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Abstract

This Thesis describes the study of water drop impacts on microstructured
surfaces. Previous studies of liquid droplets impacting on solid surfaces have
mostly been concerned with smooth �at surfaces. The introduction of an array
of micrometre-scale pillars (microstructure) adds new research avenues. This
work systematically studies the e�ect of the microstructure design on droplet
impact phenomena.

The experiments in this study include over 800 high speed videos of water
drop impacts on 23 di�erent surface designs. Droplets with an average diameter
D0 = 2.51 ± 0.04 mm are produced with 11 discrete impact velocities in the range
of 1.5 - 2.5 m/s producing a range of impact Weber numbers (We) from 50 to 250.
Soft-lithography methods are used for the production of polydimethylsiloxane
(PDMS) surfaces. The microstructures consist of 20 µm width pillars of both
circular and square cross sectional shape arranged in square arrays. A selection
of pillar spacings (40 µm, 60 µm and 80 µm) and pillar heights (15 µm, 22 µm
and 30 µm) is investigated. The creation of a dual view time-synchronized
high-speed imaging system is demonstrated. Using this system, drop impact
events can be recorded at frame rates between 10,000 and 42,000 frames per
second (fps), with an exposure time between 10 µs and 2 µs. High magni�cation
optics produce a spatial resolution range of ± 20 µm to ± 4 µm. A Matlab image
processing script is created for the automatic extraction of data during real time
(25 fps) playback.

These methods are �rst employed to study phenomena that are observed
promptly after the impact event (< 100 µs). Four distinct zones of formation
of microbubbles on the same size scale as individual micropillars are shown.
Bubbles formed directly under the droplet are found to be independent of both
the surface and the We of impact, and all other regions increase in diameter
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with We. Jets (small streams of ejected liquid) in the rim of the droplet are
mostly observed on surfaces with large pitch (80 µm). Increasing the height of
the pillars is found to control the angular divergence of the jets. The liquid-air
interface between individual pillars is recorded and movement through the
microstructure is found to be induced by a zipping mechanism.

The size and shape of the entire impact region (wetted region under the drop)
is then studied. It is found that surfaces with 40 µm and 60 µm pitch can support
a semi-wetting state, whereas all surfaces with 80 µm pitch completely wet for
the range of We studied. Directional dependent wetting of the microstructure is
observed on surfaces with 60 µm pitch with the formation of protrusions at 45◦

to the microstructure array.
When studying the size and shape of the whole droplet (outer region),

it is found that all of the microstructure patterns studied reduce the relative
spread of droplets when compared to �at PDMS. Spreading on surfaces that are
semi-wetting is shown to be mostly independent of the pillar height, whereas
completely wetting surfaces spread less on taller pillars. Doublet and triplet
�ngers are identi�ed and it is shown that by increasing the pillar height the
angle of separation reduces.

Finally, similar methods are used to study droplet impact near a single
micrometre-scale ridge. This investigation is motivated by the wide range of
ridged structures in nature. Three outcomes (pinning, wetting and splashing)
of the spreading droplet and the ridge are identi�ed. It is found that an energy
threshold can be used to describe the transition between the di�erent outcomes.
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Chapter 1

Introduction

What happens when a rain drop hits the ground? How does a rain coat keep
you dry? Why does water roll o� of a duck’s back? Liquid droplets and their
interactions with surfaces have gripped the imagination of scientists for over
a hundred years. Around the world images of droplets impacting surfaces and
�uids are used to advertise products. From milk droplets and paint, to toothpaste
and tomato ketchup, mankind is �xated with droplets and splashes.

In the late part of the 19th century A. M. Worthington’s book “The Splash of
a Drop” began the quest for an understanding of the dynamics of droplet impacts
[1]. Worthington started by hand sketching individual images of droplets as they
impacted surfaces. These images still grip the imagination of scientists today
(Figure 1.1). Driven by his passion he developed new techniques in high speed
photography that allowed him to study the extremely fast dynamics in new
levels of detail.

Figure 1.1: A. M. Worthington’s sketches of liquid droplets impacting on hard
smooth surfaces, reproduced from [1].
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Introduction

Aside from our fundamental drive for understanding, droplet impacts are
of great importance to a wide range of �elds and technologies. For example,
advances in ink jet printing have allowed for the widespread adoption of
new printing technologies. This has impacted �elds as diverse as �ne art,
money security and printed electronics. New methods for producing sprays
have revolutionized agriculture and increased food production worldwide. Fuel
injection in combustion engines has been improved to produce cleaner and more
e�cient cars. Droplets and their interactions with surfaces is a key part of many
technologies and interest in their role keeps expanding.

Modern studies follow in the footprints of Worthington but are aided
by new technology. Digital cameras allow for the recording of phenomena
at magni�cations and time scales Worthington could only dream of. Taking
inspiration from nature new materials have been engineered over the last 50
years. These materials often use chemistry and surface structure to mimic the
breathtaking range of phenomena displayed by biological systems [2]. Lotus
leaves are one of nature’s best examples of how surface patterning can be used
to control liquids (Figure 1.2 a & b) [3]. By studying the structure of these
surfaces, the role of micrometre scale features has been identi�ed [4, 5]. Using
modern manufacturing methods it is now possible to create novel designs with
inspiration from nature to investigate new ways of passively controlling water
(Figure 1.2 c).

a) b) c)
20 µm 25 µm

Figure 1.2: Examples of structured surfaces. a) Lotus leaf repelling a water
droplet, b) SEM image of the surface of a Lotus leaf, reproduced from [6]. c)
Example of a man-made structured surface using inspiration from nature (from
this study).
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Introduction 1.1. Aims and Objectives

