent to the isotropic contribution to
the surface energy. The energy associated with the anisotropic molecular alignhment at the
surface is found in the second term, where it scales with the inner product between the
molecule orientation director n and the surface normal ¢q. The dimensionless anchoring
strength @, indicates whether the molecules favour a position tangential (@; >0) or normal
to the surface (@; <0). Tangential alignment is known as planar alignment, and a surface-
normal orientation as homeotropic.

The contact line energy term for the local molecular alignment of a liquid crystal drop
on a molecularly aligned substrate will vary locally as the contact line bends to form a drop.

For this anisotropic contribution no formal description was found in literature, even though
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it could be regarded as a surface line defect added to the regular line tension as was done
empirically for interfacial contributions.!'? Considering that the contribution of molecular
anisotropy to the total contribution (bulk, interface, line) is typically smaller than or on the
order of the isotropic contribution, and that the contact line energy is not significant for the

systems under consideration here, this contribution is disregarded.

4.3 Experimental methods

The liquid crystal drops were micro-transfer printed on rubbed and non-rubbed polyimide
surfaces (JSR AL-3046). The printing method and surface preparation were identical to the
methods described in detail in chapter 3. The only difference is that the print mixture
consisted of polymerisable liquid crystal monomers instead of amorphous (isotropic)
monomers. This enables quantitative comparison between the results. The print mixture
consisted of 99.0 w%, polymerisable liquid crystal monomer 1,4-phenylene-bis-(4-[3-
acryloyloxy)propyloxy]benzoate (known as C3M and obtained from Merck & Co GmbH
under trade name RM257) and 1.0 w% photo-initiator 2-Benzyl-2-(dimethylamino)-4'-
morpholinobutyrophenone (Irgacure 369, Ciba Specialty Chemicals) No planarization
surfactants were added to the printed mixture. The molecular structures are shown in figure
4.3. Note that the isotropic monomer used in chapter 3 has structural similarity to the the

liquid crystal monomer.

@ HO\/\/O

®)

Figure 4.3: Molecular structure (a) polymerisable liquid crystal monomer 1,4-phenylene-bis-(4-/3-
acryloyloscy)propyloxcy|bengoate and (b) photo-initiator 2-Benzyl-2-(dimethylamino)-4"-morpholinobutyro-

phenone.
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Due to their anisotropic bulk orientation, liquid crystals can exhibit anisotropic optical,
mechanical and in certain cases electrically conductive properties. If all molecules are aligned
along one axis, and the molecules are optically anisotropic, the resulting layer exhibits
birefringence: the layer has different indices of refraction depending on the direction of
propagation of light relative to the alignment of the molecules. For rod-like liquid crystals
considered in this thesis, there are two indices of refraction #, (the ‘ordinary’ index of
refraction) and #, (the ‘extraordinary’ index), the latter being parallel to the local orientation
of the director n.

It is possible to determine if and how liquid crystals are aligned locally by means of
Polarised Optical Microscopy (POM), making use of the above described birefringent
properties of liquid crystals. POM is described schematically in figure 4.4. Unpolarised light
enters via a first linear polariser to lineatly polarise the light. After passing through the
birefringent liquid crystal sample, the light becomes elliptically polarised. The exact elliptical
polarisation depends on the birefringence, sample thickness and the angle between the
incoming polarised light and the optical axes of the liquid crystal sample. Finally the light
passes through a second linear polatriser known as the analyser, which has a polarisation
direction turned 90 © relative to the first polariser. If the front polariser is aligned with either
the ordinary or extra-ordinary index of refraction (perpendicular or parallel to the director,
respectively), no light will be transmitted. Thus, if the liquid crystals are aligned perfectly and
exhibits no defects, the POM images will be completely dark under certain angles of rotation
of the sample and will be uniformly bright under other angles. Multi-domain alignment or

defects will be visible as areas of varying light intensity and without having a clear dark-state.

* R -
J

Polariser LC layer Analyser

Figure 4.4: (a) Optical setup of Polarised Optical Microscopy (POM). Indicated are the ordinary n, and
extra-ordinary n, refractive index of a uniformly aligned liguid crystalline layer.

4.4 Experimental results

In figure 4.5 the elongation as function of temperature is presented, which is similar to figure
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3.4(g). The trend is consistent with the findings in the previous chapter: drops printed on the
corrugated (rubbed) polyimide have ¢<1 and drops printed on non-corrugated surfaces
have ¢~1. The order of magnitude of clongation is also similar, as is the increase in
clongation with increasing temperature on the corrugated sutrfaces. However, the liquid
crystal structure can potentially influence the shape of the drops, as the rubbed polyimide
induces alignment in the liquid crystals. This is experimentally verified in figure 4.6 by means
of Polarised Optical Microscopy as described in figure 4.4. Comparison with drops printed
on non-rubbed polyimide (figure 4.5(c)) shows that these drops ate also locally aligned, but
there exist multiple separate ‘domains’, and turning the sample relative to the polarisers does
not modulate the average transmitted intensity per drop as it does for the aligned drops
(comparing (a) to (b)). This is indicative of multi-domain alighment, so that averaged over
the drop there is no directional preference either parallel or perpendicular to the corrugations

due to the liquid crystal structure.

1.1
1.0]
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Figure 4.5: Elongation of micro-transfer printed liguid crystal drops on rubbed and non-rubbed polyimide.

The elongation on rubbed polyiniide decreases with increasing printing temperature.

The practical relevance of this elongation is considerable, as shrinkage of up to 20%
(¢=0.8) requires considerable adjustments to the print patterns to be able to reproducibly
recreate patterns. For instance, printing lines of equal thickness in both parallel and
perpendicular directions will require placing the drops closer together in the parallel direction
to ensure full coalescence and proper line formation. On the other hand, pinning of the
interface on the grooves and ridges perpendicular to the rubbing direction can also decrease
coalescence perpendicular to rubbing. Both these complications were observed in practice

when printing patterns.
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Fignre 4.6: Printed liguid crystal drops observed with Polarised Optical Microscopy (POM), with the sample
aligned at (a) 45 °and (b) 0° to the front polariser. The rubbing direction in (a) and (b) is vertical. Also
printed structures on non-rubbed polyimide (c) are shown. The drops printed on rubbed polyimide are
elongated perpendicular to the direction of rubbing (e = 0.82), whereas the drops in (c) are not elongated on
average. The scale bar in the bottom right corner of (b) indicates 400 pm . The printing temperature was
80 °C  and the photo-polymerisation temperature was 20 °C .

Two control experiments were performed to further validate the observations presented
above. No variation in contact angles as function of temperature was found, examined with
the same method and with the same result as for the isotropic monomers in section 3.4.1.

It was also determined that polymerisation shrinkage did not occur for these drops.
Polymerisation shrinkage is often stronger for LCP’s in the direction parallel to the director
than perpendicular to it, typically on the order of 6% and 2% respectively.’” The absence of
shrinkage was determined by two methods, namely by observing drop shapes pre- and post-
polymerisation with microscopy, as well as performing real-time contact angle and base
diameter measurements on macroscopic drops. In both instances, no shrinkage due to
polymerisation was observed. There are two possible explanations for this absence. Firstly, at
20 °C the degree of polymerisation will not be high, limiting the possible shrinkage.
Secondly, the large surface-liquid contact area which pins the drop sufficiently so that no
additional shrinkage is possible.

It is interesting to note that in practical applications it is therefore possible that
polymerisation shrinkage induces latent stress in the material, which can be a cause for
concern in applications where the substrate is flexible and will be concavely and especially
convexly bent on a regular basis. Such applications can include e.g. flexible displays, and
flexible anti-counterfeiting labels used on various product packaging or in banknotes and
passports.

A tentative experimental observation was also made that micro-transfer printed drops
of 10-15pum elongate slightly parallel to the rubbing direction (¢=1.05-1.10), while

printed on the same corrugated polyimide. This is clearly against the trend presented in figure
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4.5 for the larger drops as well as the results in chapter 3. This result may indicate that there
is a potentially significant counteracting elongation parallel to the corrugations due to the
liquid crystalline order. However, the experimental setup in use currently is not accurate
enough to determine the elongation reproducibly, since the force of application is pootly
controlled, and furthermore only a minor drift of a few pm of the stamp during contact will
introduce a high experimental noise. Manual application of the stamp or a slight angle
between stamp and substrate can introduce such lateral shift. For the larger drops of figure
4.5 and 4.6 these factors were found to be the cause of some of the scatter in the data, but
still giving reproducible and significant results. For this reason no statistical analysis of the
clongation for smaller drops was performed. Therefore, the present results for smaller drops
can be considered tentative at best, as will be further considered in the discussion (section

4.).

4.5 Energy analysis

4.5.1 Two limiting cases of director profiles

In order to assess if the liquid crystalline order indeed influences the elongation of the drops,
in this section an analysis of the energetic terms is performed. These terms determine
whether and in which manner elongation is enhanced or decreased by the liquid crystalline
order. Since the governing equations (4.1) and (4.2) are complex and no rotational symmetry
is present, precise results will presumably only be obtained with numerical methods, which is
beyond the scope of this chapter. Therefore in the following a simplified estimation is
presented based on length scale arguments and omitting numerical pre-factors.

The first step is to describe the drop geometry and alighment in simple terms. The
perfect dark state in figure 4.6(b) indicates that the director is aligned parallel to the rubbing
direction (polar angle in the horizontal plane) at every point in the drop. This corresponds to
the schematic in figure 4.7(a). Via polarised microscopy it could also be determined that the
alighment at both interfaces was not homeotropic but planar or near-planar. Homeotropic
alighment would be undesirable for most applications described before, and is not
considered here further. For this reason @, >0 at both interfaces is assumed in the
following.

From literature it is known that lyotropic''! as well as thermotropic!'® liquid crystal
drops can exhibit bipolar director configurations. The formation of such a structure depends
on the interplay between surface anchoring and the various bulk elastic energetic terms,
where effectively the surface anchoring dominates over the bulk deformation. No bipolar
drops were found with POM. Such a bipolar configuration would resemble the schematic in
figure 4.7(b). This configuration would be cleatly distinguishable via polarised microscopy, as

the drop would not exhibit a complete dark state (which was observed) but instead exhibit a
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characteristic intensity profile (which was not observed). Furthermore, a quantitative
investigation of the optical retardation for micro-transfer printed drops was presented in
105109 "also confirming the absence of this bipolar configuration. The reason for this absence

1s ascribed to the strong anchoring of the liquid crystals at the solid-liquid interface.

R

|
Figure 4.7: Different types of anisotropic director fields and their alignment to the surfaces. Top view of (a) a

drop with planar parallel director alignment and (b) planar bipolar alignment. Side view of (c) Case 1 and
(d) Case 2, as defined in the text. Note that Indicated are the parallel base radius R , the perpendicular base
radins v and beight ) .

By excluding homeotropic and bipolar drops, only two director profiles are possible
which agree with experimental data, as indicated in the top view configuration of figure
4.7(a). These cases are displayed schematically in figure 4.7(c) and (d) and are

1) the director profile n in the bulk is aligned horizontally (planar) parallel to the
alighment direction of the solid surface (4.7(c)) and
2) the director profile n in the bulk is curved with liquid crystal alignment parallel to
the alignment at the solid surface and also parallel to the liquid-vapour interface
(4.7(d)). Note that Case 2 is not a bipolar drop. Although it resembles a bipolar
configuration in side view, in top view it corresponds to figure 4.7(a) and ot to
4.7(b).
For both cases, the geometric variables of the drop are also indicated in figure 4.7. These are
an elliptic base with axis R parallel to the corrugations and 7 in the perpendicular direction.
The height of the drop as measured from the surface is /. The horizontal elongation is
e=R /r and the dimensionless height is § =4 /7. The volume 17 is fixed and known and

can be approximated as 7 ~ Rrb=elr’ by omitting all numerical pre-factors in order to
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simplify the expression. Such omissions will be made consequently further on as well.

Based on the microscopy data, deviations from the fully planar orientation in Case 1
due to dominance of the liquid-vapour surface anchoring energy over bulk elastic energy
cannot be excluded. The reason that this is not easily observed with polatised microscopy is
that £ <<1so that only very detailed obsetvations under small angles would enable
determining whether Case 2 alignment would occur. This justifies the need to investigate
Case 2 as well. Cases 1 and 2 can therefore be considered as the limiting cases for the

director profile.

4.5.2 Surface energy estimates

First consider the interaction energy at the solid-liquid interface, which can be described
equally for Case 1 and 2. The vector product is (q . n) =1 in case of planar alignment with
the polar angle of the director fully alighed with the rubbing direction and zero azimuthal
angle. Note that this was implicitly assumed in both Case 1 and 2. The polyimide used
experimentally is chosen as it is known to induce planar alignment with only a small pre-tilt
azimuthal angle of around 3°, although the exact pre-tilt does depend on the method of
rubbing and is not determined in detail here. Even if the alignment is not perfectly planar but
homogeneous over the surface, this product will be constant.

Therefore, equation (4.2), combined with (2.7), simplifies to

éd - ((U.f/ (1 + ay ) -0, )-Qf/ _ 6)1/34,_2/3 {[ w,0, ]_ Cosé‘J (43)

2/3
o,V o,

y

This definition is made dimensionless, as signified by the tilde on G , with respect to the
liquid-vapour surface energy. This makes the definition independent of volume. Considering
equation (4.3) it is likely that GNI/ is negative, since it is assumed that 0 < 90°, which is the
case for the experimental results presented in figure 4.5 and in general desirable for printing
applications. So unless @,0, > 0,,, i.e. ®, is on the order of one, increasing the elongation
or decreasing the height actually gains energy, of course at the expense of increasing the
liquid-vapour interfacial energy. If however @, ~1 then GNI/ can be positive or negative, so
that the impact of ¢ and ¢ on the total energy via éj, can vary in that case.

Considering the alignment at the liquid-vapour interface, for Case 2 there is perfect
alignment and (q~n)2 =0 in equation (4.2). For Case 1, an approximation of the vector

product is made following '!! as

(4.4

>

<
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where an approximate average over the polar and azimuthal angles is multiplied. The liquid-
vapour interface is estimated as {2, =Qf,(l+§ ), so expressing it as a function of the
dimensionless height. This estimate is exact for =0 and {' =1 if ¢=1 (this corresponds
to 6 =90 °), with the overall trend being correct for increasing ¢ .

Combining the above, we find

G, = [l +m, (%) ]e(l;# =’ ((2/3 + )[1 +w, (%) ] . (4.5)

We can find Case 2 by setting @, =0 in equation (4.5), even though it should be noted that
this is perhaps misleading as the anchoring energy is actually so high that in fact the vector
product (4.4) becomes zero). The dependence on ¢ in (4.5) is complex: if @, <1 (i.e. weak
anchoring), increasing ¢ will lead to an overall energy increase, but if the product of ®, and
¢? becomes of the order 1 then increasing ¢ will lower this term and decrease the overall
liquid-vapour energy. The summed term with two powets of § indicate that there is a
minimum at intermediate ¢''s, which can easily be understood by considering that in the
isotropic case there would also be an energetic optimum for an intermediate ¢ since
0°<d<90°.

4.5.3 Bulk elastic energy estimate

Secondly, the elastic energy from alighment in the bulk is considered. In Case 1 there is
perfect parallel alignment and the elastic energy is negligible. In Case 2, the mean radii of
curvature of the drop in the direction of the alighment can be taken as an estimate of the
typical length scales of the curvature of n and used to estimate the derivatives in equation
(4.1)."11 The mean radius of curvature for the splay deformation scales as R =¢-r, while the
mean radius of curvature for the bend deformation scales as ¢’r /¢ . Given the types of
alignment, no twist deformation is expected as this would break symmetry and increase
overall energy. It is not observed experimentally either. The individual elastic contributions

can then be estimated as

_ RV kG
G, splay (”)2 - .
I NS N (46)
Ge,/m/d = = .

(627 / 6:)2 - E
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In order to simplify further, the equal constants approach £ = £, = K is employed, which is
often applied and is justified by experiments where these values are commonly found to be
within a factor 3 of each other (and since numerical pre-factors are already omitted).!12119

Making the energy dimensionless by dividing by the liquid-vapour interface energy yields

G :__(41/36—5/3 +§7/3€—11/3). .7

2
O, r

With increasing elastic constant K the elastic energy increases as expected. The drop can
decrease this energy increasing its overall volume, as this decreases the radii of curvature, as
becomes clear from the rin the denominator. At constant volume and for a given K, the
drop can lower its elastic energy by decreasing its drop height or increasing its elongation, as
both will reduce the intrinsic curvatutres in the direction of the director field. While for the
splay contribution (the first term in brackets) the dependency on drop height is not very

strong, the bend deformation is quite sensitive to both elongation and drop height.

4.5.4 Energy minimization via Lagrange multiplier method

Now that simplified expressions for the various energetic contributions have been derived,
the approximate energetic minima for Cases 1 and 2 can be calculated by using the Lagrange
multiplier method using the volume as constraint. For Case 1 this results, after some

calculations in

1/4

/
eoc (557 +65°) " | | @0, @.8)

Note that ¢ is independent of T7 (ie. 7), as is expected since only surface terms are
considered (which all scale equally relative to the volume). With increasing ¢ the elongation
increases slightly less than linearly. With increasing anchoring strength @), the elongation
increases as well, more strongly if @, <<1 and 6 = 0°. Thus, with incteasing § and &
the elongation increases. This is expected as both increase the overall curvature and thus
average mismatch of the director at the surface. Increasing @, will decrease the elongation
however.

For Case 2 a more complex relationship is found:
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1/2
K+(K>+6KSro, (1+ 2194 cos5))2
eoc &2 % . @9)
r(l + DGy _ cosé’jaﬁ,
O-/v

Equation (4.9) is the reason for not considering an intermediate case between 1 and 2 with
both strong liquid-vapour interface anchoring and high clastic energy, as the Lagrange
minimization becomes unwieldy and offers only little further insight. With increasing ¢ and
K, the clongation increases, as the former increases the average curvature and the latter the
energetic cost of curvature. Unfortunately the volume dependence on e is not easily
perceived from (4.9) and it is easier to consider it from equation (4.7). Just as with the

capillary length a relevant length scale here is the ‘elastic length’

L,=— (4.10)

Table 4.1: Overview of the various constants and their impact on the director profile and drop elongation.
Note that for oy K1 it is still assumed that the surface induces sufficient alignment to avoid multi-domain
director profiles.

[on o, . Director profile Impact on e
<1 <1 L2r Case 1 or 2 indetermined, e~1
possibly multi-domain
>1 <1 L,2r Case 1 or 2 indetermined e~1
<1 21 LeZ’ Case 2 e>1
<1 <1 <r Case 1 e>1
>1 >1 ngr Case 2 e>1
21 <1 <r Case 1 e>1
<1 >1 <r Intermediate between case 1 and 2 | ¢>1
>1 >1 <r Intermediate between case 1 and 2 | ¢>1

The bulk elastic energy is significant for drops smaller than I,. This is somewhat

counter-intuitive, since in the case of gravity, the bulk contribution dominates at length scales
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larger than the capillary length. The reason for this is that in the case of bulk elastic energy,
the bulk energy per unit volume decreases with increasing drop dimensions due to the
decrease in average curvature. As shown in (4.6) the elastic energy scales with 7, whereas the
surface energy scales with .

For both cases a number of relevant constants of proportionality and length scales are
simultaneously relevant. Instead of discussing an exhaustive list per case, the main results
from the energy analysis are summarized in table 4.1. The most important conclusion to be
drawn from table 4.1 is that the liquid crystalline order, when planar or near-planar, will
induce elongation parallel to the rubbing direction. For none of the cases considered here
will elongation perpendicular to the surface be favourable with regards to the liquid crystal

energetic contributions.