1.1 Aims and Objectives

This Thesis presents a body of work focused on a range of phenomena observed
using high speed photography of water droplets impacting microstructured
surfaces. The microstructured surfaces are man-made, but often inspired by the
surfaces seen in nature. Building on previous work [7], soft lithography methods
will be explored in order to fabricate microstructured surfaces. Surfaces will
consist of rectangular or cylindrical pillars arrayed in a square lattice (Figure 1.2
c). The e�ect on droplet impact outcomes due to the design parameters such as
the pillar height and spacing will be investigated. Due to the multiple length
scales separating the impacting droplet (mm scale) and the surface features (µm
scale) high quality surfaces are required. As such one of the main goals of this
Thesis is to improve fabrication methods and inspection techniques to control
surface quality.

Previous work has often been limited to a small range of surface
microstructure designs and impact conditions. This is in part due to the
time consuming nature of extracting data from high speed videos. As such,
an important goal for this Thesis is to produce a reliable automatic image
processing and analysis tool. This tool should allow for the rapid measurement
of variables within high speed videos. It is planned that by using this tool a large
systematic study covering a wide range of surface designs and impact conditions
can be completed.

The range of phenomena of interest in this Thesis is summarized by
the images in Figure 1.3. It is clear from these images that drop impacts
on microstructured surfaces is a complex �eld of study. As such this Thesis
primarily aims to highlight interesting trends and relationships between the
surface design and phenomena observed. This will allow for further study in
the future to be focused on the phenomena noted. A main area of interest is
the relationship between the direction of phenomena observed and the surface
pattern. A breakdown of the chapters of this Thesis is covered below and
highlights the individual phenomena that will be studied.
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a) p = 40 µm 2 mm b) p = 60 µm 2 mm c) p = 60 µm 2 mm

Figure 1.3: Examples of droplet impacts on three di�erent structured surfaces.

1.2 Thesis Overview

This Thesis contains seven subsequent Chapters. The next Chapter explores
literature important to the �eld of droplet impacts on solid surfaces. Then, key
progress in experimental design for the study of droplets is presented. After
that, three experimental Chapters exploring a range of phenomena observed
for droplets impacting structured surfaces are presented. Next, a Chapter on
the interaction of a spreading droplet with a single ridge is presented. Finally, a
summary of the work is given in which avenues of future research are identi�ed
and discussed. In more detail:

• Chapter 2 - Literature Review - In this Chapter a summary of previous
important research in the �eld of liquid droplet interactions with solid
surfaces is given. The key stages of a droplet impact on a solid surface
and the types of outcomes are explored. Particular focus is given to energy
conservation models for predicting the magnitude of spread of a droplet.
Later, the role of surface roughness is introduced. The ability to produce
water repellent surfaces is discussed and the stability of these surfaces is
presented. Finally, recent work on the emergence of interesting droplet
shapes during impacts is given.

• Chapter 3 - Materials and Methods - In this Chapter a summary of the
experimental methods used in this study is covered. Firstly, methods
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for the fabrication and inspection of patterned surfaces are explored.
Secondly, a high speed photography setup is presented with consideration
of resolution limitations and how to reduce them. Finally, a work�ow for
the application of image processing techniques is given, the aim of which
is to produce an e�cient Matlab script for the processing of large data sets
of high speed video.

• Chapter 4 - Early Stage Phenomena - In this Chapter phenomena
occurring in the early stages of droplet impacts is studied. Firstly, a study
on the formation of trapped bubbles within the central region of droplet
impacts on patterned surfaces is presented. Secondly, early instabilities
in the spreading droplet are identi�ed and classi�ed. Finally, motion of
the liquid-air boundary through the microstructure is considered with
example images and a basic model.

• Chapter 5 - Impact Region - In this Chapter phenomena relating to the
impact region of droplets impacting microstructured surfaces is explored.
Firstly, a qualitative overview of the role of the surface design on the types
of impact regions observed is given. Secondly, quantitative methods are
used to study the size and shape of the impact region. Finally, a basic
model is presented to explore the connection between the surface design
and impact outcomes.

• Chapter 6 - Outer Region - In this Chapter phenomena outside of the
impact region are presented. Firstly, a qualitative overview of the role of
surface design on the types of outer regions observed is given. Secondly,
both the shape and size of the outer region is studied via multiple methods.
Next, �ngers in the outer region are identi�ed and their relation to the
surface design is explored. Finally, a basic model for the relationship
between the surface design and outer region outcomes is given.

• Chapter 7 - Droplet Impact Near a Ridge - In this Chapter the
interaction of a spreading droplet and a single surface feature is explored.
High speed video methods are used to compare with 2D multiphase
Lattice-Boltzmann modelling carried out by a collaborator. A basic
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energy conservation model is presented to explain general trends in the
outcomes.

• Chapter 8 - In this Chapter an overview of the work conducted
is presented. Avenues for improvements and possible future research
directions are presented.

6



Chapter 2

Literature Review

This Chapter summarizes research in the �eld of liquid droplet interactions
with solid surfaces. The aim is to highlight the most relevant previous research
and to form a foundation of understanding for work presented later in this
study. In Section 2.1 work relating to droplets at rest on �at solid surfaces is
presented, including Young’s contact angle. For detailed review material the
reader is suggested to consult Quéré et al. [8]. In Section 2.2 literature regarding
drop impacts on �at solid surfaces is presented. This covers the stages of a drop
impact and the types of outcomes observed. For review material the reader is
suggested to consult the work by Yarin et al. [9] and more recently Josserand
et al. [10]. In Section 2.3 and Section 2.4 roughness and structured surfaces
are reviewed with focus on how surface roughness can induce a state known
as superhydrophobicity. For review material the reader is referred to the work
by Yong et al. [11] and Li et al. [12]. The last section discusses droplet impact
events on structured surfaces and the types of phenomena observed. For review
material the reader is suggested the work by Marengo et al. [13] and more
recently Khojasteh et al. [14].