4.6 Discussion

The experimental observations indicate that drops of ~150pum consistently elongate
perpendicular to the corrugations, although the degree of elongation decreases with
increasing temperature. This data is quantitatively consistent with isotropic drops as
experimentally and theoretically investigated in chapter 3. For drops that are an order of
magnitude smaller, the tentative experimental data indicates that the drops elongate parallel
to the corrugations instead. Energy analysis indicates that it is possible that this increase in
elongation for smaller drops is caused by the bulk elastic energy. In this section the
experiments and energy analysis are compared in more detail and discussed in the context of
relevant applications.

In order to quantify the impact of the various energetic terms, it is necessary to use
literature!.112119 values as no exact data is available for the reactive mesogens used here.
Typical order of magnitude values for non-reactive liquid crystals are @, ~ @, ~ 107° -1072,
K~10"-10" N and o, ~ 1072 Jm’z. What is known for polymerisable liquid crystals is
that highly splayed configurations can be achieved with very similar molecules by employing
homeotropic alighment layers or surfactants which act at the liquid-vapour interface.!" Such
layers are typically tens of micrometers thick and can be up to several square centimetres
large. Even though in no surfactant was used and no homeotropic alignhment was found, it is
not a priori certain that in the experiments bulk energy terms dominate over surface
anchoring at either interface.

Anchoring at the solid-liquid interface was strong, as evidenced by the complete
absence of bipolar orientation within the drop. Increasing the drop elongation in either
direction does not decrease the total amount of solid-liquid anchoring energy, as it does not
decrease the amount of solid-liquid surface. For this reason, even though @, >0, this does

not directly cause elongation but rather by imposing orientation on the director field it may
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cause elongation indirectly via the other anisotropic contributions.

The impact of bulk elastic energy can be assessed from the literature values of non-
reactive liquid crystals, by calculating L., 107" =107 m. These values indicate that both
types of experimental drops presented above were considerably larger than L, and that the
tentative parallel elongation for the smaller drops would not be caused by the bulk elastic
deformation. A very crude estimate is that an elongation of 10% would require 7 to be at
most than one order of magnitude larger than L,, which is still three order of magnitude
smaller than the actual drop size. Furthermore, bulk elastic energy would only cause
elongation if liquid-vapour anchoring energy is dominant (Case 2), as will now be discussed.

The most difficult parameter to quantify is @, . What has been done for suspended
lyotropic drops of liquid crystals is to determine the shape of a drop together with the overall
volume and then to observe the director profile.!!’ These results are then used to fit @, . In
the context of the present work this is not a viable approach, since the solid surface with its
corrugations influences the drop shape. Also the available elongation data for the smaller
drops is not of sufficient accuracy.

There are two reasons why @), is most likely too small to cause the parallel elongation:

The distinct perpendicular elongation found for the large drops. Since surface
anchoring is an energetic term that is independent of volume it causes equal elongation on
any length scale as long as the director is sufficiently aligned throughout the drop (Case 1).
Secondly, the detailed experiments and simulations on surface corrugations indicate that
decreasing the length scale of the drop one order of magnitude does not significantly
decrease the effect of the surface corrugations as long as these corrugations are significantly
smaller than the drop size in both instances. Therefore the effect on elongation of both

surface corrugations and @), are independent of the size of the drops.

The literature values of @~107 =107 indicate that the total effect of surface
anchoring is at best three order of magnitude smaller than the ‘regular’ liquid-vapour
interfacial energy. Since elongation clearly increases the liquid-vapour interface if the other

drop parameters remain the same, a crude estimate would be that since (2, o > then

e~ 1+ 0(10‘3) ~1 +o(10‘3), which is much smaller than observed, within experimental

error and lastly not crucial for most applications.

Considering the above, the tentative conclusion is that the observed parallel elongation
for small drops is presumably caused by the printing setup and not by the influence of the
liquid crystal alignment. It is therefore recommended to improve the micro-transfer printing
setup to minimize human handling and placement of the sample and stamp to prevent any
lateral shifts. A potentially more efficient method would be to use sprayed drops, as in
chapter 3, on non-corrugated aligning surfaces such as linearly photo-polymerisable polymers

(LPP’s), which are smooth surfaces that induce alignment purely by molecular interactions.
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It is also recommended to quantitatively determine the surface anchoring energies and
clastic constants for the polymerisable liquid crystal used in this chapter. The energy analysis
presented above is sufficiently accurate to estimate the order of magnitude of elongation if
these material constants are known. If elongation were to be desirable to a particular
application, the analysis shows that liquid crystals with high elastic constants and/or high
surface anchoring are required. In that case, the use of surfactants to increase @), is another

option to increase the range of applicable liquid crystals.

4.7 Conclusions

The influence of liquid crystalline order on drop morphology was studied by micro-transfer
printing of polymerisable liquid crystalline drops. It was found that drops of approximately
150 pm in diameter elongate perpendicular to the direction of the corrugations, comparable
to non-liquid crystalline drops. However, anchoring of the liquid crystal director at either
interface as well as the elastic energy needed for deformations in the bulk of the liquid crystal
were shown theoretically to be able to induce preferential elongation parallel to the rubbing
direction. From this theoretical energy analysis it is shown that tentative results for smaller
drops of around 10pum in diameter showing parallel elongation are likely due to
experimental error and not from the liquid crystalline order. Suggestions to improve the
experiments are presented, as well as a discussion on various potential consequences for

industrial applications.
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5. Fully reversible transition from
Wenzel to Cassie-Baxter states on

corrugated superhydrophobic
surfaces’

“The river was clear and smoothly fast in the early morning. Down about two
hundred yards were three logs all the way across the stream. They made the

water smooth and deep above them.”

— Ernest Hemingway, “Big two-hearted river”

3 This chapter is published in:

RJ. Vrancken, H. Kusumaatmaja, K. Hermans, A. M. Prenen, O. Pierre-Louis, C.W. M.
Bastiaansen and D. J. Broer, Fully Reversible Transition from Wenzel to Cassie—Baxter States on
Corrugated Superbydrophobic Surfaces, Langmuir, 26(5), 3335-3341 (2010). Reprinted with
permission. Copyright 2010 American Chemical Society.
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5.1 Introduction

The wetting properties of liquids have been a topic of interest for centuries.? Recently, it
became clear that both the static and dynamical properties can be controlled via surface
patterning. Superhydrophobicity is perhaps the prime example: by making the surface rough,
the contact angle of a hydrophobic surface can be increased to more than 150 ©.120.121 The
two possible states i.e. collapsed*® and suspended™ states on structured surfaces, exhibit clear
differences in drop mobility. For a variety of applications (e.g. fluid motion control in micro-
fluidics),'¢ it is therefore of great interest that reversible transitions between these states can
be induced at will. Furthermore, in many cases, it is possible to render the surface effectively
hydrophilic when the drop is in the collapsed state and as a result, the contact angle switches
from close to 0 (superhydrophilic) to close to 180 ° (superhydrophobic). This active control
of the wetting properties may be induced in a number of ways, for example, by
electrowetting, light irradiation, or a change in temperature or pH.122

Unfortunately, however, a reversible transition from collapsed to suspended states is
normally difficult to achieve, due to the existence of (Gibbs) energy barriers between the
states.123.124 In particular, it is the transition from the collapsed to suspended state that proves
problematic, because the base of the liquid drop in the collapsed state cannot detach from
the solid surface, as one needs to replace one interface (liquid-solid) with two interfaces
(liquid-gas and gas-solid). In other words, this transition must occur via a different pathway.
It is therefore the aim of this chapter to demonstrate a new and simple design paradigm,
consisting of parallel grooves of appropriate aspect ratio that allows for a controlled,
barrierless, and reversible switching of the wetting states upon the application of
electrowetting. In this chapter a direct observation is reported of the barrierless dynamical
pathway for the transition from the Wenzel (collapsed) to the Cassie-Baxter (suspended)
state and a theory that accounts for the transition is presented.

So far, to the best of the author’s knowledge, only Krupenkin ¢ /. have unambiguously
demonstrated a lifting transition by rapid heating of the substrate and evaporating part of the
liquid into a vapour blanket beneath the droplet.’?> From here on, the collapsed to
suspended state transition shall be called a /fing transition and the opposite transition as a
collapse transition. Although this proves the concept of a lifting transition, the evaporation of
liquid is impractical in closed systems such as switchable lenses,'2¢ micro-fluidic devices,!?7
and displays.!?8 Thus, a more practical dynamic pathway is desired for many applications.

Inspired by the findings in the previous chapter that parallel to a corrugated surface the
surface patterning does not introduce any significant energy barrier for the moving liquid-
vapour interface,’880°2 in this chapter the possibility of the lifting transition occurring on
such surfaces is investigated. To induce the transitions between the aforementioned wetting

states electrowetting is used,!2%130 which has been shown to be applicable on
) g > pp
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superhydrophobic surfaces.!31.132 Lattice Boltzmann simulations are employed to identify the
dynamical pathway of the lifting transition and estimate the conditions required to observe it.
The outcomes of the simulations are used to assist in choosing the relevant experimental
parameters to realize reversible and repeatable cycles of lifting and collapse transitions. These
transitions are observed indirectly via contact angle measurements and directly by monitoring

the motion of liquid/air interfaces under the water droplet during electrowetting.

5.2 Lattice Boltzmann simulation method

In the simulations reported here, the liquid drop and its surrounding vapour are again
modelled using a one-component, two-phase fluid. The following parameters, as described in
section 2.6.2, are chosen for the simulations: f=0.1, x =0.004, p, =1/8, p.=3.5, and
7 =0.3. These parameters give an interfacial thickness £ =1.8 lattice units, surface tension
o, =7.7x 107, liquid density p, =4.1, gas density p, =2.9 and liquid viscosity v = 0.69
(all in lattice Boltzmann units). The density ratio between liquid and gas is considerably
smaller than in real systems. It is important to point out again here that a problem with many
meso-scale simulations of liquid—gas systems is that interface widths are too large compared
to experiments and the density difference between liquid and gas is too small. The result of
this is that time scales are too fast,>7* though comparisons with experiments so far have
shown that the dynamic pathways are correct.”’.7476.78 This is actually advantageous since in
this chapter the main interest is in the criterion for the lifting transition. Changing the values
of the interface width, density ratio, surface tension and viscosity only changes the speed of
the transition (i.e. how fast it occurs), but not the criterion itself. It is expected that the
dynamics of the lifting transition to be slow close to the transition line. To minimize this
dynamical effect, the lattice Boltzmann simulations are run for 10¢ time steps. For simulation
parameters that allow the lifting transition, it is typically achieved in 2 to 4 x 105 time steps.
The lattice Boltzmann simulations are initialised as follows. A hemi-cylindrical drop
with radius R =110 lattice spacings, which is large compared to the size of the grooves, is
placed in the Wenzel state on a grooved surface for a given intrinsic contact angle 6 (local
contact angle without application of electrowetting) and aspect ratio, defined as the height 4
divided by the width » of the groove. Then, the drop is equilibrated for 10¢ time steps.
Simulating a cylindrical drop rather than a full, three dimensional, spherical drop makes it
possible to reduce the system size and hence the computational requirements, while
preserving the important physics, in particular a two dimensional curvature of the interface in
the direction parallel to the grooves. The simulations are run for different values of & and
b/ w. The simulation parameters for the surface contact angle and its corrugation are given
in table 5.1. Further on a comparison to full three-dimensional simulation results is

presented.
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Table 5.1: Summary of the lattice Boltzmann simulations parameters.

0 w | h Lifting transition 0 w | h | Lifting transition
110° |10 |15 Yes 120° |1 30 | 8 | No
110° |10 | 14 No 130° | 40 | 20 | Yes
110° |10 | 12 No 130° | 40 | 16 | No
110° |10 | 10 No 130° | 40 | 14 | No
110° |10 |5 No 130° | 40 | 12 | No
120° | 30 | 30 Yes 130° | 40 | 10 | No
120° |30 |27 Yes 140° | 50 | 15| Yes
120° |30 |24 Yes 140° | 50 | 10 | No
120° |30 |22 No 140° 150 |5 | No
120° |30 |15 No

5.3 Simulation and theoretical results

In this section, the lattice Boltzmann simulation results are presented (figure 5.1) and it is
shown how this leads to a simple criterion for the lifting transition to occur. The typical
dynamical pathway for the lifting transition shows that, as the drop de-wets, the contact line
moves considerably slower on top of the barriers than in the grooves, and the shape of the
liquid-vapour interface that connects the two sides of the groove walls does not change
much. The surface geometry is shown in figure 5.2(a). As the contact line recedes by dx , the
system is essentially replacing (2b+w1)dx of liquid-solid interface along each groove of
width »; with (Zb+w1)dx of solid-vapour interface and wdx of liquid-vapour interface.

Working out the surface energy balance, and employing Young’s equation it is found that if:

coso < —; 6.1

1+2(h/w)’

the transition is energetically favourable. One can see from equation (5.1) that lifting only
happens for & > 90°, since cosd is always < 0.

A lifting transition diagram is shown in figure 5.1(d) as a function of the aspect ratio
b/ w, and contact angle § . Regions where the transition occurs and is suppressed are shown
by diamonds and circles, respectively. The data points are obtained from the hemi-cylindrical
lattice Boltzmann simulations detailed in table 5.1, where the solid black line is the analytical
result given in equation (5.1). The agreement between simulation and theory is good, except
that in the simulations for a given value of J, the transition occurs at a slightly higher aspect

ratio.
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This discrepancy can be accounted for by further taking into account the finite size
effects of the drop volume into account in the analytical model of (5.1). As in the
simulations, a cylindrical drop is now considered instead of only the local interfaces in the
channel. Furthermore, for simplicity, two assumptions are made. Firstly, the contact angle of
the cylindrical cap is close to the Cassie-Baxter contact angle. Secondly, the shape of the

liquid-gas interface in the groove can be approximated by a simple plane.

®)

_y
- contact line recedes

——’-—4 K‘-—
contact line re¢¢

.\ —Eq.(G0)
\ - Eq. (7, h/r=02
I ---Eq. (5.7), b/ r=04

¢ No transition

160,

O Transition

in the Cass'\e—Baxter state

Drop toor Iz ==mrea-oo

bl wi -]
Fignre 5.1: Lattice Boltzmann simulation results showing a lifting transition. The simulation results for
ylindrical drops on parallel grooves: the drop de-wets the grooves and undergoes a lifting transition. The shape
of the ¢ylindrical drop is shown at (a) t = 10°, (b) 1.5 x 10°, and (c) 2.5 x 10°. (d) The lifting transition
diagram as a function of groove aspect ratio and contact angle. The solid line represents the theoretical
prediction of equations (5.1) and (5.7). The lattice Boltzmann simulations results are shown in squares,

where the transition occurs, and in diamonds where it does not occur.

For the geometry shown in the figure 5.2, the Cassie-Baxter contact angle is given by

cos fiy = 1001 5.2)
n+1
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where 7=w, /w, and the Cassie-Baxter parameter f=7/(7+1) according to equation
(2.22). Under the assumptions described above, the total volume of the drop is given by

I =w, (HT”(Zn—msme)ﬁ +b/j, (5.3)

and the total energy reads (the energy of the bare substrate is subtracted):

E=(2z-0)(1-n)wro, +(2rsir1(9/2)—/)w1 I:U/f/ +’7(ze -0, )]

5.4
+2hm0, +1[ (w (1477)+ 2b)(0, —0,) ] o4

The four terms in the above equation account for the liquid-gas interface of the
cylindrical cap, the base of the drop in contact with the composite solid/gas substrate, the
liquid-gas interface in the channel, and the liquid-solid interface in the channel respectively.

The angle @ is related to the Cassie-Baxter angle via

0=2(r—P). (5.5)

@) (b)

Figure 5.2: Schematic diagram of the geometry. (a) The surface pattern viewed along the corrugation. (b) The
side view of the drop viewed perpendicular to the corrugations, where a part of the channel with length | bas
Sfilled with liguid. Please note that | # w,, as the (a) and (b) views of the surface are at a 90° angle. The

geometric parameters of the finite sige correction model are defined in the figures.

The Wenzel to Cassie-Baxter lifting transition occurs when 0,E > 0. Calculating the
first derivative of E with respect to / and taking into account the volume constraint, we

obtain
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6,E=w10',p£—é—l—(l+2/j/wl)cosﬁ). (5.6)
r

The lifting transition requitement 0,E >0 leads to the ctitetion:

cosé’<—m. (5.7
1+2h/ w,

Compared to equation (5.1), the finite size effect of the drop volume adds an extra term
b/ r in the numerator. In figure 5.1(d) equation (5.7) is plotted for several values of 4/ r.
The match between simulation results and analytical theory is improved considerably: the
b/ r term shifts the lifting transition to higher aspect ratio for a given intrinsic (Young’s)
contact angle. In other words, a smaller drop requires a more extreme geometry (higher
aspect ratio) to enable the transition from the collapsed to the suspended state.

Qualitatively, these results provide a manufacturing guideline. For a lifting transition to
occur there must be a dynamical pathway on which there is little contact line pinning (or
contact angle hysteresis). When pinning or hysteresis is a dominant factor, e.g. in the
direction perpendicular to the grooves or when the surface is patterned with rectangular
posts, this type of dynamical pathway cannot be realized and the lifting transition cannot
occur. Indeed, for the full three dimensional simulations of a lifting transition, it is observed
that the contact line on/y de-wets in the parallel direction. Perpendicular to the grooves, the
contact line is pinned. Equations (5.1) and (5.7) also dictate that the grooves aspect ratio
must be high enough so that the suspended state is preferable.

In figure 5.3, a lattice Boltzmann simulation of the lifting transition is shown for a full,
three-dimensional drop of radius 110 lattice spacings. At the beginning of the simulation (a),
the drop is in the Wenzel state. The surfaces intrinsic contact angle is 80 © and the aspect
ratio of the corrugations is / / w, =12 /8=1.5. The intrinsic contact angle is then changed to
120° and the drop undergoes a transition to the Cassie-Baxter state. Initially, the drop
relaxes to a more spherical shape. Then (b) the contact line on top of the barriers halts its
inward motion and does not move considerably any further. The liquid-vapour fronts inside
the grooves, however, continue to recede in (c-¢). In other words, the channels are filled with
vapour. This motion can be seen by closely observing the indicated lighter parts of the
channel. These regions decrease inward with time until finally (f) the two liquid-vapour

interfaces annihilate each other. The lifting transition is now completed.
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®o
20
A

Figure 5.3: 3D lattice Boltzmann simulation of the uplifting transition. Starting in the collapsed state (a),
with clear shape anisotropy (i.e. an elongated drop parallel to the corrugations) and filled channels, the drop
slowly lifts up from the surface (b-¢) as vapour is filling into the channels from the sides of the drop, visible as
a decrease of the length of the wetted grooves (light areas underneath the drop). When the transition is complete

() the whole channel is filled with vapour and the drop is in the suspended state and nearly spherical and not
elongated.
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5.4 Experimental methods

Photolithography was used to prepare corrugated surfaces with the desired aspect ratio as
well as reference samples. Indium tin oxide (ITO) coated glass surfaces were coated with a
thin layer of SU8 negative photoresist (MictoChem Corp.), the molecular structure of which
is presented in figure 5.4, followed by a heating step (1 minute at 65°C and 2 minutes at
95 °C). This first layer of SU8 was flood exposed with UV light to promote adhesion of the
textured SU8 layer to the I'TO surface. After crosslinking (1 minute at 65 °C and 2 minutes
at 95°C), a second SUS layer with a thickness of 18 um was applied. After a heating step,
the SU8 photo-resist was patterned (30 pm line pattern) via standard photolithography which
resulted in an aspect ratio 4 /w of approximately 1.4. A 300-500 nm PTFE coating
(Teflon-AF, Dupont) was applied from solution on top of the structure to increase the
hydrophobicity of the surface. The contact angle of the coated surface was ¢ =110°.

Scanning electron microscopy (XL 30 ESEM-FEG, Philips) was used to image the
surface structures. Before the SEM analysis, a 15 nm gold layer (K575 XD Turbo Sputter
Coater, Emitech Ltd.) was applied on the sample to improve electron conduction. The
aspect ratio was determined using confocal microscopy, (Sensofar, PLp2300) with a 50x
objective.

To investigate the wetting behaviour of water droplets on the surfaces, the contact angle
was measured (OCA-30, DataPhysics Germany) upon reversibly applying an electric
potential of up to 150 V, by means of attaching the anode to the ITO layer and inserting the
cathode (a small conductive pin) in the droplet from the top. The voltage was supplied by a
Delta Electronica ES0300-0.45 power supply. Common tap water was used, having a
moderate loading of dissolved ions. The anode clamp was attached to the ITO layer on the
side of the sample.

To directly and unambiguously observe the lifting transition, optical microscopy was
performed while performing electrowetting experiments on water drops iz situ. The
microscope was a Leica DM6000M (5x objective with 2x magnification), equipped with a
Leica DFC 420C camera, used in bright field transmission mode. The transition was filmed
in camera mode at 100 frames per second and saved as an uncompressed AVI file. Images
from the movie were exported as JPEG via the VirtualDub editing freeware (version 1.9.0).
The stills were prepared as TIFF figures in Corel PhotoPaint X3, converting to 32bit CMYK
and resized to the appropriate resolution. No alterations to the contrast or intensity were

made and care was taken to not introduce any visual artefacts.
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Figure 5.4: SUS formulation as supplied. (a) SUE monomer with 8 epoxy groups, (b-c) photo-initiators
triarylsulfoninm salts and (d) solvent cyclopentanone.

5.5 Experimental results

To investigate the wetting vapour of water droplets on the corrugated PTFE surface as
shown in figure 5.5(a), the contact angle is measured upon reversibly applying an electric
potential of 150 V. DC. The electric voltage is increased lineatly from 0to150 Vin 30s,
kept at this voltage for 20s for the drops to equilibrate, after which the voltage is reduced
back to 0V in 30s. Figure 5.5 (b-d) shows the contact angle as a function of time on
respectively a non-corrugated and corrugated coated surface. The water droplet goes through
the above described electrowetting cycle multiple times. None of the surfaces displays any
visual signs of degradation due to e.g. pinhole conductive paths in the coatings. The
measurements show that the electrowetting effect on a smooth surface is nicely reproducible
and with a large range of contact angles from 110° to 60 °. This smooth and repeatable
transition is also achieved on the corrugated surface. When the voltage is 0V, the drop is in
the suspended state, in agreement with equation (5.1). In fact, the value of the contact angle
agrees well with the Cassie-Baxter angle of equation (2.22), with f ~0.5 and 6 ~110°, we
obtain B, ~130°.
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Fignre 5.5: (a) SEM cross-section of a corrugated surface used in the electrowetting experiments. Contact
angle measurements on a non-patterned (b) surface show that the contact angle varies between 110 ° and
60°, whereas on a patterned (c-d) surface the contact angle can be reversibly switched between 130 ° and
90° (perpendicutar) | 50° (parallel) during electrowetting cycles. Contact angle measurements were done by
antomated contact angle fitting, employing an ellipsoidal drop profile. Using this method, the typical fitting
error is £3° . The measurements in (c) and (d) are taken perpendicular and parallel to the grooves. Slight

hysteresis does occur due to surface defects.

On the other hand, when the electrowetting potential is switched on, the surface acts as
a hydrophilic surface with an intrinsic contact angle of 60°. The suspended state is no
longer preferable and the liquid drop collapses. It should be noted that the drop shape in the
collapsed state is quite elongated along the direction of the corrugations, and the contact
angles are considerably different parallel and perpendicular to the corrugations, as expected
from the results from chapter 3. The contact angles measured perpendicular to the

corrugations (i.e. viewed along the corrugations) are shown in figure 5.5(c) as a function of
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time. The contact angle varies from 130 ° to 90 °. The contact angle measurements parallel
to the corrugations are shown in figure 5.5(d) for one electrowetting cycle. In the Wenzel
state, contact angle measurements yield distinct results parallel (~ 50 °) and perpendicular
(~90°) to the grooves. This is due to pinning of the contact line on the ridges, which
prevents the drop from spreading out perpendicular to the channels.’® In figure 5.6, this
difference in elongation is shown from images captured by the OCA-30 contact angle setup
during experiments.

Another important aspect of drops on surfaces is their sliding angle, i.e. the tilt angle at
which a drop spontaneously starts moving due to gravity. While a fully controlled sliding
angle experiment was difficult to perform since the cathode needle had to be kept properly
inserted in the drop, the preliminary results confirm our expectations. Drops in the Wenzel
state are stuck on the surface even when the tilt angle is increased to up to 90 °. In contrast,
drops in the Cassie-Baxter state exhibit motion for a sliding angle of less than 10°.
Furthermore no significant difference is observed between the parallel and the perpendicular
sliding angle for drops in the Cassie-Baxter state.

@)

(b) ©

Figure 5.6: Side view of water drops during electrowetting experiment on a corrugated surface. The needle is
seen inserted from the top. (a) The Cassie-Baxter (suspended) drop at OV before actuation, with a base
radius of approximately 1mm . The Wenzel (collapsed) drop at 150 V" during electrowetting, viewed (b)
perpendicular and (c) parallel to the grooves. The elongation of the drop parallel to the channels is clearly
visible from the difference in base length and contact angle between (b) and (c).

As further evidence that the lifting transition has occurred, optical microscopy was
performed on the drop while the drop underwent subsequent collapse and uplifting
transitions. In figure 5.7, a drop is shown imaged by microscopy on a corrugated PTFE
surface upon the application of an electrowetting cycle. At the beginning #=0:00 of the
experiment, an electrowetting potential of 150 V is applied. The water drop undergoes a
collapse transition. This is observed from the outward movement of the liquid-vapour
interface fronts in the channels. These fronts are black as they reflect light away from the
optical path. Furthermore, the drop elongates along the direction of the channels. After
maintaining the voltage at 150 V briefly until #=0:30 when the voltage is reduced to 0V
Similar to figure 5.3, the drop then relaxes to a more spherical shape (higher contact angle

state). The sample state is slightly repositioned to keep the drop in the frame. Starting at
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t=1:41, the liquid-vapour front start moving in the channel from the edge of the drop
inwards, filling the channel with vapour. Contrary to the simulations, these fronts do not
appear symmetrically from both ends of the channel, nor do they proceed at equal speeds.
This is due to pinning of the interfaces in the channels, which is caused by defects and
surface roughness in the channels. Nonetheless, it was cleatly observed that in a number of
channels the fronts from each side of the drop collide and annihilate one another. At the end
of the experiments at # =4 :55, all channels are filled with vapour and the lifting transition is
complete. After this the drop is motionless.

In the supporting information of 33, available online via 13+ figures 5.3 and 5.7 are also

available as movies.

‘ fif (i it
T 77 3:05 |1l iz st I e 4255
Figure 5.7: Optical microscopy images of the subsequent collapse and lifting transitions of a water drop at
different times as indicated, starting with te application of 150 V" at + = 0 : 00 and removal of the voltage at
t=20:30. The collapse and lifting transitions can be observed by monitoring the movement of the liquid-
vaponr interfaces underneath the water drop, which show up as dark spots in the channel due to refraction of

light away from the optical path in the microscope due to the curvature (which also canses the dark edges of the
drop).

5.7 Discussion

The possibility of a Wenzel-to-Cassie transition can be calculated from energetic arguments
for this particular grooved geometry. The transition is possible if the channels are deep

enough. The calculation disregards any viscous dissipation or local pinning of the contact

85




Chapter 5

line in the channel. For this reason, quasi-2D as well as full 3D lattice Boltzmann simulations
were performed including viscous dissipation, which agree well with the theoretical
predictions. These results enabled the determination of the minimum aspect ratio of the
channel to perform the experiments, which compatred well with the theoretical prediction as
long as corrections for the finite size of the channels were made.

The transition was observed experimentally for the first time using only electrowetting
and spontaneous trecovery. In the experiments viscous dissipation combined with local
pinning were the causes of the long time scales (over 30 seconds) needed for the channels to
be filled by air. Pinning in particular caused the speed and timing of the filling process to
vary considerably from channel to channel as well as for a single channel. Finally all channels
were filled with air and the process could be repeated several times.

The complementary nature of energy analysis, simulations and experiments was clearly
demonstrated in this chapter. It will be of interest to further consider the effects of viscosity
and pinning with these methods in order to optimize the experimental results. More complex
geometries, such as radially oriented channels may be considered, even though these may
have more limited applications. One particular benefit is the fact that if the drop is placed in
the middle of this radial pattern, it will remain approximately circular during the
electrowetting cycle. For use in optical elements this may be a useful property.

Combinations of parallel and radial corrugations are also possible, as long as these do
not intersect, as this would cause a natural pinning site. Lattice Boltzmann simulations may
be employed to guide future experiments to determine if and how many pinning sites are still
acceptable for a drop to transition to the Cassie state or if this would lead to mixed wetting

states.

5.7 Conclusions

In this chapter, it was demonstrated that repeatable and reversible transitions between the
Cassie-Baxter and Wenzel states can be induced by using a combination of a corrugated
surface and electrowetting. The directionality of the surface patterning is key here as it allows
the contact line to de-wet the grooves with little or no energy barrier in the parallel direction,
while it remains pinned in the perpendicular direction. By using lattice Boltzmann
simulations as a guide in determining the required conditions the transition is realized
experimentally on a PTFE coated surface patterned with parallel grooves. The transitions are
verified by contact angle measurements and by direct observation using an optical
microscope. Since both surface patterning and electrowetting are already commonly used,
the design paradigm presented here is believed to be highly practical and it offers a clear
opportunity to manipulate fluids in potential areas of applications, such as in the design of

smart materials in micro-fluidics.
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6. Anisotropic wetting and de-
wetting of drops on substrates

patterned with polygonal posts®

“Pythagoras: ‘In all this world, no thing can keep its form. For all things
Slow; all things are born to change their shapes. And time itself is like a river,
Slowing on an endless course. Witness: no stream and no swift moment can
relent; they must forever flow; just as wave follows wave, and every wave is
pressed, and also presses on the wave abead; so, too, must moments always be
renewed. What was is now no more; and what was not has come to be;

renewal is the lot of time.”"

— Ovid, “Metamorphoses”

#This chapter is published in:

— R. J. Vrancken, M. Blow, H. Kusumaatmaja, K. Hermans, A. Prenen, C. W. M.
Bastiaansen, D. J. Broer, J. M. Yeomans, Anisotropic wetting and de-wetting of drops on substrates
patterned with polygonal posts, in preparation (2012)
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6.1 Introduction

Driven by developments in surface patterning methods, there has been significant academic
interest in recent years to control the spreading and flow of liquids using the surface
properties of the solids with which they are in contact. It is now possible to produce
complex surfaces with regions or patches of varying compliances, wettabilities and/or
topological features.>”.7-8283135-138 Not only do these structured surfaces provide useful model
systems to explore fundamental issues such as contact angle hysteresis®*7013% and three-phase
contact line motion,#-1%3 but also understanding how liquids move on structured surfaces
has led to many practical applications. In particular, one rapidly growing area of applications
is micro-fluidics. For examples, chemically patterned surfaces may be exploited to generate
mono-disperse drops,!#* or to separate drops®’ and capsules!>46 of particular sizes or
stiffness in open micro-fluidic geometries; ratcheted posts have been designed to allow
preferential fluid flow in one direction;!40:147-150 numerous superhydrophobic surfaces have
been fabricated to reduce drag and contact angle hysteresis.!>!.152

In this chapter, our focus is to investigate the movement of the contact line of a fluid
on surfaces patterned with polygonal posts. Courbin et al.!>3 showed that the final shape of a
drop spreading on a surface patterned with posts strongly depends on the arrangement of
the posts: square drops are obtained when the posts are in a square lattice, and hexagonal
drops when the posts are in a triangular lattice. The shape of the posts was not explored in
the study of Courbin et al., but it was later investigated by Blow et al.'>15 using lattice
Boltzmann simulations. It was found that the post shapes indeed play a role due to the
anisotropy in the de-pinning mechanisms around the posts. Two distinct de-pinning
mechanisms were described for a fluid being imbibed by this type of surfaces. Here we
experimentally validate the existence of anisotropic wetting on surfaces with lattices of
polygonal posts, as well as both de-pinning mechanisms. Furthermore, we extend the analysis
to the retracting motion of the contact line as the fluid evaporates, which also exhibits two
related de-pinning mechanisms. Interestingly we find that the preferential directions for
spreading and retraction are the same for the surfaces investigated.

For our purposes a suitable experimental method for depositing the drops is inkjet
printing, which is increasingly used as a versatile research tool.10:156-158 Here it allows us to
deposit one or multiple drops on the patterned surfaces in a very controlled fashion. In this
way we are able to quickly create a large number of drops with near identical conditions, in
order to study small drops across multiple surfaces as well as obtain high reproducibility on a
single surface, even for pico-liter droplets. A further advantage is being able to vary the total
drop volume by printing multiple drops on one location of the surface, thereby looking at
the evolution of the drop shape (in particular the contact line) with increasing volume.

The experimental results are compared to lattice Boltzmann simulations. The lattice
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Boltzmann method is a meso-scale simulation technique which has been proven to be
successful in predicting and understanding numerous wetting situations.”+78.159-161 The
particular model we use is detailed in 7273162 (see also section 2.6.2). Alternative models are
also available in the literature, see e.g. 67.163-165,

This chapter is structured as follows: after a description of the experimental details of
inkjet printing and surface preparation in section 6.2, an analysis of the vatious shapes of the
advancing contact line for drops inkjet-printed onto variously patterned surfaces is presented
in section 6.3. Also included in this section is a comparison to our previous lattice
Boltzmann simulation results, including a detailed description of the related de-pinning
mechanisms on a surface patterned with triangular posts on a hexagonal lattice. In section
6.4 the analysis is extended to retracting contact lines via evaporation experiments and
simulations, combined with a theoretical analysis of the de-pinning mechanisms of the

contact line. Finally in section 6.5 the main conclusions ate briefly presented.

6.2 Experimental methods

Printing was performed using a MicroDrop inkjet printing system with a MD-K-140 glass
capillary and nozzle of 98 um diameter (MicroDrop GmbH, DE). The electrical pulse
supplied to the piezo-element was 100 V, with a 140 us pulse length. Deionised water was
used as printing fluid, which created highly reproducible drops of around 200 pl, and the
drops were ejected from the nozzle at 6 ms”, determined by the integrated camera system
and software of the lab-scale inkjet printer. Substrates (see below) were placed under the
inkjet nozzle in a fixed position, and a pre-set number of drops (up to 225) were printed
onto the surface. Print frequencies vatied from 1to 200 Hz, so within just over 1 second
even the largest surface drops studied here were completely formed. The stand-off distance
between the nozzle and the surface was 1 mm .

The surfaces were created as in previous work!3%166 by means of photo-lithography of
SUS. First, a thin layer of negative photoresist of 3to 5um (SU8, MicroChem Corp.) was
spin-coated from a solution of cyclopentanone onto standard laboratory glass slides which
were cleaned in ethanol and subsequently dried in nitrogen. Secondly a heating sequence on a
hotplate was performed (1 minute at 65 °C followed by 2 minutes at 95 °C) to temove the
solvent, while the sample was simultaneously flood exposed with UV light (Exfo UV source)
to promote adhesion of the SUS8 surface texture. Subsequently a second layer with a
thickness of 18 um was again applied and dried without exposure to flood-UV. Then, the
SUS8 layer was exposed to UV-light via contact lithography with a quartz-chrome custom
lithographic mask. The mask was patterned with various post geometries (circle, square,
triangle, hexagon) and two lattice types (hexagonal, square) at various post sizes and lattice

spacings, while the post height remained fixed by the layer thickness of 18 pm. Following
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exposure, a second heating sequence similar to before was employed to crosslink the
exposed areas of the layer, followed by slow cooling. The non-exposed parts were then
removed by a custom developer (mr-dev 600, MictoChem Corp.), after which the sample
was rinsed by isopropanol and blown dry with a mild nitrogen flow. Reference samples of
SU8 with a smooth flat surface were created via the same procedure without the second
patterning step.

The intrinsic contact angle & was measured by contact angle measurement setup
(OCA30, DataPhysics Germany) to be 80+ 3 °. After printing, the drops were imaged by
optical microscopy using a Leica DMG6000 M (20x objective with 1x additional
magnification), equipped with a Leica DFC420C camera in bright field transmission mode.
Images from the movie were exported as jpeg files via VirtualDub video editing freewate
(version 1.9.0) and subsequently analyzed.

The sample with water drop printed on top was moved to the microscope manually
with care, within 20 to 30 seconds after printing was completed. The drop and surface were
subjected during movement to minor mechanical vibrations. The impact of these mechanical
vibrations was found to be negligible, as reproducibility of the drop shape during several
identical experiments was found to be within experimental error. Similarly, by moving the
same sample with drop multiple times, no differences in drop shape were observed. One
reason for this is the fact that after printing, the drops are in the collapsed ("Wenzel’) state,*
which means that a large portion of the total drop interface is in contact with the surface and
such Wenzel states are known to be quite immobile due to contact line pinning and
hysteresis.

After being placed under the microscope, the drops start to evaporate considerably
faster than under ambient conditions, due to the heat of the additional transmitted light.
While this heat flux is not strictly regulated, it is constant per unit time during a measurement
and between measurements as long as the optics of the microscope (diaphragm, light
intensity, magnification) are not changed. Typical evaporation times are between 30 seconds
and 5 minutes, depending on drop volume. This increased evaporation is beneficially utilized

in the experiments with receding contact lines.

6.3 Advancing drop shape anisotropy

6.3.1 Experimental results

Drops which are inkjet-printed on surfaces patterned with polygonal posts exhibit a variety
of typical shapes, depending on the lattice type, post shape and size. In figure 6.1, a number

of typical shapes are shown.
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Figure 6.1: Microscopic images of various drop shapes on different types of lattice. An inset with a
magnification of the posts is placed below each image. The black scale bar indicates 20 um. (a) An
octagonal drop on a square lattice with diamond shaped posts, b=10pum,d =20um. (b) A drop with a
shape intermediate between a bexagon and an equilateral triangle on a hexagonal lattice with triangnlar
posts, b=7.5pm,d =15 pm. (c) An irregular hexagon on a hexagonal lattice with diamond shaped posts,
b=7.5pm,d =20um. Due to curvature of the liquid-vaponr interface, the posts below the drop in (b)
and (c) look slightly distorted and ont of focus, whereas the drop in (a) was imaged after prolonged evaporation
Just prior to initial retraction of the contact line (due to de-pinning) and therefore had a nearly horigontal
liguid-vapour interface.