2.1 Droplets at Rest on Flat Solid Surfaces

All interfaces between two materials have a surface energy, and an associated
surface tension. Surface tension becomes of particular interest for �uids at small
length scales as it can dominate over other forces and can control the shape of
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θYγSL
γSG

γLG

a)

Hydrophilic

θY
γSL

γSG

γLG

b)

Hydrophobic

Figure 2.1: Contact angle arising from equilibrium on the triple phase line. a)
Hydrophilic surface with a contact angle of less than 90◦. b) Hydrophobic surface
with a contact angle of more than 90◦.

droplets. When a droplet of �uid in air is placed in contact with another material,
a triple phase line is produced, where all three materials meet [8]. In this work,
we are most interested in the triple line between liquid (water), solid (surface)
and gas (air). At equilibrium three di�erent surface tensions are balanced on the
triple line, as shown in Figure 2.1.

The surface tension of the liquid and gas (LG) resolved in the same direction
as the surface tension between the solid and liquid (SL) must equal the surface
tension of the solid and gas (SG). Therefore,

SG = SL + LG cos �Y , (2.1)

where the angle �Y is Young’s contact angle. Young’s contact angle can be
used to classify the type of surface. In the case of water, if the contact angle
is less than 90◦ the surface is called hydrophilic (e.g. clean glass). This means
that a spherical water droplet placed on the surface of this material would
naturally spread, being driven to reduce the contact angle without requiring
kinetic energy. This self driving motion is called wicking and occurs if it is more
energetically favourable for the liquid to wet more of the material than it is to
have the liquid exposed to the air.

On the contrary a surface with a contact angle greater than 90◦ is called
hydrophobic. This means that a droplet of water placed on this material (e.g.
many polymers) would not spread far; it would naturally bead up. To spread
beyond Young’s angle on such a surface an input of energy is required. In general
terms a low contact angle requires work to de-wet a surface whereas a high
contact angle requires work to wet a surface.
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θA

Advancing
a)

θR

Receding
b)

Figure 2.2: Schematic diagrams of sessile drops, where the vertical syringe
needle is used to grow or shrink the droplet volume. a) Expanding droplet at
maximum angle - the advancing contact angle. b) Retracting droplet at minimum
angle - the receding contact angle.

The picture given so far is rather simple and ideal. Young’s contact angle is
only a theoretical equilibrium contact angle arising from the chemistry of the
system i.e. the thermodynamic values of the surface tension. In reality the triple
phase line is a�ected by surface roughness and gravity, and can have a range of
contact angles depending on the motion of the droplet.

As shown in Figure 2.2 a) a droplet that is growing or spreading on a surface
will have a greater contact angle than Young’s angle. This is the advancing
contact angle and for a hydrophilic surface tends to be closer to Young’s angle
when compared to hydrophobic surfaces. On the other hand Figure 2.2 b) shows
a droplet that is de-wetting from a surface and the contact angle seen here is the
receding contact angle. On all surfaces the receding contact angle tends to be
less than Young’s angle, due to local pinning of the triple phase line. Pinning
exerts a force in the same direction as the liquid solid contact. This acts to lower
the contact angle, until the force is greater than the pinning force and the triple
phase line moves. Pinning of the triple phase line can be due to many reasons,
but the most common is surface defects of the material [15–17]. The di�erence
between the advancing and receding contact angle is called the contact angle
hysteresis [18, 19].
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2.2 Droplet Impacts on Flat Solid Surfaces

Liquid droplets impacting surfaces have been studied since at least the work of
Worthington in 1896 [1]. The �eld covers a large range of surfaces from liquids
[9, 20, 21], to solids [22] and elastic surfaces [23]. Impacting �uids have been
both Newtonian [24] and non-Newtonian such as blood [25–28].

The range of possible impact con�gurations was covered by Rein et al.[21]
and is shown in Figure 2.3. The droplet can take di�erent shapes. It could be
oscillating, have rotation, internal �uid motion, or be covered with surfactants
or other surface active particles. The impact could be the result of a droplet
moving towards a stationary surface, or the surface could be brought towards
the droplet during free fall. The impact could be oblique with an angle between
the droplet trajectory and the normal to the surface or the surface could be
moving horizontally relative to the droplet[29]. The surface could be a liquid or
a solid, with di�erent �uid properties, surface texture, temperature, density or
�exibility. All of these parameters make the �eld of droplet impacts extremely
wide-ranging.
For this study the most relevant previous research can be narrowed down as
follows.

• Droplets are of a single liquid phase which is assumed to not change
its properties during the impact e.g. water. Work has been done on the
freezing of droplets as they impact on a cold surface and solidify during
the impact [30], and on the converse with a droplet impacting a hot surface
during which evaporation occurs [31].

• The surface on which the droplets impact are considered to be rigid solid
surfaces. This removes the complexity due to phenomena associated with
�exible materials [32, 33].