From studying the various shapes of the drops in figure 6.1, and other drops on a
variety of surface geometries, we find that the primary determinant of drop shape is the
lattice type and the secondary determinant is the post shape. Due to the lattice type, the
shape of drops on square lattices is typically square or octagonal, whereas on hexagonal
lattices drops are typically shaped close to regular hexagons. These observations agree with

. : . . 70,153,154
and further confirm the mechanisms previously elucidated, e.g. in ™"

. When spreading
on a surface patterned with posts, the contact line has to overcome an energetic penalty in
order to wet the next row of posts. When it is finally able to reach such a new row, the
adjacent posts are quickly wet, akin to the unzipping mechanism identified by Shragaglia ez
4161

As a consequence, the rotational symmetry of the drop shape is typically the same as the
symmetry of the lattice. In 6.1(a) and 6.1(b), the rotational symmetry of the lattice is 4-fold
and 3-fold respectively. The edges and faces of the posts are aligned to the lattice with the
same rotational symmetry, and as a consequence the drop shapes are indeed approximately
4-fold and 3-fold symmetrical. In 6.1(c), the edges and faces of the posts are not aligned with
the same symmetry as the lattice. The overall surface therefore only has two mirror
symmetries, and drops placed on it only display this 2-fold symmetry. Note for instance that
the drop with 3-fold symmetry in 6.1(b) will not occur on the surface of 6.1(c). However, the
actual drop shown in 6.1(c) is perfectly 2-fold symmetrical but spans multiple additional
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posts to the upper right corner. Such deviations do occur occasionally during experiments.
The deviations atre attributed to either mechanical vibrations, local deviations from ideal
shapes of the posts and other minor influences such as the drop being ejected by the inkjet
nozzle at an angle (‘satellite drops’ or ‘side shooters’). The reproducibility of the drop shapes
is generally quite high though. and can be analysed statistically as will be done further on.
Regarding the influence of the posts, comparing 6.1(b) and 6.1(c) is instructive. Since
the posts are shaped and placed on the lattice in 6.1(b) in a way corresponding to the lattice
symmetry, it influences the shape of the interface considerably, as the contact line is able to
reach the next row of posts more easily in the direction of the sharp edges of the triangular
pillars. Such a distinct difference in wetting is not observed in 6.1(c), as the preferred wetting
directions are much less pronounced. We further note that circular posts on a hexagonal
lattice (introducing no preferred lattice directions) were used in the experiments by Courbin
et al,' and in that case regular hexagons (which posses the lattice 6-fold rotational

symmetry) were observed.

Figure 6.2: Microscopic images of varions drop shapes on a hexagonal lattice with differently shaped and
spaced posts. An inset with a magnification of the posts is placed below each image. The scale bar in black is
20 um . (a) A nearly round drop on a sparse lattice of small round pillars, b =5 pim,d =40 um. (b) A
drop with a shape intermediately between sphere, a hexagon and a triangle (pointing upward), on a sparse
lattice of small triangular posts, b=7.5pm,d =30um. (c) A drop with an approximately hexagonal
shape on an intermediately filled lattice with triangular posts, b=10um,d =30um. (d) A drop shaped
intermediate between a regular hexagon and a triangle, on a dense lattice with relatively thick triangnlar

posts, b="7.5pum,d =15 m. (Note that figure 6.2(d) is identical to figure 6.1(b).)

To further investigate the influence of the shape and arrangement of the posts, a
systematic variation of posts on a hexagonal lattice is presented in figure 6.2. The drop on
round pillars (6.2(a)) has a neatly round contact line shape. Increasing the post size (6.2(b) to
6.2(c)) or also decreasing the post spacing (6.2(c) to 6.2(d)) lead to progtessively more
strongly anisotropic contact line shapes. The primary determinant is the lattice (type and

spacing), but a clear modulation is created by choosing the parameters of the pillar shape,
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and orientation.

From studying figures 6.1 and 6.2, the shape of the contact line is clearly found to
deviate from the circular shape. This deviation is determined besides the lattice type by the
relationship between three geometric parameters: the post height 4, post width 4 and lattice
spacing 4 (i.e. the inter-post distance), which we define as in 5. While we did not vary the
post height, the dimensionless parameters of 4/ b, b/d and b/ d were effectively varied by
varying the post width and lattice spacing.

In general when the posts are small compared to the lattice spacing and relatively far
apart (i.e. low 4/d and low 4 /d), the contact line more closely resembles a circle. If
however one of or both these two ratios are high, the contact line also approximately
resembles a circle. For //d an increase in de-pinning with increasing 4 /b was previously
reported in 155 as a consequence of the interface reaching the next post without an
energetically costly decrease in local liquid-vapour surface curvature. This effect is also
expected for high & /d and is consistent with the experimental results for wide posts (i.e.
b/ d>0.75), where the contact line was also found to resemble a circle. Therefore, the
drops are most anisotropic and de-pinning is the dominant factor in determining contact line
shape in an intermediate range of 4/d and 4/ d, which will be studied here.

6.3.2 Simulation results

Previous lattice Boltzmann simulation results and analysis for advancing imbibition were
presented in 1>4155, We will first briefly revisit these findings for the purpose of comparison
with the deposition experiments presented in this chapter. The details of the simulation
method employed in this chapter are presented in section 2.6.2. For reference, we choose as
numerical parameters k¥ =0.01, p, =0.125, p. =3.5, 7, =0.3 and F=1.0, which result in
an interfacial thickness ¥ =0.9 and surface tension y =0.029 (in lattice Boltzmann units).
The density ratio p, / p, =3.42 and the viscosity ratio is7, /7, =7.5. Slightly different
boundary conditions are used compared to the simulations in 2.6.2, which are detailed in 472,
which do not affect the simulation results, as the simulations presented here are derived
quasi-statically and the boundary conditions only affect the dynamics of the contact line. We
concentrate most of our attention on substrates patterned with hexagonal arrays of posts
with equilateral triangles as cross-sections. The posts have height 4 =20/.x. (lattice units),
side length 4 =20/.#., and centre-to-centre separation d =40/.x.. The posts and the base
substrate have the same intrinsic angle J.

Simulating a large drop feeding imbibition among an array of posts (with intrinsic
contact angle ¢ =55°) beneath it is computationally expensive. Since we are only interested
in the details of flow amongst the posts, it is expedient to feed imbibition from a ‘virtual
reservoir’, a small circular region of radius ~ 6 lattice units at the centre of the box. Using

this simulation geometry, we were able to capture a number of interesting spreading
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behaviours. For examples, a drop spreading on a square array of triangular posts, with edges
pointing in the +x and £y directions is able to advance in these same directions, via the
connected contact line (CCL) mechanism (see below), but is batred from advancing in the
—x direction. On a square array of hexagonal posts with post edges pointing in the *ux
directions, liquid is permitted to advance along this +x again via the CCL mechanism but is
barred along % y, hence a stripe of fluid is formed. For a hexagonal array of triangular posts,
the spreading liquid quickly facets into a hexagon, which further forms a drop, shaped
intermediate between a regular hexagon and a triangle as shown in figure 6.3(a-c), indeed

very similar to our experimental observation in figure 6.1(c).
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Figure 6.3: Lattice Boltzmann simulations of drops spreading via imbibition on a surface covered with
triangular posts in a hexagonal array. These results were reported previously in . (a—c) Evolution of the
drop shape and contact line as function of time, showing the evolution of the drop from (a) approximately
spherical to (b) hexagonal to (c) a shape intermediate between hexagonal and triangnlar. (d) Side view of the
connected contact line (CCL) de-pinning mechanism, for a simulation with a narrow periodic geometry. The
movement of the contact line is indicated with arrows, with the interface moving past the post with a connected
contact line. (¢) Side view of disconnected contact line (DCL) de-pinning, where the contact line is disconnected
and only connects as it de-pins from the post. The dashed lines link the two de-pinning mechanisms with the

corresponding lattice directions indicated in (a) and (c).

6.3.3 De-pinning mechanisms

To understand the spreading anisotropy, we further analyse the contact line de-pinning
mechanisms. We find two distinct types, connected and disconnected contact line,

mechanisms, as indicated in figure 6.3 (d) and (e) respectively, as we will now discuss. At its
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boundary facing outwards in the +x direction in figure 6.3(a-c), the film is of height 5 at
the back face of the leading triangle, completely wetting this face. Beyond this, the height of
the film decreases, such that the interface meets the substrate with the Young angle ¢, as
illustrated in figure 6.3(d). The interface will remain pinned if this condition can be
geometrically satisfied without the contact line reaching the next row of posts. If the
interface is flat, it is can be seen that pinning will occur if &> tan”" (/9 /d ) , although we
showed in 154 that the curvature of the interface (arising from the Laplace pressure) needs to
be taken into account to obtain a more accurate prediction. Because the contact line is
unbroken, this means of pinning is called the connected contact line (CCL) mechanism.

On the other hand, for the film edge facing the —x direction in figure 6.3(a-c), pinning
can occur with the interface spanning the gaps between the post faces, as show in figure
6.3(c). In this situation, the contact line along the base substrate is punctuated by these faces,
so we use the term disconnected contact line (DCL) mechanism. Whether the contact line
will be pinned or advance depends on the balance of the interfacial free energy cost of
creating interface against the free energy reduction of wetting the hydrophilic substrate. The
latter will outweigh the former when & is sufficiently small. As ¢ is lowered, the interface
creeps around the corners of the post face. Once it comes into contact with the
neighbouring portion of interface, it readily wets up the post face and across the base
substrate to the next row of posts (see figure 6.3(c)).

In general the threshold values of & for the two pinning mechanisms differ, giving rise
to an intermediate range of ¢ in which spreading is permitted in only certain directions, and

is thus highly anisotropic.

6.3.4 Reproducibility of drop shapes from inkjet printing

We first compare the simulation result of figure 6.3 with the experimental results shown in
figure 6.2, especially (d). We note that there are significant differences in the circumstances
represented: 6.2(d) shows a Wenzel drop having a dome-shaped cap extending above the
posts, which has impacted onto the substrate with substantial kinetic energy, while 6.3(c)
shows an imbibed film (a thick, flat film with the same height as the posts, but not wetting
their top faces) which has been introduced quasi-statically. Despite these differences, the
figures show qualitatively similar shapes, intermediate between an equilateral triangle and a
regular hexagon.

The experimental variations in drop shape in figures 6.1 and 6.2 can be explained well in
terms of the analysis of the lattice, combined with the CCL and DCL de-pinning
mechanisms. For posts spaced more closely together, or with larger widths relative to the
lattice spacing, the contact line shape modulation due to the anisotropy of the posts
increases. This causes the contact line motion due to de-pinning to becomes relatively more

important to the zipping-unzipping motion between rows of normal isotropic posts on a
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lattice, thus leading to more anisotropic shapes. The fact that the experiments and
simulations compare well, indicates that the mechanisms involved in drop spreading remain
comparable even though in inkjet printing the advancing contact line has initial kinetic
energy and the drop is also not fully imbibed into the pillars, but rather forms a curved
liquid-vapour interface wetting also the tops of the posts. We will come back to these

differences further on.
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Figure 6.4: Schematic of the shape analysis of the hexagonal drops. (a) Two super-imposed microscopic images
of the contact line of an experimental drop, with the outer initial contact line ontline after advancing. Also
shown is the inner last position just prior to the drop being completely evaporated. The positions P, O and
R are natural numbers of rows of the lattice, as counted from the left. The position K is the middle post of
the last remaining part of the drop. Becanse of the threefold symmetry, positions P' and P" are defined
similar to P, and also for O and R. (b) An equilateral triangle with side K , relating observables P, QO

and R to K and the position of the theoretical middle M . Also shown is the length 1. which the side that
an irregular bexagon wonld have to be extended to form an equilateral triangle. Note that M is not the

same as the actnal end point of evaporation R, which is indicated in as a small filled hexagon.

As a specific surface to analyze in more detail in order to quantify the effects of post
anisotropy we choose the surface with triangular posts on a hexagonal lattice presented in
figure 6.1(c). The experimental surface parameters are /=18 pm , =10 pm (i.e. one of the
sides of the triangle being 10 ym) and ¢ =15 um . The schematics presented in figure 6.4
indicate a number of geometric relationships required to analyse the drop shape anisotropy

in detail.
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Following the definitions of @, B and y in the schematic of figure 6.4(a), the primary
geometric data from the microscopy images is collected. For further analysis we also
establish a number of geometric relations of the contact line shape, which are presented in
figure 6.4(b). I.=0 indicates an equilateral triangle while L.=K/3 indicates a regular
hexagon. Intermediate values of L indicate an intermediate shape which shall be referred to
as irregular hexagons. A convenient dimensionless parameter to distinguish between these

two shapes is

a2l _ 2P
K P+0O’

6.1)

In figure 6.4 (b) x, yand g from figure 6.4(a) are also indicated as well as the
symmetrical middle M of the irregular hexagon by extending its sides to a triangle and

constructing the symmetrical middle of the triangle.
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Figure 6.5: (a) Drop size QO as function of drop volume 1 as measured in the three principal lattice
directions (according to the legend) plotted on donble logarithmic scale. Also plotted is the theoretical curve of
the drop diameter for a spherical drop according to equation (6.2) as defined in the legend. (b) Drop shape
parameter A as function of 1V for the three principal lattice directions according to the legend, plotted on log-
linear scale. Note that the three lowest measured points with A <0.5 are from one single observed drop
which more closely resembled a triangle than all other drops. The drop shapes corresponding to their equivalent
A are indicated to the right of (b), where for instance A =2/ 3 indicates a regular hexagon, which is also
plotted as a dashed line.

Figure 6.5 demonstrates the effects of drop volume on drop shape, in particular how

the drop size and shape evolve as more inkjet-printed drops ate added to the drop on the
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surface. The three most important observations from the figure are that: (i) the drop size
increases much less than expected by the increase in volume, (i) in general the contact line
shapes are very similar whether consisting of 1 printed drop of 200 pl up to drops of more
than 5nl consisting of 225 printed drops and (iii) the data exhibit a high degree of
reproducibility. We shall now discuss points (i) and (ii) in detail.

In figure 6.5(a), the theoretical curves for the radius of a perfectly spherical drop are

plotted for a given volume and contact angle. This relationship is known from geometry as

. 1% 7
r=sing 7[(2—3cos§+cos3§) ’ ©2)

with 7 the drop radius, 17 the volume and § the intrinsic contact angle. While a spherical
drop with a circularly shaped contact line is an approximation, it serves our purpose here, as
a hexagonal or triangular drop has 6-fold or 3-fold rotational symmetry, so that the deviation
is not too large. As can be clearly seen, a single printed drop is initially overstretched
considerably due to pinning by the posts so that its effective contact angle is below ~ 20 °,
whereas the intrinsic contact angle of the surface is 80°. However, as the number of inkjet-
printed drops added to the surface drop increases, the drop eventually exceeds the intrinsic
contact angle, since the contact line is pinned by the posts. Close analysis of the microscopy
images confirms that the spherical cap of the drop overhangs beyond the contact line on the
surface, indicating that the contact angle exceeds 90°.

The initial overspreading of the drop is due to the excess kinetic energy as it impacts the
surface. With the increasing number of inkjet drops added sequentially to the surface drop,
the net available energy at the contact line decreases per new added drop, as increasingly this
energy will be absorbed by the fluid reservoir of the main drop and dissipated viscously.
Considering the differences in contact angle and kinetic energy at the contact line, the
reproducibility of the drop shape as shown in figure 6.5(b) is somewhat surprising. The
average of A is g, =0.55, with a standard deviation of only o, =0.06, which indicates a
clear deviation from a regular hexagon. The irregular hexagon is also three-fold rotationally
symmetric: the data for 4 andy are equally distributed for all three principal lattice
directions.

From these results it can be concluded that the preference of the contact line for CCL
de-pinning compared to DCL de-pinning persists outside the quasi-static situation of the
simulations even if ample amounts of kinetic energy are available. Another conclusion is that
the contact line shape is not sensitive to the curvature in the liquid-vapour interface, which
becomes progressively more dome-shaped and extends further above the pillars as more
inkjet drops are added. For computational reasons this situation is not currently feasible to

simulate via lattice Boltzmann methods, especially for very high contact angles.
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This result is remarkable, considering the following: assume that the first drop on the
surface has constant height 4 , then it would have a volume I/ = bQZ . Then, from a 200 pl
drop, the average height is /= 5um, which is about one-third of the height of the posts.
Eventually at 225 drops, the contact angle exceeds 90 © so that the liquid-vapour interface in
fact arcs outward beyond the posts on which it is pinned. Thus the described pinning
mechanisms is valid not only for liquid-vapour interfaces which wet up to the post height,
but also for interfaces that wet only up to part of the pillars or extend above the pillars.
These results indicate that local contact line deviations determine to a large extent the overall
drop shape and it is possible to create distinctly anisotropic shapes which are unfavourable
energetically compared to a spherical drop on a non-patterned surface. However, if the
spherical cap statts to extend well beyond the contact line, this difference in shape becomes
less pronounced, as now only the liquid-vapour interface near the contact line will be

distorted and the dome on top of the drop resembles a spherical drop more closely.

6.3.5 Discussion

To our knowledge, this observation of similar shapes between single drops deposited in a
controlled way and larger compound drops has not been made before. The correspondence
between simulated and experimentally observed drop shapes is pleasing. The CCL and DCL
pinning mechanisms, which have now for the first time been studied experimentally, appear
to be applicable to a broad range of post geometries. By considering the local pinning
mechanisms which can be studied in detail with the experiments, the experimental results for
various types of posts can be understood.

The high degree of reproducibility of the inkjet printed drops as they spread on the
surface is surprising. This opens up the possibility for new possible wetting experiments with
fluids in the pico-liter range with inkjet printing, which despite being an impact deposition
method can yield reproducible results that can be compared to quasi-static experiments and
simulations. It is important to take into account that while the contact line shape is largely
unaffected by the amount of drops, the initial kinetic energy does lead to variations in
contact angle due to pinning, which is an interesting topic in itself to study as it is related to

such phenomena as the coffee drop effect and drop coalescence.

6.4 Receding contact line motion

6.4.1 Experimental results

The de-pinning mechanisms of advancing contact lines are now compared to those of
receding lines. To simplify the discussion of the experimental results for these receding

contact lines, only data for the most investigated geometry are presented in figure 6.6(a), as
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these observations are generally valid also for other surfaces. During evaporation of the
water drops, the spherical cap of liquid above the outer contact line evaporates while the
outer contact line is observed to be completely pinned. The contact line remains pinned
typically until the tops of the outermost posts are de-wetted, with the latter clearly observed
with microscopy due to the sudden contrast change of the posts. It is important to note that
the retraction process does not necessarily start after all tops are de-wetted but typically starts
while some of the posts are still wetted. The drop then proceeds to de-wet post by post (or
several posts at a time) with a typical jumping motion of the contact line, until only a small
group of posts is wetted. This last group normally consists of 6 posts in a hexagonal pattern
with one further post in the middle, such as the small inner outline in figure 6.6(a). At that

point, the drop evaporates quickly and completely.
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Figure 6.6: (a) Experimental and simulation (b-d) results of receding contact lines on surfaces patterned with
triangnlar posts on a hexagonal lattice. (a) Time superposition microscopy images of the evaporating drop. The
various concentric lines moving imward indicate the subsequent positions of the contact line at various times
during evaporation. (b) time superposition image of a 3D lattice Boltzmann simulation of quasi-static
evaporation, defined similar to (a) and exhibiting similar bebaviour. (c-d) Qnasi-2D - simulations of (c)
disconnected contact line (DCL) de-pinning and (d) mixed connected and disconnected contact line
(CCL./ DCL) de-pinning for a receding contact line. The roman numerals indicate increasing time, at (v) the

contact line has moved exactly one lattice spacing from (i).
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During de-wetting, the contact line changes in shape from the initial irregular hexagon
to a round shape. Regular hexagons are not normally found to form exactly because the
contact line starts to become rounded at the edges before this is possible. Different irregular
shapes can form, and symmetry is often broken as one side of the drop starts to move
inward while another side is still be pinned, as in figure 6.6(a) where the effective middle of
the drop moves in the = direction slightly more lattice spacings than would be expected
due to symmetry. The irregular shapes found at the final stage of evaporation indicate that
kinetics and surface defects play dominant roles for small liquid volumes (higher evaporation

rates).

6.4.2 Simulation results

To investigate receding de-pinning mechanisms by evaporation with lattice Boltzmann
simulations we again take an imbibed film as the starting point in our simulation. We begin
with the configuration reached by quasi-statically advancing the contact line in figure 6.3(c),
but instead of using a virtual drain, we gradually reduce the volume of the film, by
subtracting a small amount of mass from the liquid phase at given intervals, such that quasi-
static evaporation is simulated. This corresponds more closely to the experimental situation.
An equivalent time superposition image of the simulation is presented in figure 6.6(b)
for 6 =55°. The simulation suffers from some anisotropy resulting from the cubic
discretisation used in the lattice Boltzmann, which breaks the natural three-fold symmetry of
the physical system, so that retraction in the x direction is slightly slower than that in the
two diagonal directions. However, if we ignore this artefact, the overall trend is that the film
retracts preferentially towards the edges of the triangles compared to the faces. This effect is
sufficiently strong to undo the anisotropy gained in the spreading phase. One of the
intermediate contact line contours in 6.6(b) is a regular hexagon, indicating that the drop
reverts back to this original shape during evaporation, before proceeding to smaller shapes.
The final residual hexagon, towards the end of evaporation, is shown in the last panel. The
overall mechanism and shape of the contact line in the simulation agrees well with the

experimental observations.

6.4.3 Reproducibility of drop shapes from evaporation

While the advancing anisotropy can be described by 4, the preferred direction of retraction
is more difficult in a 3-fold symmetric geometry as considered here. On ideal surfaces, the
drop will retract to M in figure 6.4(b). For the experimental drops, ¢ (the actual position of
the ‘last de-wetted post’) was measured in the three lattice directions. Also, M 1is calculated

via
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P+O 2
300 3(2-2)

M=§umw%= (6.3)

Comparing R/ O (i.e. made dimensionless with regards to drop size) to M /R (theoretical
middle of the drop) gathered for the drops at various volumes shows that the retraction

process does not have a preferred lattice direction: the overall averaged value is g, =0.45
versus M /R=0.46. The scatter in the data is considerable, with Or/g = 0.15. The

simulation results are (R / Q) =0.39+0.10, which is also well within the predicted range,

sim
where the spread is solely caused by the fact that the initial drop in the simulations is placed
over an even number of posts in each lattice direction, so that symmetry is broken at the last
post which cannot be in the exact middle. Symmetry breaking is facilitated by minor

discretisation errors as discussed above.

The retraction motion is a slow process compared to the advancing motion where
excess kinetic energy is available, and it follows the unzipping mechanism described above.
De-pinning was observed to be a cascading process under the microscope, with the
retraction from one pillar often followed by neighbouring pillars being de-wet. For this
reason, small variations in post size can influence local ‘jumping’ significantly, thus increase
the experimental scatter in the data. Still, the average above gives confidence that this type of
shape analysis of experimental data can be applied to other surface geometries, optionally
combined with statistical analysis. For practical applications it appears that exploiting drop
shape anisotropy from advancing motion or at least from motion with excess kinetic energy
(e.g. by micro-pumps in micro-fluidic circuits) is strongly preferred to employing retraction
anisotropy in order to achieve more reproducible results. Also, evaporation of the liquid is

often not desirable in practical applications.

6.4.4 De-pinning mechanisms

We now look at the de-pinning mechanisms in detail. To reduce computational expense and
to isolate particular pinning behaviour, we use simplified simulation geometries as indicated
in figure 6.6(c) and (d). We take x =0 as a plane of reflectional symmetry, so that all the
triangles are pointing towards (6.6(a)), or away from (6.6(b)) the origin.

Contact line de-pinning follows the following stages in 6.6(c): as the transition from c(i)
to c(il) indicates, the contact line remains pinned to the bottom vertices of the posts while
the interface de-wets the post vertically. Once the height of the interface around the final
post has dropped significantly, the contact line finally de-pins from the corners of the posts,
but c(iif) demonstrates that there is still a barrier to retraction, with the interface being

significantly distorted around the post. The bartrier can be understood in terms of the free
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energy cost of the increasing interfacial area in the widening gap. When the contact line
finally reaches the apex of the triangle, it snaps back into a straight, connected configuration,
as shown in c(iv). The contact line then further retracts, de-wetting the back face of the next
post, until it is in a disconnected state as shown in c(v), equivalent to its starting
configuration in c(i) only one lattice spacing inward, and the cycle repeats. This mechanism
can be considered as disconnected contact line (DCL) de-pinning, as the front face of the
post has to be de-wet first forming a disconnected contact line, requiring considerable
distortions of the liquid-vapour interface as in the case of DCL de-pinning for advancing
contact lines.1>%15

When the triangular posts are pointing away from the origin, on the other hand, de-
pinning proceeds as follows (figure 6.6(d)). From the connected configuration in d(i), the
contact line retreats until it is punctuated by the posts in d(ii). From there, the liquid de-wets
the two front faces of the posts, so that the contact line is level with the back, as shown in
d(iii). As d(iv) demonstrates, de-wetting the back face of the post is the main obstacle to de-
pinning, with the interface being greatly distorted. Once this face has de-wetted, the contact
line springs back into position d(v), which is again morphologically equivalent to position
d@i), completing the mechanism. Unlike the mechanisms previously discussed, this
mechanism exhibits stages of pinning where the contact line is connected (d(i)-d(ii)) and
where it is disconnected(d(ii)-d(v)), so it is best seen as a mixed CCL/DCL mechanism. This
is contrast to the advancing case where the contact line is only pinned in its connected form.

It is found in the simulations, as in the experiments, that for a retracting contact line the
mixed CCL/DCL de-pinning mechanism is energetically favourable than DCL de-pinning.
The lattice direction in which mixed CCL/DCL de-pinning is favoured is the same lattice
direction for which advancing contact lines favour CCL de-pinning. Therefore the drop
preferentially advances and retracts along the same lattice direction and the receding motion
restores the approximately round shape of the contact line. For this particular geometry it is
not possible to further increase the shape anisotropy via retracting contact line motion.
However it is expected that for suitably chosen geometries it will be possible to obtain
anisotropic drop shapes from retracting motion as well, since the motion is shown to be
determined by the competition between the de-pinning mechanisms in the various directions
of a given surface.

To complete our discussion of the evaporation simulation results, we consider another
important parameter analogous to the advancing contact line case. In the evaporation
experiments, the height of the liquid-vapour interface can be higher but also lower than the
post height, which corresponds in drop shape to the case of single or few inkjet-printed
drops, but not to the case of multiple drops where the interface forms a dome-shaped cap
above the pillars. However, during evaporation it is observed with microscopy that the

spherical cap shrinks until the observed contact angle is far below 90° at the onset of the
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retracting motion. We further recall from 5> that the degree of advancing anisotropy is
dependent on &.

To identify the effect of the drop height on receding anisotropy, we perform
simulations with varying ¢. To better understand the evaporation process, we use the
simulations to simultaneously investigate both mechanisms of de-pinning under the
retraction of the film. We use a similar simulation geometry as before, except now we
remove the mirror symmetry at x =0, which was used to reduce the computational burden
of the simulations. We initialise the system with a strip of liquid filling the substrate to the
tops of the posts, as in a state of imbibition, and again simulate evaporation by slowly

subtracting mass.

@)

‘e
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Figure 6.7: Receding bebaviour of a quasi-2D lattice Boltzmann drop withont mirror symmetry, for
increasing time from top to bottom. (a) For & = 30°, the drop remains pinned until the tops of the posts are
de-wetted. Then, the interface de-pins from the face of the triangle. (b) For & =55 °, de-pinning from the
face ocenrs before de-pinning from the top of the interface and the drop retains constant height away from the

contact line.

Figure 6.7(a) shows the simulation results for the case 0 =30°. We find that for this
lower &, de-pinning from the outer posts is inhibited in bozh x directions. Instead, the film
decreases in thickness as it evaporates, remaining at a constant length. This can be
understood from the increased energy cost of de-wetting a more hydrophilic substrate. The

film only begins to retract when it is very thin: less than half of /. It does however retract
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only in the direction of CCL de-pinning indicating that also for films of less than / the
preference in de-pinning direction persists. For 0 =55° in figure 6.7(b), the simulation
results from figure 6.5 are qualitatively reproduced, with the film thickness remaining
constant at 4 , and a preference for CCL de-pinning again manifests itself. Increasing & up
to 70 © was also performed, and no qualitative change from the § =55° case was found.

In general, the contact angle sensitivity for retraction is less than that for advancing
contact lines. No regime was discovered where retraction in the face direction occurred
preferentially to that in the edge direction. This is different from the advancing contact line
scenario where Blow and Yeomans!®s showed that CCL and DCL de-pinning may be
preferred depending on the contact angle and the ratio of post height and separation. In the
receding case, the contact line exhibits DCL de-pinning in one direction and mixed
CCL/DCL de-pinning in the other direction instead of pure CCL de-pinning. CCL de-
pinning is much more sensitive to the intrinsic contact angle as explained by Blow and
Yeomans. This explains the lower sensitivity of the retraction motion to the intrinsic contact

angle.

6.4.5 Discussion

The agreement between experiments and simulations regarding the retracting motion of the
contact line is good, although for the advancing contact line the agreement in contact line
shape was stronger. The reason for this difference is considered to be due to the slower
movement of the contact line with less energy during retraction. Detachment of the interface
from a post when it is only attached on a single vanishing spot will also be more sensitive to
the exact local shape of this post. Retraction is therefore a less desirable method to use
experimentally, but through statistical analysis it is shown that the key trends from the
simulations are well reproduced. In studying the de-pinning mechanisms, it was found that
the same general CCL and DCL mechanisms occur during retraction, although it was
discovered that in this case the mechanisms can be mixed. Since there is a clear difference in
sensitivity to the intrinsic contact angle for both mechanisms, control over drop shapes in
for instance micro-fluidic applications has to be carefully considered if these drops also

recede across structured interfaces.

6.5 Conclusions

In this chapter, we presented experiments and lattice Boltzmann simulations of drops
imbibing into surfaces patterned with polygonal posts as well as imbibed drops which slowly
evaporate. Complex drop shapes with 3, 4 and 6-fold symmetry were observed. Both

simulations and experiments demonstrate that besides the lattice type also the post shape can
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have a considerable influence on the spreading and retraction behaviour of the drops.
Depending on the direction of the contact line motion with respect to the post shape, one of
two distinct de-pinning mechanisms occurs. We identified these mechanisms as connected
contact line (CCL) de-pinning and disconnected contact line (DCL) de-pinning mechanisms,
and it was shown that these mechanisms occur for contact line de-pinning for both
advancing and retracting drops.

Apart from addressing fundamental issues of drops spreading on complex surfaces, our
study indicates that polygonal posts may be exploited to control liquid motion. It may, for
example, leads to new design options in micro-fluidic devices. In fact, there is in principle no
need for a regular lattice on which the posts are placed (the case here), and variations in
lattice type or even non-periodic placement of posts can lead to new drop shapes. Varying
the post shapes locally or the post orientation relative to the lattice creates even more design
freedom.

Finally, the synergy between lattice Boltzmann simulations and experiments using inkjet
printing is particularly encouraging. On one hand, it shows the strength of lattice Boltzmann
method to guide experiments on wetting phenomena. On the other hand, inkjet printing was
shown to be a viable technique for continued research in this direction, leading to

reproducible results for drops as small as 10 pico-liter.
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7. Gibbs energy analysis of meta-

stability of wetting states on dual-scale

structured superlyophobic surfaces’

“There was only one catch and that was Catch-22.”

- Joseph Heller, “Catch-22”
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7.1 Introduction

Superlyophobicity (or superhygrophobicity!®?), the property of a surface to be extremely
repellent to water (superhydrophobic) and oil (superoleophobic), has been receiving
increasing experimental-168-178 as well as theoretical-107.178179 attention recently. Promising
applications include self-cleaning coatings and low friction surfaces. It is highly desirable for
a self-cleaning surface that is repellent with respect to water to also be repellent to oil-like
substances in order to maintain its self-cleaning property. It appears that a key ingredient for
supetlyophobicity is entrapping vapour (normally air) in between a corrugated structured

surface.

Figure 7.1. (a) SEM image of the lotus leaf, reproduced from 2°, showing the dual-scale structure. (b) SEM
side view and (c) SEM top view of an artificially created biomimetic raspberry-like dual-scale structured
surface, reproduced from 2 with kind permission from Springer Science and Business Media; the larger first-
layer particles (d, = 700 nm ) are covered by the second-level, smaller particles (d, = 70 nm ). Both surfaces
exhibit superhydrophobicity due to their dual-scale ronghness. The scale-bar in (a) corresponds to 20 fim
and in (b) and (c) to 1 pim.

Another feature of superlyophobicity is less well understood: the roll-off angle (or more
precisely the gravitational force) required to move a liquid drop has to be very low. This
leads to the famous “Lotus effect”,?) where drops of water simply roll off the lotus leaf,
thereby removing all contamination on the leaf. The lotus leaf is dual-scale structured, as
shown in figure 7.1(a), meaning that the surface roughness has two characteristic length
scales: the first length scale is of the order of micrometers, on which a secondary roughness
with a sub-micrometer length scale is superimposed. In previous work, a nature-inspired
raspberry-like  dual-scale structured surface (figure 7.1(b)) was proven to be
superhydrophobic and also highly oleophobic and robust.?223> Many other recent attempts!80-

182 have been made recently to obtain superthydrophobic surfaces by mimicking the lotus
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surface.

Young’s equation,® defining the intrinsic contact angle & of a drop resting on an
ideally smooth surface as a function of the surface energies o of all three interfaces: solid-
liquid (s/) , solid-vapour (sv) and liquid-vapour (%), is defined in equation (2.13). In this
chapter, the term oleophobic will be used to describe repellency of surfaces (with observed
contact angles of f>90°) to a broad class of low surface tension (o) liquids such as
hexadecane, paraffin oil and sunflower oil. A common characteristic of these ‘oils’ is that
6 <90 ° on virtually all smooth surfaces, which is one of the main input parameters of the
model described below. Mixtures of water and ethanol in vatious weight ratios (to lower &)
as well as pure hexadecane are used as probe liquids. It is important to note that repellency to
all oil-like fluids cannot be determined by the model, as comparison is only made between
fluids of similar intrinsic contact angle. The terms oleophobicity and superoleophobicity as
used in this chapter are therefore limited to a general tendency to repel oil-like liquids and
not a universal tendency. For the adjective super-oleophobic, the empirically accepted
definition is £ >150°and a roll-off angle lower than 10°. Only sutfaces which repel all
liquids, even if & ~0° can be considered universally oleophobic, a property which to the
best knowledge of the author no surface has yet displayed. In this chapter these terms are
used as described above and as is common in literature, and the reader is urged to consider
the limitations of the terms.

A well-known modification to Young’s equation was made by Wenzel, who considered
the effect of surface roughness on the surface.*® Later, Cassie and Baxter took into account
composite surfaces with regions having different intrinsic contact angles or optionally
entrapped vapour.>183 In case a vapour fraction is entrapped in the crevices of a roughened
surface, the “vapour surface” is commonly assumed to have an intrinsic contact angle of

180° for any liquid. If a flat surface consists of several chemical species, the surface coverage

fractions f; are used to determine the weighted contact angle, with the sum of all weights
Z f; =1. The key drawback of the Wenzel and Cassie-Baxter equations is that they relate

the contact angle of the drop to experimental surface parameters which are presumed to be
known exactly, which for realistic surfaces is not always the case. Furthermore, they only
describe equilibrium  situations. Deviations from equilibrium are not considered and
generalizations of these equations to more complex surface geometries are often

cumbersome mathematically.

These drawbacks were overcome by the work of Johnson and Dettre,?7283031 who
calculated the Gibbs energy G of a drop as a function of contact angle for a radially
symmetric sinusoidally corrugated surface as well as a radially symmetric chemically patterned
surface. At a Gibbs energy minimum, the drop is in equilibrium. Multiple minima can exist,

and the Wenzel and Cassie-Baxter cases can be particular cases found with the Johnson and
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Dettre method. In addition, deviations from equilibrium can be calculated as well as the
energy penalty for these deviations. Furthermore, energy barriers between different
(metastable) equilibria can be calculated.

A more recent model was proposed by Bormashenko ez al,'#* who employed an energy
variation model to determine the apparent contact angle of a raspberry-like surface with
slightly different geometry. The model was found to predict the contact angles of
experimental structures accurately. However, wetting state transitions and the amount of
liquid penetration into the crevices were not considered, as well as intermediate wetting
states (where only the first or second level is wetted by the liquid).

In order to analyze dual-scale structured surfaces and the robustness of oleophobic
wetting states in greater detail a Gibbs energy model is presented in this chapter, based on
generalized hierarchically structured surface descriptions. The purpose is to explain the
(super-) lyophobicity of dual-scale structured raspberry surfaces in detail. Aside from
predicting equilibrium contact angles, the metastability of the various superlyophobic states
as well as the energy barriers between this state and other (metastable) states are predicted
and compared to experimental results.

The chapter is organised as follows. Section 7.2 describes the generalized hierarchical
surface model. The remainder of section 7.2 describes in detail how these generalized
equations are evaluated for the particular case of a raspberry-like dual-scale surface. In
section 7.3, the results of this model for single sphere surfaces are discussed and compared
to experimental results. Also discussed are the state transitions, the energy barriers between
the states and their stability for these single-structured surfaces. In section 7.4, the results for
dual-scale raspberry surfaces are presented and compared in detail to experimental results.
Intermediate wetting states are found to occur before the structure is completely wetted. The

chapter ends with conclusions in section 7.5.

7.2. Hierarchical model

The model described in this section is based on a number of assumptions. The dual-scale
structured surfaces considered here are isotropic on the scale of the drop. The exact
locations of the first and second levels of spheres on the surface are not taken into account,
but an ‘averaged’ quasi-isotropic surface is considered covered with small particles of
negligible size. Penetration of the liquid into the crevices is therefore not included in the
model. Furthermore, only radially symmetric drops are described. Moreover, contact line
energy terms are not included here. The magnitude and even the sign of the contact line
energy (commonly known as line tension) of water on a surface is not known except for a
few cases.® In general, energetic estimates predict that contact line energy effects only

become significant for nanometre-sized droplets using the order of magnitude estimates of
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the scarce experimental data available. Important to note is that for suspended states the
total length of three-phase contact line, at the locations where the liquid-vapour interface
touches the surface asperities underneath it, increases greatly compared to a fully collapsed
state. However, since these contact lines are distributed isotropically over the surface, the
total contact line energy can be averaged over the surface. It is therefore effectively a surface
energy and can be included in the regular surface energy terms of the model. Finally, gravity
effects are not included, as the drops under consideration are presumed to have radii well
below the capillary length. Only interfacial energy terms are included in the model and,
therefore, the total Gibbs energy can be made dimensionless conveniently.