• The surface is also assumed to be dry. Work with thin �lms of �uid on a
solid surface, either the same as the droplet or di�erent, has been studied
previously [34–36]. Also the large body of work on droplets impacting
deep pools of liquid is not relevant here [9, 21].
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Figure 2.3: Survey of parameters for impacts of a liquid drop, reproduced from
[21]
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• All droplets impact at a normal angle to the surface and accelerate towards
the surface under gravity.

Other experiments on solid droplets (spherical objects) impacting liquids
have been carried out in the past including the early work performed by
Worthington [20, 37, 38]. More recent work as involved the study of solid objects
impacting non-Newtonian �uids as a possible body armour to protect from high
velocity projectiles [39].

The rest of this section is broken into three main topics. Firstly, key
dimensionless numbers that are used in the study of droplet impacts are
presented. Secondly, the �ve main stages of a droplet impact on a smooth solid
surface are covered. Finally, the types of outcomes observed for droplet impacts
are presented.

2.2.1 Dimensionless Numbers

Before reviewing relevant studies, it is necessary to introduce the dimensionless
numbers typically used to describe and analyse drop impacts. Dimensionless
numbers are often used to measure the relative importance of di�erent physical
properties of a system and can be used to describe universal trends that
extend beyond the speci�c experiments conducted. In �uid mechanics the use
of dimensionless numbers is common. This is due to the varying scales that
�uid mechanics can be applied to, from tiny �ows on the micrometre scale to
the �ow of an ocean across hundreds of kilometres. Within �uid mechanics
dimensionless numbers allow for the comparison of di�erent physical and
rheological properties regardless of scale.

The main dimensionless number used in this study is the Weber number,
referred to as We. The We gives the relative importance of a �uid’s inertia
compared to its surface tension. As such it can be calculated as,

We = �V
2

i
D0

LG

, (2.2)

where � is the �uid density, Vi is the velocity of the �uid, D0 is a characteristic
length and LG is the liquid-gas surface tension.
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Another important dimensionless number is the Reynolds number, referred
to as Re. The Re gives the relative importance of a �uid’s inertia compared to its
viscosity (�). The Re is important for comparing �uid phenomena at di�erent
scales and analysing the �ow turbulence of a �uid. It can be calculated as,

Re = �ViD0

�

. (2.3)

In the �eld of droplet impacts, both of these dimensionless numbers are
often used. The velocity (Vi) most often used is the initial velocity of the
droplet prior to impact. The characteristic length varies between studies, either
referring to the droplet radius or the droplet diameter. In this study the droplet
diameter is used and when comparing with other studies this should be taken
into account. In this study the only �uid used is water. As such the e�ects of
dynamic surface tension and non-Newtonian viscosity can be ignored. Although
exploring droplet impacts of multi-�uid systems and droplets with surface active
molecules (e.g. surfactants) is of great interest in industry and worth studying
in the future.

Using the We in droplet impact studies allows for the comparison of di�erent
sized droplets. The ratio of the droplet kinetic energy to the surface energy can
be the same for larger droplets travelling slower or smaller droplets travelling
faster. This way universal trends for droplet impacts can be found that can
be applied across a large range of conditions. Naturally the We lends itself to
constructing a model of droplet spread with the argument of conservation of
energy (without viscous losses) and this is explored later in this Chapter.

The use of the Re has not been as common in the �eld of droplet impacts
until recently. Previous work focused on the argument of energy conservation
as the main description of droplet impact outcomes [40, 41]. However, to truly
understand droplet impact phenomena the important role of viscous dissipation
of the �uid as it travels along a surface is needed, hence the gathering number
of models that now include Re in some form [31, 42, 43].

The Re and We can be used to derive another dimensionless number, the
Ohnesorge number. This relates the viscous forces to the inertial and surface
tension forces. It is given as,

Oh =
√

We
Re . (2.4)
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The Ohnesorge number is used heavily in research for ink jet printing, as tiny
droplets are moving very fast and often have higher viscosity than water [44].

Another important quantity for droplet impacts is the capillary length,
which is equivalent to setting the dimensionless Bond number equal to 1. The
capillary length is the length scale below which surface tension dominates the
shape of a liquid when compared to gravitational forces. A large droplet will
deform under the force of gravity taking a non-spherical shape. If the droplet
is small enough the surface tension will act to produce a spherical droplet. The
capillary length can be calculated as,

�c =

√

LG

�g

, (2.5)

where g is the force due to gravity. For pure water in air the capillary length is
around 2.73 mm and all droplets studied here have diameters smaller than this
length. Other �uids in other environments have di�erent capillary lengths. For
example, a soap bubble in air has a capillary length of 3 m [45].

2.2.2 Stages of a Droplet Impact

Droplet impacts can be divided into �ve main stages [21, 46, 47]. However,
not all surfaces and all droplets will produce each of the stages. The free fall
stage is when the droplet accelerates towards a surface and is followed by the
kinematic phase when part of the droplet remains as a spherical cap. After this
comes the spreading phase (often involving the formation of a lamella), then
the retraction phase in which the �uid surface tension is most important, and
�nally the wetting phase in which the surface wetting properties are important.
The following sections explore each of these stages. A schematic representation
of each of the stages can be seen in Figure 2.4

2.2.2.1 Free Fall Stage

Although not technically part of the droplet impact, the initial stage of the
impact event is the droplet’s motion towards a surface. Although a droplet
can be “�red” towards a surface [44], in this study the motion of a droplet
is only considered under free fall due to gravity. During free fall, a droplet
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Stage 1 Stage 2 Stage 3 Stage 4 Stage 5

θ > 90° θ < 90°

Free Fall Kinematic Spreading Retraction Wetting

vs

Figure 2.4: Schematic representation of each of the �ve stages of a drop impact
on solid surface.

will stay approximately spherical when under the capillary length, de�ned in
Equation (2.5). However, a falling droplet can change its shape due to the drag
on its surface. Very large water droplets can curve into a jelly bean type shape
and eventually split into two. This gives an upper size limit for droplets to reach
a surface intact under normal atmospheric conditions, ≈ 4.5 mm [48].