The general equation for drops dominated by interface energy is
G=0,8,+ (O';/ -0, )“Q;/ ) (7.1)

where G is the Gibbs energy of the drop-on-a-surface system, £2’s are the interface areas
of the liquid-vapour (/% ), solid-liquid (s/) and solid-vapour (s2) interface. Note that only the
energy of the drop itself is calculated, i.e. the contact line is the boundary of the system

under consideration.
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Figure 7.2: Schematic image of a drop on a solid surface, where the liquid-vaponr interface €2, is indicated
(left) and a close-up of the solid-liquid interface £2,  where both the solid-liguid fraction [, and the liquid-
vaponr fraction of the surface f, are visually defined for one of the iterated sections of the total surface.

A schematic of the particular surface under consideration is shown in figure 7.2. As
shown, f, and f, are defined as the area factors by which the solid-liquid surface (which is
defined as being flat) needs to be multiplied to obtain the true surface areas for the energy
calculation. Note that f, and f, do not cortespond to the well-known parameters f and
R for the Cassie-Baxter and Wenzel equations. For other surface geometries (half-spheres,
pillars, cones, pyramids, etc.) it is possible to define f, and f,, functions analogously, and
the model below can be used to describe such other multi-scale surfaces as well.

Equation (7.1) is modified to include f,, and f,, as
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Q/Z/ + (ﬁv B fr/ COS&)QA'/
V2/3 .

G = 7.2)

where the subscript 1 denotes that the equation describes any single-scale structured surface.
Furthermore the intrinsic contact angle 6 was introduced by substituting all ¢''s and making
the energy dimensionless by dividing by o,17*°. The tilde signifies that é, is
dimensionless.

Dual-scale structured surfaces can then be described by extending the equation so that
any solid fraction of a single-structured surface f,, is replaced with a new composite
sutface [, /.ot [/ 2, which consists of a solid surface and an entrapped vapour

fraction, so that

= O, + Sy + JaiSuz = Jurfyrcos6)€2,
1,2 — V2/3

R (7.3)

where subscript 2 refers to the secondary structure placed on top of the primary structure
7. The role of the dual-scale structure becomes immediately clear from these equations: the
total amount of liquid-vapour interface per projected drop-surface interface area increases,

whereas the total amount of liquid-solid surface may increase but also decrease, depending

on whether the different fractions Z f4,21. Equation (7.3) is only valid if the absolute

height (valley-peak) of the surface roughness of the second level is much smaller than that of
the first level, which in turn should be much smaller than the drop base radius. Extending
equation (7.3) to higher order hierarchical structures is straightforward from the above

derivation, and will be analyzed further in future work.

To calculate the Gibbs energy in (7.3), expressions are needed for the total surface areas
£2; as a function of drop volume 17, base radius p and the observed contact angle S.
These expressions have been derived in literature before!®> by means of volume and surface
integrations. Two of the three parameters (volume, base radius and contact angle) determine

the third, through the following relationship:

1/3

Sl , (7.4)

7r(2—3cos,3+cos3 ﬂ)

p=sinf

assuming that the amount of liquid entrapped in the surface crevices is negligible.

Furthermore, the expressions for the surfaces are
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0, =np’, (7.5)
and
271/)2
T (7.6)
1+ cos S

By substituting equations (7.4), (7.5) and (7.6) into (7.2) or (7.3), the 17?3 term is climinated
from the expression so that the model is volume independent. It is important to note that for
the calculated obsetved contact angle f no consideration is given to contact angle
hysteresis. In this chapter the experimental drops are prepared by controlled drop deposition
onto the sutface. Therefore the common approximation that f ~ f, (the advancing contact
angle) is made for these drops.

Explicit functions for the fractions f, and f,, also have to be derived. Inspired by the
experimental surfaces prepared previously,?? the surface is defined as a layer of spheres
covered by a second layer of much smaller spheres, for which the same fundamental
functions f,, and f,, are valid.

A key parameter in a surface covered in spheres is the areal packing factor 7 , which is
defined as the ratio between the vertical projection of the spheres on the surface and the unit
surface area. For square packing this can be calculated straightforward as
n= zrt/4rt =1 /4~0.79, with r being the radius of the sphere. For hexagonally close
packed spheres, the densest packing of spheres possible on a two-dimensional surface is
n=x/(23)=091.

Both the solid fraction and the vapour fraction depend on the penetration of the liquid
into the structures. 4 is defined as the vapour height as in figure 7.3, which ranges from 0 to
2r. At h=2r the liquid rests entirely on top of the spheres; at /=0 the liquid has
penetrated the gaps between the spheres totally and also wets the original flat surface at the
base of the spheres.

Figure 7.3: Schematic of the parameters used in calenlating the area of the cap of a single sphere at height ) .

The area of a single sphere that is covered by liquid, .4 (figure 7.3) is calculated as

sphere
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% 2
Ay =27 j x /1 + (g—ij dx =27r* (1-cos0), (7.7)

0

where this surface of revolution is calculated as a surface integral ranging over parameter X
from 0 to £, with x=rsind and z=+ r* —x? . The height 4/ of the liquid-vapour
interface as a function of @ is /= r(l + cos 9) . It is useful to replace 5 with h=h / 2r , the

dimensionless height ranging from 0 to 1. The solid fraction /[,

/e €20 then be expressed

by substituting 2(1 —/;) = (1 - cosH) into (7.7) to find the area coverage of the spheres in

terms of 4 as

Fopion =40 (1=0)+ H(=D), (7.8)

where the packing factor is also taken into account. The Heaviside function H is defined in
the usual way and takes into account the discontinuity at h=0 , where the bottom surface is
assumed to be wetted instantaneously as soon as the fluid level reaches /s =0. Note that this
description of f,, is independent of the absolute size 7 of the spheres. The expression for

the vapour fraction f, is found by considering that only the horizontal cross-section of the
sphere at height / should be subtracted from the total projected area to find

Fogien =1=71(1=(25 =1 )= H(=D), (7.9)

which is again dimensionless. Both St phere and S gphene B1€ plotted in figure 7.4. For brevity,
St b and T phers will be referred to as f, and f, in the following, as this is the only
surface geometry considered from now on.

The combined equations derived above were evaluated as a function of the intrinsic
contact angle & and the packing factors 77 for the structured surface. The results for the
single structure, G , B and b, were found by numerical (iterative) minimization of G asa
function of f and b (single-scale structure) or [;1 and Zz (dual-scale structure) to find the
lowest point on the Gibbs energy landscape. Since it is not known @ priori in which state the
drop is in, all wetting states were evaluated simultaneously and the ‘true’ state chosen as the
state with the lowest G . For single structures, the ‘Wenzel’ and ‘Cassic’ states are possible;
for the dual-scale structured surfaces, ‘Wenzel-Wenzel’, ‘Wenzel-Cassie’, ‘Cassie-Wenzel’ and
‘Cassie-Cassie’ states are possible, where the order of states mentioned is ‘Primary-

Secondary’.
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Figure 7.4: Solid-liguid ( f,,, solid line) and lignid-vaponr ( [, , dashed line) fractions as a function of the
relative vapour beight ( ) ) for a surface structured with a monolayer of spheres. Notice the discontinnons
Junips ath =0, where the interface is wetted as the liguid-vapour interface reaches the bottom of the spheres.
Blue lines represent low packing (= 0.3 ), and red lines represent high packing (n=0.9 ).

A typical example of a Gibbs energy landscape found for single-scale structured
surfaces is shown in figure 7.5(a). A drop which is deposited sutrface starts initially at
B=180° and h=1, ie. the drop has not spread yet and no liquid has penetrated the
spheres initially. The drop will then proceed to move towards the minimum position via a
path through the energy landscape by spreading along the actual sutface (thus decteasing f)
as well as increasingly penetrating the surface (thus decreasing ) ). In the process the drop
loses its excess surface and kinetic energy through viscous dissipation, and can be assumed to
follow the path of steepest descent. Note that at f=180°, the Gibbs enetrgy cutve is
constant (i.e. independent of ) ). In this limiting case the drop only makes contact with the
surface on an infinitesimally small area and none of the surface parameters matter as there is
no energetic interaction between drop and surface.

The model has a practical feature that is valid for all surface geometries: in figure 7.5(b),
it is shown that the minima in the Gibbs energy landscape, for any given type of surface lie
on a single monotonous cutve in the plot of Gibbs energy versus f. The curve has a

number of interesting features:

1. approximately no offset, i.e. G—0 as p—o>0°;
1. an almost horizontal plateau in G for B—180° and
i a large approximately linear regime for 0°< £ <100° .

Gibbs energy values below zero indicate complete wetting of the surface. Feature (ii)
indicates that S for lyophobic surfaces is very semsitive to small disturbances in G.

Experimentally, for high apparent contact angles the energetic differences are small, which
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can ecasily cause scatter in the contact angle data (aside from the known difficulties in
accurately measuring very high contact angles). Due to the monotonous relationship between
G and f3, it s possible to plot only the more intuitive 4 and refrain from also plotting the
Gibbs energy separately.

100

180”00 BI°]

Figure 7.5: Typical model results. (a) Gibbs energy landscapes for the single-scale structured Cassie state with

6 =120° showing the dimensionless relative Gibbs energy as a function of apparent contact angle as well as

vapour height for two different packing factors. The Gibbs energy minimum is indicated with a black dot, at

h=0.75, LB =140° as well as the path towards this mininum from the initial drop position at h=1,
P =180°. (b) Gibbs energy as a function of B for all surface geometries.

7.3 Single-sphere surfaces

7.3.1 Predicted wetting states and experimental comparison

The model results for the single-scale sphere model are depicted in figure 7.6, where 6 and
n are varied systematically. As shown in 7.6(a), for 6 =120° at 7=0.9 in the Cassie state
the apparent contact angle £ =140°, and further increases to 158° as 7 1is reduced to
0.3. For both high and low packing the Wenzel state f#=180°, and since it has a higher
contact angle, it is also the higher energy state according to figure 7.5(b). For completeness
the whole range of 6’s is plotted, although realizing that for water on smooth surfaces,
intrinsic contact angles greater than 120° (for perfluorinated surfaces) have not been
observed experimentally. For decreasing ¢ the most energetically favourable state becomes
the Wenzel state. Near the cross-over point drops in the Wenzel state still have very high
contact angles, but decreasing o further leads to a rapid decrease in apparent contact angle

and eventually between 60°<d <95°, depending on packing, drops in the minimum-
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energy Wenzel state will completely wet the surface.

These results compare favourably with experimental data from both PDMS?223.186 and
perfluorodecyl-modified surfaces with single sphere geometry as shown as the data-points in
7.6(2).'87 In particular RfSi (1H,1H,2H,2H-perfluorodecyltrichlorosilane), exhibits high
intrinsic contact angles for many fluids'82!86 as it forms a fluorocarbon self-assembled
monolayer (SAM) on the surface that is very lyophobic. The experimental results were
measured on surfaces have been prepared in a variety of ways, with spheres of between
70 to 800 nm diameter and packing factors approximately 0.6 <7 <0.8 . Considering these
experimental differences, the internal consistency of the experimental data as well as to the
model results is pleasing. The size of the patticles, even though varied over one order of
magnitude, is not found to influence the apparent contact angle. This is consistent with the
model, which does not consider the absolute size of the particles.

It is not possible from the limited amount of experimental data to distinguish
conclusively between the Wenzel and Cassie states for this particular contact angle range as
the apparent contact angles for both states are quite close together for most packing factors.
Contact angle hysteresis according to (2.2) was measured to be ~40°—50°, which is
neither very high nor low and therefore does not give a clear indication of the state.
However, a comparison can be made to samples where the layer of PDMS-covered spheres
is embedded partly into an epoxy bottom layer for improved mechanical stability. These
samples with spheres embedded to up to 4~ 0.4 in the layer exhibited very similar apparent
contact angles and contact hysteresis.?>!86 In figure 7.6(b) it can be seen that for § ~105°,
the liquid will have penetrated into the surface only up to 5 ~0.6 in the Cassic state.
Therefore it is most likely that the drops were in the meta-stable Cassie state, since otherwise
the degree of embedding would most likely cause differences in both £ and S, .

In figure 7.6(c) it can be seen cleatly that lyophobicity increases with decreasing packing.
Higher packing leads to more surface roughness, but also to decreased vapour entrapment.
This is consistent with both the Wenzel and Cassie-Baxter equations, which predict that
higher intrinsic contact angles, greater surface roughness and vapour entrapment all increase
the apparent contact angle.

With regards to packing, it is shown in figure 7.6(a) that the transition from the Cassie
state to the Wenzel state for lower 7 occurs at higher 0 (~110° for 77=0.3). This means
that while lowering the packing might lead to higher f’s in the Cassie state (desired for
lyophobicity), the transition to the Wenzel state for higher ¢ ’s in fact leads to lyophilicity. In
7.6(c) it can be secen that for very low packing, the Wenzel state is actually the most
favourable state even for very high intrinsic contact angles. Figure 7.6(c) therefore
demonstrates clearly that the packing cannot be lowered too far until for very high intrinsic
contact angles the stable state will be the Wenzel state. This is unfortunate since high J ’s are
desirable for lyophobicity.
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Figure 7.6: Model results for a surface with a monolayer of spheres. In (a) and (b) blue lines represent low
packing (N =0.3), red lines represent high packing (1 =0.9), The solid lines denote represent the Cassie
state (indicated with ‘C’) and the dashed lines denote the Wenzel state (W). (a) B as a function of S .
The experimental data (solid squares) are taken from %2315, (b) b oas a Sunction of & . The arrows
indicate where the preferred state is C (to the right) or W (to the left), where the colour corresponds to the
packing as above. (¢) B as a function of 11 , where green & =60°, blue & =90° and red 6 =120°.

For high & ’s the sensitivity to variations in local packing is low, but for lower & ’s this
sensitivity is much higher. Therefore, for stable oleophobicity it will not only be important to
achieve a robust meta-stable Cassie state, but also to have sufficient control over packing
factor uniformity across the surface, as too large deviations can easily lead to much lower
than intended f. The experimental results in figure 7.6(a) are found on surfaces with
relatively high packing factors 0.6 <77 < 0.8 |, which in part explains the reproducible contact

angle data found on these surfaces. Note that the particles are deposited without any explicit
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patterning mechanism so that local variations in packing are likely to occur.

7.3.2 State transitions and stability

Since decreasing the packing is preferable for lyophobicity, it is interesting to see at which
point lowering the packing jeopardizes the stability of the Cassie state, as in the limit of zero
packing there clearly cannot be a suspended state any more. In this section, the energy
batriers between the Wenzel and Cassie state are calculated based on the model. These resuls
are analysed as function of ¢ and 7 and the likelihood of a transition between the states is
determined.

In figure 7.7 the results of energy barrier calculations for a single sphere surface are
presented. Figure 7.7(a) shows G as a function of /. There are two local minima for both
the Cassie and Wenzel (/; =0) states. Also, the Wenzel state in this particular case has lower
overall energy. However, as the drop has to penetrate the full layer of spheres to reach the
bottom, an energetic barrier has to be overcome. These (dimensionless) energetic barriers are
defined as:

By =G|, ~Gc and By, =G| -Gy (7.10)

o

Besides the barriers, the differential Gibbs energy Aéc ow between the two states is
indicated. When the Wenzel state is energetically favourable, Aéc N :éc —GW >0 and
vice versa. Note that Aéc = —AéW, SC-

In figure 7.7(b) the energy curves for the various terms of equation (7.10) are shown for
intermediate 7=0.6. For & 2100 °, all three curves lie very close together, indicating that
the energetic difference between the states as well as the barriers between them is small. This
may seem counter-intuitive at first, as it seems to imply that the surface can be in cither state
just as likely, where for high & a suspended state is expected. However, as was shown in
figure 7.5(b), at this very high G the apparent contact angle of these states is 180 °, so that
the drop scarcely touches the surface and is very mobile. For this reason the drop will be in
the Cassie state, or at least act indistinguishable from it. The Wenzel line decreases to G<0

already for 6 ® 72 °, and is the energetically favoured state for 6 <100 °.
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Figure 7.7: Energy barriers for wetting state transitions for single-scale structured surfaces with spheres. (a)
G asa Sfunction of h, Jor a drop with 6 =90° and 1= 0.9 . Indicated are the energetic barriers Bc S

and BW, ¢ » as well as differential relative Gibbs energy A@W o as defined in (7.10). (b) G as Sfunction
of & for the Cassie, Wenzel and b0 states. (¢) State diagram: the intrinsic contact angle at which a state
transition occurs as function of packing, for the cases of equation (7.11) and also where the Cassie and
Wenzel state have equal energy ( 52:15/ ). Also indicated with ‘C’ and W is the stable state. (d) The energy
barrier heights BC o and BW/ ¢ at the point where these barriers equal the energetic gain Aéc o Jor

the transition, as function of packing on a double-logarithmic scale.

When a drop in the Cassie state collapses, it first needs to gather sufficient energy to

reach the G

i, curve, which lies close to the G~C curve for both low and high intrinsic
2

contact angle, but deviates considerably from it at intermediate o .

In order to efficiently analyse these cutrves for various packing factors, characteristic
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cross-over points for the transitions are defined as:

Scow at Bey =46,
Sy at  AGe L, =0 (7.11)

Oy e at By =46, ¢

The importance of these cross-over points to the stability of the state can be understood as
follows: the model considers the surface isotropic, so that the energy considerations are as
valid locally as they are for the overall drop. It is possible that locally the liquid-vapour
interface deviates from the average penetration depth, for instance due to a surface defect.
From this initial site, the interface may spread further into the surface if this is energetically
favourable. As the contact line moves forward a cascade of neighbouring spheres transition
one by one. This spreading motion then causes the wetting transition, even though the initial
energy required for the transition is much smaller than is needed for the whole drop to
transition instantaneously.

The advancing motion is energetically neutral at the cross-over point &,_y . However,
the local energy barrier still has to be overcome. For this reason, consider for instance the
Cassie-to-Wenzel transition. At &, the net energy gain per unit surface equals the energy
barrier that needs to be crossed. The significance of this cross-over point can be seen as an
analogue of the activation energy for a chemical reaction, which is supplied by an exothermal
reaction. Note that in this simple model effects such as pinning and curvature of the contact
line and viscous dissipation are ignored, for which fluid-dynamic models are required as for
instance used in chapter 5.

In figures 7.7(c) the three cross-over points from equation (7.11) are plotted as function
of packing, so that it is in effect a state diagram with the stable state indicated in the figure.
The boundaries of the states are defined by the cross-over points. With increasing packing,
all 6" ’s decrease monotonously and with similar trends. For the Cassie to Wenzel transition
at high packing, the crossing point lies 8° (from 92° to 84°) lower than state equilibrium,
which is not spectacular but still increases the fluid latitude for which robust metastability is
feasible. For decreasing packing all &  data points lie closer together, making both
transitions likely to occur already for liquids which deviate only slightly from &,._, .

The absolute energy batrier at the cross-over point is plotted in 7.7(d) on a double-
logarithmic scale. What is remarkable in this plot is that the height of the barriers decrease as
a power law Bocp”, with exponent @ ~4—5. For the Cassie to Wenzel transition this
power law is valid for over four orders of magnitude of the barrier energy. While an
analytical derivation of the exact relationship is in principle possible, it is outside of the scope
of the present work. The result shows that decreasing 7 leads to very rapidly decreasing

stability of the wetting states, as will be further discussed below.
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7.3.3 Discussion

The model results will now be discussed in terms of practical relevance compared to the
experimental results. The model results show the most potential for lyophobicity at low
packing, as in figure 7.6(a). On the other hand, at these low packing factors there are a range
of less desirable effects as well:

1. the liquid penetrates quite far into the structures (figure 7.6(b));

ii.  the sensitivity to local packing increases (figure 7.6(c);

ii. the contact angle range of feasible metastability (&, —._ ) decreases (figure

7.7(c) and

iv. the absolute value of the energy barrier decreases swiftly (figure 7.7(d)).

For this reason, an optimum between lyophobicity and stability is expected at intermediate
packing. The experimental results indicate that indeed such surfaces exhibit stable and
reproducible contact angle and hysteresis data, consistent with the model predictions.

Wetting state stability is not only a matter of packing and intrinsic contact angle. Given
the fact that liquids are influenced by the environment, such as being contaminated by
minute amounts of surfactants or oils, it is very desirable to have a bandwidth of intrinsic
contact angles for which the wetting state remains stable. However even for surfaces that are
kept chemically clean, many other factors can affect the intrinsic contact angle: (a) changes in
humidity!88 can affect ¢ atleast 8 °, (b) changes in temperature!®® up to 5°, (c) changes in
pH up to 30 °to name just a few examples teported in literature. Therefore, the range of
0’s that are determined as stable for a given packing should be tested with regards to
fluctuations in the environment.

A further concern for low 7 surfaces, and not included in the present model, is the
possibility that the liquid-vapour interface between the surface spheres bends downward
under the influence of hydrostatic pressure. For a stationary drop this bending is caused
solely by the Laplace pressure, which increases as the drop volume decreases.! As an
estimate, for a water drop with a radius in air of 1 mm, the Laplace pressure
Ap=20, /R,, (equation (2.14)) will be the same everywhere inside the drop and also
between the spheres. Considering spheres of 70 to 800 nm diameter as in the experimental
results presented in 7.6(a), the maximum distance between the spheres will approximately the
same as the drop diameter for moderate packing. The greatest bending distance will be in the
middle between two spheres. From geometry, it can be derived that the ratio of bending to
the distance between the spheres is of the same order of magnitude as the ratio between the

distance between the spheres and the principal curvature of the drop R which is at least 3

drop >
orders of magnitude. Therefore bending of the interface for these surfaces under static
conditions can be disregarded in the model for the present particle diameters. One reason
why wetting transitions induced by pressure have attracted considerable attention in the past,

is that smaller drops and much larger structures on the order of tens of micrometers were
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considered.!”!

The Wenzel to Cassie transition is in fact quite unlikely for this geometry as was shown
in chapter 5,133 where it was shown that a transition from a Wenzel to Cassie state can occur
if the surface has little to no locations where the liquid-vapour interface inside the sutface
structure can become pinned. However as shown in figure 7.7(d), the energetic barrier for
the uplifting transition is approximately a factor of 4 lower than the collapse transition for a
given 77 and with approximately the same exponent ¢ . Given this surprising result, it would
be interesting to investigate if such an uplifting transition is possible experimentally, for
instance by means of clectrowetting. This is however outside of the scope of the present

work.

7.4 Dual-sphere surfaces

7.4.1 Wetting states and experimental comparison

By adding a second level structure, the number of relevant surface parameters is increased
from two to three: ¢ and packing factors 77, and 7, for both levels. The model results are
plotted in figure 7.8 together with experimental data from previous work. The number of
possible states has increased to four. For ease of reading, from here on CC will indicate the
Cassie-Cassie state and similar for the CW, WC and WW states, where the first letter denotes
the first, i.e. the lower lying, primary level of the structure. Therefore, also the number of
possible wetting state transitions has increased significantly, as will be discussed further on.
Before discussing the apparent contact angles from the model and experiments in figure
7.8(a), it is instructive to first look briefly at figures 7.8(b) and (c), where it is shown that the
vapour height for the second-level structure is not dependent on 7, n, and b, . The second
layer therefore acts as if it were a lyophobic coating to the first layer. The CW state b~1 1s
extremely high for high 6 ’s, but decreases faster with decreasing & than the CC state. The
packing of the second layer clearly influences the vapour height in the first layer and the
behaviour of this secondary layer can be determined independently from other surface
parameters. Only the limiting cases of packing are presented, i.e. low packing (77, =77, =0.3)
on both levels as well as high packing (77, =7, =0.9). For all intermediate combinations,
intermediate values for 3, /;1 and /;2 are found. This means that the model is stable with

respect to the input parameters, and interpolations can be made.
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Figure 7.8: Model results for a surface packed with dunal-scale, raspberry-like structure. Blue lines represent
low packing (1, =1, = 0.3 ), red lines represent high packing (1, =1, = 0.9 . The various states are only
indicated for low packing but have equivalent line styles (thickness, dashing) for high packing. (a) B as a
Sunction of & . The experimental data is reproduced from 152156, (b and ¢) The arrows indicate where the
preferred state is suspended (to the right) or collapsed (to the left) for the given height, where the colonr
corresponds to the packing as above. (b) /;1 as a function of 6 . (c) /;2 as a_function of 8 . Note that for /;2
the CC and WC states lie on a single curve, as do the WW and CW states.
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In figure 7.8(a) the relationships between ¢ and [ are plotted for the vatious dual-
structured states, analogous to figure 7.7(a). The experimental data agree well with the model
results for low packing surfaces, even though in practice the experimental surfaces atre
determined via electron microscopy to have intermediate packing 77, ~ 7, ~0.5—0.6. This
decrease in packing compated to the single structured surfaces is presumably in part due to
the hindrance of the spontancous self-organisation in the primary caused by adding the
second layer. The experimental dual-structured surfaces have a primary layer of 700 nm
(equal to the single-structure surfaces from figure 7.6(a)) and a secondary layer of 70 nm.
The data are gathered from contact-angle measurements for a variety of mixtures of water
and ethanol in vatrious volume fractions to systematically decrease the liquid-vapour surface
tension of the probe liquid. The intrinsic contact angle measurements were made on smooth
reference surfaces.

Comparing the experimental PDMS- to RfSi-covered surface, it can be seen that the
PDMS samples have overall lower S’s, but the overall trend through the data-points is
pleasingly similar to that of RfSi. Both are monotonously increasing with increasing o as
would be expected. A plausible explanation for the absolute difference in f is that the
PDMS sutface layer that is chemically bonded onto the structure is thicker,. This causes the
crevices between the surface sphetres to be filled more with PDMS, in particular for the
second layer (for which the particles only have 70 nm diameter). The data for RfSi shows
that it is in a meta-stable state for 60 ° < 6 <90 °, because if it were in the WW state it would
exhibit f=0°. The PDMS data on the other hand shows a transition to low contact angles
alteady at 9 ~70°. Therefore, the RfSi-functionalised surfaces are relatively more
oleophobic to water/ethanol mixtutes.

The expetimental data from both f and g, indicates that with decteasing &, the
wetting transitions occur as CC — WC — WW. This is based on four observations:

i.  For PDMS, the two data-points with high f that lie on the intersect of the CC
and the WC curves (at f=140° and f =110°) exhibit high hysteresis of 95° and
100° degrees as well, which corresponds to a partially collapsed state such as WC
or CW and not to a fully suspended CC state.

ii.  For RfSi, the data point with £ =125° exhibits hysteresis of 55° and the close-
lying hexadecane data point exhibits roll-off angles > 60° , which is consistent with
the water/ethanol mixture with similar intrinsic contact angle. The hexadecane
measurement also clearly demonstrates the oleophobic nature of these structures,
although the high sliding angle shows that the surface cannot be considered
superoleophobic or self-cleaning with respect to hexadecane.

ili. For both PDMS and RfSi, all data points at higher & ’s than mentioned in (i) and
(i) exhibit low hysteresis and roll-off angles below 10°, corresponding well to
suspended wetting states and the CC-state is the only truly suspended state for
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which such low hysteresis would be expected.

iv. Forlow & the data indicate a fully wetted sutface even though £~ 20° and not
0° (i.e complete wetting), which is predicted for the WW state. The drops exhibit
high hysteresis >100° as well. It is most likely that the drop is in the WW state,
and that due to local pinning, the drop cannot completely wet the surface since the
movement of the contact line is pinned by surface defects. It is also possible that
the drop is in fact slowly being imbibed into the sutface, corresponding well with
the slow movement of the imbibition process, which leaves a residual drop of low
contact angle on the surface for long timescales.?

In conclusion, the experimental data agree well with the model results with intermediate
to low packing, and show that as the intrinsic contact angle of a probe liquid decreases, the
observed contact angles found experimentally match with different simulated wetting states.
High packing surfaces are actually predicted to exhibit poor oleophobicity, as all states (even
the CC state) will have f 40° for § <7080 °. These high-packed states lie close together
and will be difficult to distinguish in experiments based on contact angles alone. Low
packing surfaces are predicted to exhibit very high apparent contact angles even for very low
0's . The CC and to a lesser extent the WC states exhibits very high contact angles also for

all intrinsic contact angles below 90°, but these states are meta-stable.

7.4.2 State transitions and stability

Because the experimental data indicates consistently that the drops are in meta-stable wetting
states, the same analysis on the state transitions and stability used for single-sphere surfaces
(section 7.3.2) is applied here to the more complicated dual-scale structured surface. There
are five possible transitions (collapse and uplifting) to consider: between the CC and CW
state, the CW and WW state, the CC and WC state, the WC and WW state and finally and
between the CC and WW state. Between the CW and WC states no single transition is
considered, as this would involve simultaneous uplifting on one layer and collapse on
another, which is highly unlikely. In figure 7.9, the transitions are plotted in the same manner
as in figure 7.7(c) and (d), however the number of plots is doubled as both 7, and 7, are
varied independently. Again figures 7.9(a) and 7.9(b) can be interpreted as state diagrams,
where for legibility the actual states are not plotted on the graph. For instance, in 7.9(a),
given a coordinate (5 1 ) , the stable state can be reasoned from the surrounding transitions.
In the upper right corner the state will be CC, and in the lower left corner WW. While the
interested reader could work out the exact stable state at each point of the figure, the more
relevant trends for the various transitions will now be discussed.

The results in 7.9 correspond well with the general trends already found for single
sphere surfaces in 7.7, namely that S for the collapse transition is lower than for state

equilibrium which is in turn lower than for the uplifting transition. This holds true for all
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transitions and packing factors considered. The energetic batriers for the collapse transitions

are again higher than for the uplifting transition and again follow a power-law dependence as

function of packing. This indicates self-consistency in the model. There are some minor

numerical artefacts due to rounding which causes some mild scatter in the data, but the

effect is less than 1° for & or 5% for B, which is insignificant for the present discussion.
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Figure 7.9: Wetting state transitions for dual-structured raspberry structures. The legends in (a) and (b)
apply to all panels. (a) the 's according to equation 7.12 as function of 1, with 0, = 0.6 . (b) same as (a)

except as function of n, with 1, = 0.6 . (c) the energy barriers B Jor the various transitions as function of
n, with 0, =0.6 and (d) the energy barriers B as Sunction of n, with 1, =0.6. Note the double-
logarithmic scale in (c) and (d).

A number of important conclusions can be drawn from figure 7.9, but most

importantly, the energy barrier analysis indicates that the CC — WC transition can only
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occur for almost all packing factors at lower &  and has to overcome higher energetic
batriers than the CC — CW transition. Recall that this is not in agreement with the
experiments which agrees best with a CC — WC transition. Furthermore, by studying the
WC — WW transition, it can be seen that this transition occurs at bigher & than the
transition CC — WC, and has extremely low energetic battiers. The reason for this is the
high relative energy cost of the WC state, which has a large amount of entrapped vapour all
around each primary sphere. The model therefore indicates that the WC state would be
highly unstable and would collapse to the WW state almost immediately given the very low
barriers.

Therefore, the barrier analysis predicts the collapse transition pathway to occur via the
CW state instead of the WC state. For this reason, whether the actual drop transitions in the
experiments via either the CW or WC state cannot be determined unambiguously from the
presently available results. While the experimental data match better with the predicted WC
contact angles than the CW curves, the observations (i-iv) are also consistent with an CC —
CW — WW transition. Either way, the model indicates that the transition is a multi-step
process.

The results presented in figure 7.9(a) and (b) indicate that & for the collapse transition
is only 4 —5 ° lower than state equilibrium for most transitions. The CC — WC transition is
an interesting exception for a number of reasons:

i.  Athigh 7, the acceptable fluid range is extended up to 8 °.

ii. Atlow 7, the model predicts #o transition at all since the energetic batrier between

the states is higher than the potential energy gain.

ii. o of the collapse is found to actually decrease with decreasing packing (against the
trend for all other transitions), while the energetic barrier does not decrease. This is
caused by the fact that while decreasing the second level packing, the energy gained
by the transition decreases but the barrier decreases by exactly the same amount,
which is an incidental result of the particular definition (equation (7.11)) of the

cross-over point.

7.4.3 Discussion

By comparing the model results for dual-structured surfaces to the experimental data it
becomes clear that firm conclusions regarding the exact wetting states cannot be drawn yet
even though the contact angle data matches well. A number of tentative conclusions are
possible and several new experiments are suggested by the model to further elucidate the
different wetting states. Both will now be discussed.

The transition from fully suspended to fully collapsed is very likely a multi-step process.
However, the exact order cannot be established from the presently available data, as the most

likely fit of the experimental contact angle data to the model contact angles does not agree
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with the predicted stable state as predicted by the energy barrier analysis. When disregarding
the barrier analysis however, the contact angle and hysteresis data are consistent with the
model predictions. The additional effects of pinning and viscous dissipation, which are not
included in the model, offer some additional insight. Pinning of the interface by the spheres
is expected to improve the robustness of the metastable Cassie state on the second level
more than on the first level as there are many more pinning sites which would increase the
stability of a meta-stable wetting state by preventing the local transition. Equally, viscous
dissipation will also be higher for the smaller inter-sphere gaps on the second level. This
could be a further explanation why the WC state might be preferred over the CW state
regardless of the idealized batrier calculations.

The barrier analysis results for the CC — WC transition are intriguing. No
experimental results were obtained so far in the low 77, range. The model predictions for this
transition seem hard to believe, especially in the limit of 77, =0, but it is worthwhile to
experimentally vary 77,. Both preparation methods for these raspberry structures, i.e.
attaching the small spheres to the larger spheres before attaching the raspberry to the
surface,? or creating the structure in a layer-by-layer approach as in figure 7.118 lend
themselves well to varying 77,. Systematic variation of the packing on both levels can then
also aid in determining whether the intermediate state is either WC or CW, as the effect on
packing variation would be quite different for each state. Another possibility to consider is
that the experimental drops with high hysteresis are in fact partially in the WC and partially in
the CW state (i.e. 2 mixed state) which may also be borne out by such experiments.

The model also has an important practical limitation: no cotrection for the finite size
ratio between the primary and secondarty structures (l.e. 7 /7,) was included. Consider the
radius of curvature of the larger spheres as the curvature of the plane on which the smaller
spheres lie: if the size ratio is sufficiently large, the smaller spheres will effectively be
surrounded by neighbouring patticles on a nearly smooth plane. In that case no correction is
needed. More detailed calculations have shown that for ratios of 10 or larger the model
results discussed above are accurate. Below a size ratio of 10, the results start to deviate
noticeably, and certainly below a size ratio of 5 the results presented in this section should
not be used without correcting for the size ratio.

Lastly, a brief comparison to Lotus leaf structures (figure 7.1(a)) shows that low packing
on at least the first level structures appears optimal for hydrophobicity (from evolutionary
arguments). Comparison between the PDMS (with slightly more filled crevices due to the
thicker PDMS layer) to the RfSi data, indicates that lower packing of the RfSi surface
increases lyophobicity while retaining sufficient stability (when compared on the basis of
intrinsic contact angle). This preference for lower packed surfaces corresponds well with
previously reported experimental findings by Bormashenko e @/,'8 who used gold-coated

dual-structured surfaces with similar geometry. Observed water contact angles (& = 60°) up
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to 160° were reported for relatively open structures, while complete wetting was reported
for structures packed closely on both levels. These results are consistent with the model
presented here as there are no states available at 6 = 60° and high packing which are not

completely wetting.

7.5 Conclusions

The model presented in this chapter shows that dual-scale structured (super)lyophobic
surfaces can be described by means of a Gibbs energy model, which generally agree well with
experimental results. Key features of the model are its simplicity, the possibility to make
straightforward adaptation to different geometries (on either level) and the focus on
predicting not only the wetting states but also the transitions between them. The addition of
the second level structure to the primary structure improves the potential for achieving
superoleophobicity through the Cassie-Cassie state. It was demonstrated that this state is
metastable for intrinsic contact angles below 90 °.

Low packing of the spheres on both levels of the structure is needed for true
superoleophobicity, which leads to more unstable wetting state than higher-packed surfaces.
The experimental data as well as model indicate that the transition from Cassie-Cassie to
Wenzel-Wenzel wetting states proceeds via at least one intermediate state. Whether this
transition occurs via the Wenzel-Cassie or Cassie-Wenzel intermediate state cannot be
concluded with certainty at the moment. Especially the Wenzel-Cassie state appears unlikely
at first glance, but could be crucial in preventing collapse of the Cassie-Cassie state at lower
intrinsic contact angles. Further experimental optimisation of the packing of the spheres on
the second level in particular appears worthwhile for superlyophobicity, while at the same

time shedding more light on the exact states and transitions.
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Chapter 8

8.1 Introduction

The work described in this thesis can aid in the development of current or new applications.
In this chapter the results of this thesis are discussed in the context of relevant applications
(8.2-8.4) and two new research directions (8.5-8.6) with particular relevance to these

applications are also briefly described, including preliminary results.

8.2 Printing applications

Findings from this thesis on the spreading of liquids on micro-patterned surfaces (i.e. with
length scales at least approximately one order of magnitude smaller than the droplet size) can
have important applications in the field of printing. Many of the surfaces printed onto have
pattetning, from the porous structutes of many papets, to the micro-/nano-structures that
many polymer substrates obtain during processing into films. In Chapter 3 it was shown that
even nanometre-size grooves in polyimide layers can significantly elongate drops. Since the
elongation is dependent on the initial drop shape, corrections for this effect will be different
for impact and non-impact printing techniques.

For industrial printing applications, such as printed electronics or printed OLED-
displays, the work in this thesis (Chapters 3 and 6) shows that substrate anisotropy can
significantly influence drop shapes. Problems may arise when the substrates employed in the
process are anisotropic due to the fabrication process, but this anisotropy is not carefully
controlled. Examples of such surfaces are glass, copper PCB plates, flexible polymers for
flexible displays and flexible solar cells. Chapter 6 shows that even for situations in which a
single drop has a large impact velocity on the surface and therefore a lot of excess energy, the
movement of the contact line can be determined locally by a subtle interplay between
pinning and de-pinning mechanisms. Therefore, specification in advance of tolerances in
surface anisotropy (both chemical and topographical) is important to ensure the
development of a robust process.

It was shown in chapters 3 and 4 that drop shape anisotropy also occurs in (micro-
transfer and inkjet) printed polymerisable liquid crystalline drops. Surface patterning by
creating nano-scale corrugations is one of the main techniques used in practice to align the
liquid crystals. As explained in chapter 4, such alignment is needed to generate the special
optical effects which liquid crystals are used for in applications such as LCD displays. An
interesting new application is inkjet printed polymerisable liquid crystal anti-counterfeiting
products, which provide a flexible means to achieve high levels of resistance to
counterfeiting combined with secure digitally printed unique information. This provides
secure track & trace functionality, which is particularly suited to prevent counterfeiting of

high value products in global supply chains.!06-108 These security features have recently been
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produced on an industrial scale for the first time, as presented in figure 8.1.