A terminal velocity is reached when air resistance and the force due to
gravity are equal, at ≈ 6 m/s for a 2 mm droplet [49]. In this study droplets
never reach terminal velocity. Unlike solid spherical particles, liquid droplets
can undergo �uid loss due to the air �ow around their surface inducing
evaporation. Alternatively the droplet can grow during free fall if falling through
an atmosphere of liquid vapour via condensation. This is the mechanism for the
growth of rain droplets, for more on this process the reader is referred [50]. It
is assumed in this study that the droplet is not altered during the free fall stage.
Some oscillations in the shape of the droplet are observed during free fall but a
method is used to correct for this (Sections 3.3.2 and 3.4.3.1).

2.2.2.2 Kinematic Stage

In the early stages of impact the droplet acts almost like a solid. The acoustic
limit of the liquid is met during impact and a shock wave pressure is produced,
known as the water hammer pressure [21, 51, 52],

Pwℎ = �CVi (2.6)

where C is the speed of sound in the �uid. During this phase the shape of the
droplet resembles that of a cut sphere or spherical cap. This phase is similar for

15



2.2. Droplet Impacts on Flat Solid Surfaces Literature Review

Figure 2.5: Snapshots of interference patterns obtained during a droplet impact
and their corresponding calculated pro�les (Vi = 0.22 m/s, D0 = 2 mm),
reproduced from [54].

di�erent �uids because the inertial forces dominate, with the droplet velocity
and diameter being the most important parameters [46].

The spherical cap model is somewhat simpli�ed as a droplet accelerating
towards a surface is in fact not completely spherical. Under the falling droplet
the gas in front can become compressed. This increase in pressure results in a
local negative curvature of the droplet directly in the impact path [10, 53, 54].
Figure 2.5 shows a color interferometry method for measuring the curvature
underneath an impacting droplet where a height change of several micron is
measured over a cross section of 0.5 mm [54]. This negative curvature in the
centre of an impacting droplet gives rise to a tiny central bubble even on very
smooth surfaces.
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2.2.2.3 Spreading Stage

Once the droplet has impacted the surface, spreading will begin. In the previous
stage the liquid properties were not important, however in this phase spreading
is dominated by the liquid properties and the kinetic energy.

Spreading always acts to increase the area of the droplet which is in contact
with the surface. A droplet spreads from a spherical shape into a pancake like
�lm known as the lamella. The shape of the droplet becomes more di�cult to
predict than in the kinetic stage. Two key regimes have been identi�ed as the
limiting cases for droplet spreading. If the kinetic energy is initially low then the
spreading phase is dominated by the surface tension of the �uid. If the kinetic
energy is high then the viscosity of the �uid becomes more important. Either
capillary-limited spreading or viscous-limited spreading dominates and restricts
the maximum spread. A clear boundary between these two regimes has not yet
been identi�ed [55].

A key goal in droplet impact theory is to predict the maximum extent of
droplet spreading after it impacts the surface. This is often referred to as the
diameter at maximum spread and is the �nal result of the spreading phase. The
dimensionless version of the maximum spread is the spread factor, which is
the ratio of the diameter of the droplet at maximum spread (Dmax) to the initial
diameter prior to impact (D0),

� =

Dmax

D0

. (2.7)

The spread factor can be modelled in di�erent ways although energy
conservation is the most common approach. Energy conservation during the
spreading stage can be summarised as [21, 56],

Ek + Ep + Es = E

′

k
+ E

′

p
+ E

′

s
+ E

′

d
. (2.8)

Where Ek is the kinetic energy, Ep is the potential energy, and Es is the surface
energy of the droplet immediately prior to impact. Conversely E′

k
is the kinetic

energy, E′

p
is the potential energy, and E′

s
is the surface energy at the moment of

maximum spread. E′

d
is the measure of energy dissipated while spreading over

the surface. This initial model can be analysed in many ways depending on the
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assumptions and simpli�cations made, but features as the basis for most models
used for droplet impacts.

An initial approach to analysing the spreading stage was made by Collings
et al. in which the following assumptions are made [41]. Over the scale of the
droplet the potential energy of the system is minimal and hence Ep and E

′

p

are ignored completely. The dissipated energy term E
′

d
is attributed entirely

to viscous dissipation and We is assumed to be low enough that this term
is negligible. Given �uid incompressibility it can be assumed that volume is
conserved as long as splashing does not occur. It can therefore be said that the
size of a droplet at any given time during spread is a measure of the conversion
of kinetic energy into the surface energy.

This approach is still di�cult to model dynamically and hence another
simpli�cation is made. At the moment of maximum spread the kinetic energy
of the system is assumed to be zero. This is a reasonable assumption as prior to
maximum spread the �uid is spreading outwards and after maximum spread the
�uid is stationary or retracts (depending on the surface). Therefore a moment
at which the momentum is zero must occur.

Under these assumptions, Equation (2.8) reduces to,

Ek + Es = E

′

s
. (2.9)

A further assumption relating to the shape of the droplet may be made,
namely that it is spherical prior to impact and at maximum spread it is a cylinder
of height H and diameter Dmax, as shown schematically in Figure 2.6.

Applying these assumptions Equation (2.9) becomes,

��D
3

0
V
2

i

6

+ LG�D
2

0
= LG(

�DmaxH +

�D
2

max
2

)
. (2.10)

From conservation of volume the height of the droplet at maximum spread can
be calculated as,

H =

2D
3

0

3D
2

max
. (2.11)

Using Equations (2.10) and (2.11) and the de�nition of We (Equation (2.2)) the
spread factor can be expressed as,
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D0

Vi

Dmax

H

Figure 2.6: Schematic representation of the assumptions made in the model of
Collings et al. [41] for the shape of a droplet prior to impact and at maximum
spread.

� ∝ We0.5. (2.12)

This dependence of the spread factor on We is used extensively in the
literature, however it su�ers from a major limitation (in addition to the various
simplifying assumptions) as it ignores the interaction of the �uid with the
surface. It also ignores the role of viscosity and hence often fails to describe
experimental spread factors at higher impact velocities.

An improvement on this approach was made by Clanet et al. [40]. Many
of the same assumptions apply - the droplet spreads from a sphere to a
cylinder. Viscous dissipation is ignored and the role of the surface is ignored.
However, in this model the �nal height of the cylinder is not calculated only
using conservation of volume. In this model the deceleration of the droplet is
approximated using an e�ective enhanced gravity. As a droplet of diameter D0
travelling at velocity Vi impacts a surface it will have a characteristic “crashing
time” on the order of D0/Vi . This refers to the time taken for the entire length of
the droplet to touch the surface from bottom (�rst contact) to top of the droplet,
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if it continued to move at Vi . If it is assumed that during this time the velocity
of the droplet goes from Vi to 0, a deceleration of the order V 2

i
/D0 applies.

In Clanet et al.’s model it is assumed that the shape of droplet at maximum
spread is a gravity puddle, that is a droplet for which gravity determines the
shape. If the enhanced gravity due to the deceleration of the droplet is used to
determine the capillary length in Equation (2.5) then,

l =

√



�a
∗
, (2.13)

where a∗ is the e�ective acceleration given as a∗ ∝ V
2

i
/D0. If it is assumed that

the �nal thickness of the �uid cylinder is given by Equation (2.13), then using
volume conservation the spreading factor has the dependence,

� ∝ We1/4. (2.14)

This model is still very simple as it ignores the roles of viscous dissipation
and the surface. However, it has been widely used in literature as it describes
experimental results for droplet impacts at low impact velocities reasonably well
[24, 25].

Another model by Chandra et al. [31] instead ignores the e�ect of surface
tension and argues that the size of the droplet during spread is given by the rate
of lost energy due to viscous dissipation, which scales as,

�f (Vi/H )D
3

max. (2.15)

From this and using volume conservation, the spread factor can be shown to
have the dependence,

� ∝ Re1/5. (2.16)

This model is often used for droplets at high impact velocity where
viscous dissipation becomes large. Experimental work has shown that a cross
over between a description of surface tension dominated spread and viscous
dominated spread can be identi�ed [25]. Laan et al. showed that a transition
from the surface tension model of Collings et al. [41] at low impact velocity to
the viscosity model of Chandra et al. [31] at higher impact velocity is appropriate
for a range of �uids.
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Model Equation

Collings et al. (1990) [41] � ∝ We1/2

Chandra et al. (1991) [31] � ∝ Re1/5

Pasandideh-Fard et al. (1996) [58] � =

√
We+12

3(1−cos�a)+4(We/
√

Re)

Clanet et al. (2004) [40] � ∝ We1/4

Table 2.1: Energy conservation models commonly used to predict the spread
factor of droplets.

Other models have been presented over the years following the same theme
of energy conservation, but addressing more of the assumptions. Models using
the contact angle of the �uid on the surface as a way to model the amount
of viscous dissipation have been presented [10, 31]. However, these models
are often complex and all show good agreement with a particular set of
experimental data. As such it is di�cult to distinguish which model is best or
most appropriate [10, 42]. This study only uses the commonly used Clanet et al.
model.

Another trend in modelling the spread of a droplet is to use computer
simulations. Wildeman et al. noted through computational models that
approximately half of the kinetic energy of a droplet is lost due to viscous
dissipation [57]. This �nding allows for the continued use of simple models such
as Clanet et al’s. while accounting for loss of the initial energy.

All of the models discussed above have assumed a homogeneous surface,
on which spreading is the same in all directions. This leads to the commonly
seen symmetrical spreading following a droplet impact. If inhomogeneities
(including stochastic roughness) exist on the surface then spread can be
preferred in some directions and irregular shaped droplets are created. This is
explored further in Section 2.5.

Inhomogeneities are not the only possible reason for non-symmetric droplet
spread. If the droplet spread is large enough instabilities can form in the
curvature of the outer rim of the spreading droplet. These instabilities, which
form at points determined by a preferred wavelength, grow into Rayleigh-Taylor
instabilities which pinch o�. This results in corona splashing droplets [34, 59–
61] an example of which can be seen in Figure 2.7.
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2.2.2.4 Retraction

After a droplet has reached maximum diameter the stage of retraction begins.
This is the stage in which the diameter of the droplet can reduce from Dmax. In
this stage the energy stored in the increased surface area of the droplet from
spreading acts to reduce the overall footprint of the droplet.

A force equilibrium can be reached in this stage when there is a balance
between the surface tension of the droplet and the pinning force due to surface
defects. A droplet on a surface with a receding contact angle greater than 90◦ will
usually retract some distance from maximum spread. During retraction, energy
is lost in viscous dissipation due to the movement of the contact line of the �uid.