Figure 8.1: example of inkjet printed polymerisable liquid crystal based security label. (a) front view, (b) view
Sfrom a tilted angle. At an angle, the label exhibits a colour shift of the chiral nematic structures: both a red-
to-green and a green-to-blue shift depending on the local concentration of chiral dopant. The self-adhesive label
Surther includes high resolution text, sensitivity to circularly polarised light, a unique barcode and a tamper-

evident label construction, all of which increase the security level considerably.

8.3 Microfluidic devices

Microfluidic flows are dictated by surface energy and external forces such as pressure
differences via micro-pumps. The work in this thesis employs a drop as a model system,
which has a large free liquid-vapour surface on an open horizontal surface. Chapters 3, 5 and
6 present results relevant for micro-fluidic applications, even though micro-fluidic devices
typically have closed surfaces and often deal with filled channels of liquid. During filling, or if
there is batch processing, the contact lines of internal liquid-vapour surfaces follow a path
through the device. Chapter 3 shows the importance of the Gibbs criterion and strong
influence on the shape and mobility of liquid-vapour interfaces of pinning. This pinning was
was shown to be relevant even on surfaces with only tens of nanometre deep grooves, which
are normally not detectable by optical means and can easily be introduced unknowingly in
the fabrication processes of such devices.

Chapter 5 shows a particular configuration of corrugated surfaces with a practical
means of creating a collapsed-to-suspended state drop. Within the context of a micro-fluidic
device, such an clement enables the temporary stopping or slowing down of the liquid-
vapour interface within the device. Electrowetting is well-known in the micro-fluidic research
community, but the opportunities of guiding a fluid in the locally suspended state (i.c with
entrapped vapour in the surface structure) could lead to reversible switching between a high
and a low flow resistance mode, for which the latter could potentially require considerably
less pressure. Effecting a temporary collapse transition also allows the creation of an equally
temporary fluid buffer, acting like a fluidic delay. The location and timing of this delay can be

chosen flexibly, contraty to the now common in-channel filters.166
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Chapter 6 shows that the shape of drops can be determined by the flow mechanism of
the contact line which moves through an array of micro-posts. The movement of the contact
line through the posts is dominated by two distinct types of pinning behaviour, connected
and disconnected contact line de-pinning. Independent work, both experimental and with
lattice Boltzmann modeling is continuing'48192-1% on enclosed systems which are directly
useable as micro-fluidic applications, and which show that indeed these pinning types can
affect the motion of the interface in a delicate way. This could lead to elements that have
high or low hysteresis depending on the direction that the contact line is moving, enabling
clements such as one-way fluidic diodes. Such elements could also respond differently
depending on the fluid, or be actively modulated through electrowetting, as the effect is
found to be dependent on the intrinsic contact angle of the fluid.

In conclusion, careful structuring of the surfaces within a micro-fluidic device can
beneficially employ pinning and de-pinning of the liquid-vapour interface and modulation of
the liquid-solid interfaces to control the fluids within the device, just as the morphology of
drops is controlled in the model system considered in this thesis. This widens the array of

possible elements in micro-fluidic circuits, such as e.g. diodes, delays, resistors and pumps.

8.4 Superlyophobic / -lyophilic materials

Chapter 4 demonstrates a surface design which exhibits recovery from complete wetting, as
it allows for a Wenzel-to-Cassie state transition. The Cassie state is shown to have
superhydrophobic properties. The ability to switch between wetting states via electro-wetting
enables surfaces to alternate between self-cleaning and attractive to contamination.

Chapter 7 presents a model for a novel biomimetic superlyophobic surface made up of
a raspberry-like dual-structured surface morphology. The model describes the already
experimentally realized surface, and points in directions to further optimise it. It also details
the constraints that have to be imposed on the surface to retain a stable supetlyophobic
wetting state. A number of factors can easily compromise this stability. Contamination of the
surface with oily substances is a known problem, as these have lower intrinsic contact angles
and can sometimes infiltrate the surface structure or collapse via a wetting transition into this
structure. A larger energy barrier between the collapsed and fully suspended state will create
less instability for the meta-stable suspended state, which is the desired state for
supetlyophobicity. Another destabilizing factor is defect formation in the coating structure,
cither during creation or due to mechanical wear and tear effects such as scratches and
abrasion. Work to include many of the known types of instability in such coatings into the
model is underway.!??

The structure of the model can be easily adapted to different morphologies and

extended in a hierarchical way to triple- or even higher-structured surfaces. Initial results of
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triple-structured sutrfaces are underway,'”® both experimentally and based on the model.
Another interesting approach is to use as a first structure level textile fibres, which are
inherently structured due to their curvature and weaving. Functionalizing these fibres can
lead to very lyophobic textiles, and initial results are promising.!72

Interestingly, by learning more about the way surfaces repel liquids, knowledge is also
gathered on surfaces that absorb wetting liquids in optimal ways. Surfaces with hierarchical
roughness have the potential to create very strong bonds with adhesives if the completely
wetted Wenzel-Wenzel state is reached everywhere, although this could be at the expense of
mechanical robustness of the solid surface. For such applications, low energetic barriers

between the wetting states are desirable.

8.5 Coalescence

Coalescence is a topic not treated in detail in this thesis but is of great importance in many of
the above mentioned applications. While there are real-world examples of single drops or
perfectly formed layers of water coming into contact with a surface, in reality it is often the
case that multiple drops are required to coalesce into a layer or line structure. Inkjet printing
is a particular example, where all structures are formed one drop at a time. For instance, the
multi-colour inkjet printed label presented in figure 8.1 had to be carefully designed to
prevent excessive coalescence.

Coalescence has been studied, with particular interest in the power laws governing the
formation of the ‘bridge’ between the drops at early times.!9-20¢ Three interesting questions
in connection to coalescence are: (a) how do the deposition (printing) methods influence the
dynamics and final state of coalesced drops, (b) how well are the drops mixed after
coalescence, and is this dependent on the final state alone or also the dynamics and (c) what
influence does surface structuring have on coalescence.

Preliminary results?07208 show that it is possible to study the mixing aspect of
coalescence by means of two different fluorescent markers, as shown in figure 8.2. By
making fluorescent microscopic images, and renormalizing to central emission wavelengths,
it is possible to study coalescence as well as mixing, both in real-time and after inkjet
printing. The structures were photo-polymerised after coalescing to fixate the drop shape

and degree of mixing and facilitate subsequent analysis.
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Figure 8.2 fluorescent microscopy image of two lines of drops printed close together under a small angle. From
left to right, the spacing between the drops increases slightly, and the drops become less and less coalesced. By
adding a fluorescent marker to the drops printed in one of the lines, it can be observed that with decreasing
coalescence, the fluids in the drops also become less mixed. Via optical analysis it is possible to determine the

degree of mixing quantitatively. The white lines are guides to the eye.

It was found that indeed with increasing coalescence, mixing increases but remains
incomplete as long as a distinct bridge exists between the drops. The influence of substrate
temperature was two-fold: on the one hand, increasing the temperature increased
coalescence and mixing due to lower viscosity, as could be expected, but the increased
evaporation of solvent increased the overall viscosity of the printed drop as well. For a given
material (liquid crystals in this particular case, as described in chapter 4) and solvent
concentration levels, an optimum can be found for the maximum degree of coalescence and
mixing. Using grooved polyimide substrates, similar to those described in chapter 3, it was
found unexpectedly that no significant differences were found between grooved and smooth
surfaces with regards to the degree of drop coalescence and mixing. Work to complete these

lines of research is ongoing.208

8.6 Coffee ring effect

Also researched, but outside the scope of this thesis, is the so-called coffee ring effect (also
known as the coffee drop, or coffee stain effect). This effect was first investigated by Deegan
et al. after observing that drying drops of coffee form rings of deposit at the contact line,
instead of depositing uniformly.2” The driving force is a combination of evaporation of the
solvent (in this case water), a pinned contact line, and a spherical cap shape, which has to be
maintained by effectively creating a radially outward flow, which carries the particles to the
contact line. The contact line is then pinned even further due to the accumulation of
particles, called self-pinning. While in this thesis the focus is on structured (anisotropic)
substrates, the research goal of the work on the coffee ring effect was to investigate a
situation commonly found in practice, but not described in literature: a drop consisting of

three generic components, a non-evaporating liquid binder, an evaporating solvent and solid
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particles. So far in literature either a binder-solvent or a solvent-particle system was
investigated. The surprising initial results?!? show that even with low weight percentages of
solvent (below 20 w%), a considerable portion of the particles can still accumulate at the
contact line. Examples are shown in figure 8.3.

This result has many practical implications, because the ink formulations commonly
used in the printing industry are complex chemical products, which typically consist of the
three components mentioned above. The coffee ring effect could be detrimental to many
applications, and poses technical constraints on the use of solvents in particular. This effect
can however also be used beneficially to enable new applications. The first are meta-materials
(such as optical or magnetic meta-materials),?!! which require fine periodic structures of for
instance rings to create material properties such as negative indices of refraction. The
particular benefits from using the coffee ring effect are that the due to self-organisation the
efforts to pattern the material is greatly reduced. Employing inks with all three components
has the additional benefit that the particle deposition pattern is embedded in a binder, which
can then optionally be thermally or UV-cured. This binder can provide a durability that a
structure of solid particles can only achieve via some chemical or thermal treatment such as

sintering.

@

Figure 8.3: Coffee ring effect for inkjet printed drops with three components: acrylate binder, solvent and Fe-
nanoparticles. (a) Single drop with diameter ~ 60 pm showing clear build-up at the contact line. (b) Print

pattern ~ 500 pum consisting of multiple drops, showing the potential detrimental effects of the coffee ring
effect on pattern fidelity: the top part of the structure is ruptured by the build-up of internal Laplace pressure.

The purpose of this chapter was to show the great application potential as well as the
many new research challenges that exist in the field, and to which the work in this thesis has
attempted to contribute. I can only hope to have imbued in the reader who has made it to
the end of this thesis some of the enthusiasm and joy with which I have worked in this

exciting field with inspiring mentors, colleagues and friends.
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Appendix B: Nederlandse
samenvatting

Het beinvioeden van druppelvormen: theorie, experimenten en toepassingen in
printing, zelf-reinigende lakken en microscopische vioeistof systemen

Nauwkeurig controle over de vorm van druppels die geplaatst worden op een vast oppervlak,
is belangrijk voor veel toepassingen zoals het (inkjet) printen van functionele materialen,
microscopische vloeistof systemen of intelligente lakken. In dit proefschrift wordt
aangetoond dat er een grote variatie aan verschillende druppelvormen kan worden verkregen
door het zorgvuldig patroneren van deze oppervlakken op micrometer lengteschalen,
gecombineerd met de gecontroleerde plaatsing van de druppels. Dit geldt zowel voor
isotrope als vloeibaar kristallijne vloeistotfen.

De druppelvorm wordt grotendeels bepaald door thermodynamische vergelijkingen. De
relevante energetische termen van deze vergelijkingen zijn geidentificeerd voor de
verschillende lengteschalen van de druppels en de microstructuren op het oppervlak. Voor
niet-vloeibaar kristallijne vloeistoffen zijn dit respectievelijk de potentiéle energie van de
zwaartekracht, de diverse oppervlakte energieén en de contactlijnenergie. Om de gevolgen
van de diverse patroneringen te onderzoeken, is gekozen om te kijken naar druppels van
kleiner dan 1 mm in doorsnede. Een combinatie van experimenten, numeriek modelleren en
theoretische analyse wordt gebruikt om de vaak verrassende druppelvormen en tevens de
invloed van de methode van aanbrengen van de druppels te onderzoeken.

Op oppervlakken gepatroneerd met parallelle groeven wordt de druppelvorm uitgerekt
parallel aan de groeven, indien de druppel wordt aangebracht met behulp van een non-
contact printmethode, zoals inkjet printen of zorgvuldig aanbrengen met behulp van een
(injectie-)naald. Als de druppels echter worden aangebracht in een (in eerste instantie)
uitgesmeerde vorm, bijvoorbeeld als ze op het oppervlak worden gedrukt door een contact-
print methode zoals wicro-transfer printing, dan is de uiteindelijke druppelvorm juist uitgerekt
loodrecht op de groeven. Dit verschil wordt veroorzaakt doordat er vrijwel geen
druppelvormhysterese is als gevolg van pinning van de contactlijn parallel aan de groeven en
juist zeer sterke hysterese loodrecht op de groeven.

Als nematische thermotrope vloeibare kristallen worden aangebracht op parallel
gegroefde oppervlakken door middel van wicro-transfer printing, dan zijn de verkregen
druppelvormen wederom uitgerekt in de richting loodrecht op de groeven. De mate van
langgerektheid is zeer vergelijkbaar met die van niet-vloeibaar kristallijne matetialen geprint
onder vergelijkbare experimentele condities. Dit ondanks het feit dat de additionele energie,

geassocicerd met de uitlijning van de vloeibare kristallen (in de bulk en aan het oppervlakte
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van de druppel), lager is voor parallel uitgerekte druppels.

In dit proefschrift wordt voor het cerst een nieuwe en zeer praktische methode
experimenteel aangetoond om waterdruppels cen transitie te laten maken tussen twee
belangtijke toestanden van oppervlaktebenatting. Dit zijn de volledig benatte ("‘Wenzel’-)
toestand en een toestand waarbij de druppel deels “zweeft’ op de gasfase die zich tussen de
uitstekende vaste delen van het oppervlak bevindt (‘Cassie-Baxter’-toestand). De niecuwe
transitie is van de Wenzel- naar de Cassie-Baxter- toestand. De omgekeerde transitie is al
bekend uit de literatuur en veel eenvoudiger te realiseren. Bij de nieuwe methode wordt
gebruik gemaakt van gegroefde oppervlakken en tevens wordt de intrinsicke contacthoek
met behulp van een aangelegde elektrische spanning tijdelijk verlaagd. De transitie met deze
methode is hier voor het eerst experimenteel aangetoond en is wezenlijk practischer dan de
enige eerder aangetoonde techniek, waarbij de druppel lokaal wordt gekookt om deze uit de
groeven omhoog te laten komen. Het exacte mechanisme van de transitie is in detail
onderzocht met behulp van numericke simulaties. De analyse toont aan dat deze methode
alleen onder zorgvuldig gekozen omstandigheden bruikbaar is: het is een vereiste om lokale
pinning van de contactlijn te vootkomen, zeker als andere mogelijkheden om krachten op de
contactlijn uit te oefenen, zoals mechanische vibraties, niet kunnen worden gebruikt.

Met behulp van het inkjet printen van waterdruppels zijn een aantal bijzondere
druppelvormen gerealiseerd, waaronder achthoeken, zeshoeken, vierkanten en quasi-
drichoekige vormen. Hiervoor wordt gebruik gemaakt van oppervlakken gepatroneerd met
pilaren met afmetingen van enkele micrometers. Door deze micropilaren polygonale vormen
te geven en op de juiste manier te plaatsen op een regelmatig rooster, vloeien de druppels uit
in bovengenoemde bijzondere vormen. Deze anisotrope vloei wordt veroorzaakt doordat het
druppeloppervlak in verschillende richtingen anders loslaat van de pilaren als gevolg van de
lokaal variérende vorm. Dit loslaten (de-pinning) is ook athankelijk van het uit- of juist
terugvloeien van de druppel. Door inkjet experimenten met druppels te combineren met
microscopische observaties van de druppelvorm, en deze te vergelijken met numerieke
simulaties, is verder inzicht verkregen in de lokale pinning en het loslaten van het
druppeloppervlak.

Een belangtijke toepassing van zgn. intelligente lakken is het zelfreinigend maken van
materialen, zoals autoruiten, textiel of scheepsrompen. Vloeistofafstotende oppervlakken zijn
hier een praktisch voorbeeld van, met belangrijke industriéle toepassingen. Een hiervoor
geschikt oppervlak is een recent experimenteel gerealiseerd oppervlak bedekt met
zogenaamde framboosvormige silicium nano-deeltjes, omhuld met vloeistofafstotend
polymeer. In dit proefschrift wordt een theoretische analyse gepresenteerd van de stabiliteit
van de (deels zwevende) druppeltoestand van dit nieuwe oppervlak. Door van dit soort
oppervlakken alle mogelijke benattingstoestanden en de transities hiertussen zorgvuldig te

bestuderen, is meer inzicht verkregen in de benodigde randvoorwaarden om stabiele
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vloeistofafstotende oppervlakken te creéren. Deze analysemethode is uitgebreid om in de

tockomst andere gepatroneerde oppervlakken te kunnen analyseren op vergelijkbare wijze.
Tot slot worden een aantal mogelijke niecuwe toepassingen kort besproken in een

technische beschouwing, waarbij ook nicuwe ontwikkelingen van het vakgebied worden

betrokken.
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Appendix F: List of symbols

cartesian or polar coordinate
cartesian or polar coordinate
cartesian or polar coordinate
polar or spherical coordinate

azimuthal angle

polar angle

surface energy of the 7 — ; interface per unit surface
surface area of the 7/ — ; interface of the drop

subscripts denoting the solid, liquid or vapour phase

Gibbs energy

dimensionless Gibbs energy

position dependent contact line energy

intrinsic contact angle (“Young contact angle”)

observed (appatrent) contact angle

observed advancing contact angle

observed receding contact angle

hysteresis in observed contact angles

observed contact angle in (arbitrary) x, y direction

obsetved contact angles parallel / perpendicular to corrugations

radius of drop at the solid surface

radius of drop in (arbitrary) x, y direction
radius of drop parallel / perpendicular to corrugations

drop volume
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¢

drop height
horizontal elongation of the drop

dimensionless drop height

k principal axis of a spherical drop
Observables of surface
R surface roughness as defined by Wenzel

/
/s
S

<0

surface solid fraction as defined by Cassie and Baxter
solid sutface fraction function

vapour surface fraction function

maximum surface corrugation height

aspect ratio of the corrugation height versus width

- conversely, groove depth versus pitch (groove spacing)

Liguid crystal thermodynamics

position dependent director field
splay elastic constant
twist elastic constant
bend elastic constant

elastic constant in equal constants approach

dimensionless anchoring strength on 7 — ; interface

Lattice Boltzmann model

N S N =

w(p)

p/’ /01

£

local velocity

pressure tensor

kinematic viscosity
continuum energy function
bulk free energy

density

liquid / vapour density
critical density

pressure
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critical pressure

lattice Boltzmann temperature
critical temperature
numerical parameter determining density ratio between vapour

and liquid (as used in lattice Boltzmann model, not to be

confused with apparent contact angle)
lattice units, unit of length in lattice Boltzmann model

length scale (lattice Boltzmann model)
time scale (lattice Boltzmann model)

mass scale (lattice Boltzmann model)

Hierarchical surface model parameters

164

sphere radius
sphere packing factor

sphere packing factor on level 7
dimensionless vapour height

dimensionless vapour height on level #

wetting states, single (‘Cassie’ = ‘C’ or “‘Wenzel’ = ‘W’ ) or dual
(‘Wenzel-Cassie’ = ‘WC, etc.)

dimensionless energy barrier to transition from state & to /
dimensionless energy barrier between state & compared to /
Intrinsic contact angle at which B,_,, = 4G, _,,

Intrinsic contact angle at which 4G, ,, =0
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