Depending on the liquid and surface this phase can be very short or of an
equal or larger time then the spreading time [62–65]. Surfaces with defects often
produce large energy losses due to viscous dissipation and hence a droplet may
not return to the thermodynamic equilibrium as described by surface tension
only. In this case the droplet shape is described by a local energy minimum due
to the pinning force.

2.2.2.5 Wetting

In this stage, the inertia due to the kinetic energy at the start of the impact is
negligible. This stage often occurs following a time much greater than the time
scale of the droplet spreading stage and the surface chemistry between the �uid
and the material becomes dominant. A local wetting or de-wetting of the surface
can occur which drives motion of the droplet. Local wetting, known as wicking,
is often seen on wetting surfaces with low contact angles or for low surface
tension �uids [8]. It can be hard to di�erentiate the spreading and retraction
phases from the wetting phase. For example water on clean glass will impact
and spread, with very little retraction, but will continue to wet the surface due
to low contact angle even after the initial kinetic energy is lost [46].

2.2.3 Droplet Outcomes on Dry Flat Surfaces

It is common and practical to classify drop impacts by the main outcome. The
main outcome can be de�ned as the most prominent phenomenon observed
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during the droplet impact event. The type of outcome depends on the properties
of the droplet, including liquid density (�), viscosity (�) and surface tension
(LG), along with the impact conditions including velocity (Vi) and size of droplet
(D0). The properties of the surface, material contact angle, ambient temperature,
ambient humidity and material roughness are also important. All of these
parameters play an important role in determining the type of outcome observed
during a droplet impact.

A brief overview of the types of drop outcomes is shown Figure 2.7 [66].
These qualitative outcomes are often used when studying drop impacts. They
allow for the e�cient and systematic classi�cation of impacts for a large number
of parameters. A phase portrait of outcomes as a function of experimental
parameters can be made and a narrower study can then be conducted. In this
Thesis the most frequent outcomes are prompt splash, receding break-up and
partial rebound. The outcomes shown in Figure 2.7.

1. Deposition - a droplet impacts and spreads to its maximum diameter
and wets the surface. Deposition outcomes tend to occur when no
retraction occurs and when the �uid naturally wets the material. This is
often observed for low surface tension �uids and non-polymer materials.
Research on deposition is important for �elds in which producing uniform
�lms is important [41, 44, 58].

2. Prompt splash - as the droplet impacts and spreads, the expanding lamina
breaks up into small droplets. The main mass of the droplet can either wet
the surface as in the deposition case or recede. Prompt splash outcomes
tend to occur at high impact velocities. Splashing threshold calculations
have been presented in the literature and can be a�ected by surface
roughness [67–70]. Xu et al. showed that the pressure of gas (and its
molecular weight) is crucial for the formation of a splashing droplet [71].
At high velocities and large Re, high turbulence of the gas can lead to the
prompt breakup of the droplet. The study of prompt splash on surfaces is
import in industries where vaporisation is either desirable or not e.g. for
milk drying or ink-jet printing respectively.

3. Corona splash - as the droplet impacts and spreads, instabilities in the
outer rim of the lamella grow until droplets pinch o� near maximum
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spread. Corona splashes are often observed for impacts on thin liquid
�lms.

4. Receding break-up - a droplet impacts, spreads intact and after reaching
maximum diameter recedes and breaks up into smaller droplets. This
outcome is common on non-wetting surfaces e.g. polymers with water.
Receding breakup tends to occur on surfaces with a high contact angle,
as the liquid needs to retract. High impact velocities are also common
for receding breakup, although not high enough for splashing to have
occurred. Interestingly receding breakup requires a surface on which
some sticking occurs during retraction otherwise the surface tension of
the �uid dominates and breakup cannot occur.

5. Partial rebound - a droplet impacts, spreads intact and recedes with
enough energy to allow part of the droplet to lift from the surface and
break from the main drop. Only seen on non-wetting surfaces.

6. Complete rebound - a droplet impacts, spreads intact, recedes and
completely lifts from the surface. This is a common feature of
superhydrophobic surfaces. A threshold impact velocity for total rebound
has been observed. At low impact velocity a droplet will spread and retract
but will not have enough energy to lift from the surface. At higher impact
velocity the droplet has enough energy after retraction to lift from the
surface. At even higher impact velocities the droplet begins to breakup or
stick to the surface [72–74].

2.3 Rough and Structured Surfaces

Although the properties of the �uid and the impact conditions are important for
the type of impact outcome observed, the surface also plays an important role
[8]. As shown above a large volume of work has been conducted with the goal of
explaining drop impacts on �at smooth surfaces [10, 30, 31, 40, 41, 46, 56, 58, 66].
This is a simpli�ed and unrealistic situation for most applications, although it
does remove the need to consider the complexity of surface geometry. In the
real world all surfaces have a certain level of roughness.
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Figure 2.7: Examples of the types of outcomes observed for droplet impacts,
reproduced from [66].

What is a rough surface? Surface roughness encompasses an entire �eld of
study on its own. It can be imagined that a perfectly �at or smooth surface is
one where the surface is exactly on the mean plane. That is, the average plane
of all surface positions is equal to the surface itself. A rough surface can then
be de�ned as one that diverges from this perfectly smooth surface. Therefore, a
roughness can be measured as a deviation away from this mean plane surface.
Many di�erent methods can be used to measure this roughness. On a real surface
a measurement can be made using devices such as atomic force microscopy
(AFM), scanning electron microscopy (SEM) and optical pro�lometry. The
roughness of a structured surface with a repeating geometric pattern can be
calculated empirically.
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Rv

Rp

Rz

Figure 2.8: One dimensional scan of an arbitrary rough surface, Rp and Rv denote
the height of the biggest peak and valley respectively. Rz denotes the maximum
height of the surface. Black dashed line denotes the mean plane of the surface.

The two main categories of roughness are random isotropic roughness and
regular structured roughness. Random isotropic roughness is more common,
and is observed on most materials. In this case, the roughness has no underlying
pattern or orientation but it is similar across the whole surface. As the roughness
has no discernible pattern or directional dependence, any one dimensional
pro�le scan can be used as a representation of the general roughness of the
surface. Figure 2.8 shows a schematic of a one dimensional scan of an arbitrary
rough surface. Two very simple parameters used in roughness de�nitions are
the maximum peak height and the maximum valley depth. These are simply
the maximum and minimum in the vertical pro�le. Measurements of the peak
size allow for a general scaling of the roughness but do not show information
regarding roughness between these positions and can be skewed by a single
outlying surface artefact.

The two most common measures are Ra (arithmetical mean deviation)
and RRMS (root mean square) roughness, de�ned in Equation (2.17) and
Equation (2.18) respectively [75]. Ra is the mean deviation of the peaks away
from the mean plane. RRMS can be skewed away from a representative value if
a single large peak is on the surface. Both of these methods lack information
regarding the sharpness of the roughness and other measures are used to
obtain that information. Two dimensional roughness measurements require the
application of these 1D equations over 2D.

Ra =

1

N

n

∑

i=1

|yi |, (2.17)
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RRMS =

√

1

N

n

∑

i=1

y
2

i
. (2.18)

A common way to quantify the roughness in two dimensions is to use the
roughness factor, a measure of the increase in the total surface area due to the
presence of roughness, de�ned as the ratio of the actual surface area to the
projected surface area. The actual surface area is often measured using a 3D
scanning method. The projected surface area is the area of the surface normal
to the mean plane and generally can be calculated as the area of the scan taken
e.g. the scan dimensions in x and y where these axes are parallel to the mean
plane. Surface roughness always acts to increase the actual surface area and
hence the roughness factor is always greater than 1.

The other type of roughness is regular structured roughness, in this study
referred to as structure. A structured surface consists of a single 3D shape that
is regularly repeated in some form of lattice, for example a surface arrayed with
pillars. The requirement for a structured surface is that a single unit cell can be
identi�ed and the underlying repeating nature can be expressed mathematically.
Some biological systems have nearly structured roughness but they also tend to
have some random aspects as well [3, 76]. True structured roughness is only
present in man-made “designed” systems.

Figure 2.9 shows a single unit cell of a structured pillar array with de�nitions
of important design parameters. In general the repeated object doesn’t have to
be a square pillar, and the lattice doesn’t have to be square, as long as it repeats
across the surface. The unit cell doesn’t have to have only a single feature. It
could include objects of di�erent shapes and sizes. However, a simple square
array of square or circular pillars simpli�es the task of �nding a systematic
relationship between the surface pattern and drop impact phenomena.

The roughness factor for the surface in Figure 2.9 can be calculated using
one repeating unit in the array,

r = 1 +

4dℎ

p
2

(2.19)

Equation (2.19) helps to identify two of the important design variables for
structured surfaces. Both the height (ℎ) and pitch (p) have been shown to a�ect
drop impacts and are discussed in Section 2.4. This approach can be extended to

27



2.4. Superhydrophobicity Literature Review
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Figure 2.9: Schematic representation of a repeating pillar array pattern. Left) Top
view showing pillar width d and array pitch p. The red shaded area illustrates
one repeating unit. Right) Side view additionally showing pillar height ℎ. The
shaded area illustrates projected channel area (p − d)ℎ.

more complex surfaces with alternative pillar geometries, for example circular
pillars.

2.4 Superhydrophobicity

As discussed in the previous section all real surfaces contain some level of
roughness and hence studying the role of roughness on the wetting of surfaces
is important. There are some interesting and fundamental di�erences in the
wetting properties of smooth and rough surfaces. One of the most interesting
phenomena observed for liquid droplets on rough surfaces is �uid repellency,
most commonly referred to as superhydrophobicity. Superhydrophobicity is
de�ned as a surface on which a contact angle greater than 150◦ is observed
[77] alongside a minimal contact angle hysteresis. Superoleophobicity (oil
repellency) is also possible on rough surfaces [11], and some surfaces even claim
to be superomniphobic and repel all liquids [78]. These phenomena are possible
due to surface roughness.
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Interesting examples of superhydrophobicity from nature include
hierarchical surfaces, which have layers of features from millimetre to
micrometre to nanometre scales. The lotus leaf is one of the most commonly
cited examples of complex roughness and structure (Figure 1.2) [3].

2.4.1 Wenzel and Cassie-Baxter States

In static conditions the in�uence of roughness on droplets on surfaces has been
studied for almost 80 years. A droplet that wets all of a rough surface will
experience a di�erent, “e�ective” contact angle compared to a �at surface of
the same material. This theory was proposed by Wenzel et al. in 1936 and
droplets which entirely wet the surface are known as being in the Wenzel
state [5]. A material which is naturally wetting will produce a more wetting
surface when in the Wenzel state and a contact angle lower than Young’s angle
will be measured. Conversely a droplet in the Wenzel state on a naturally
non-wetting material will produce a higher contact angle than Young’s angle.
The relationship between Young’s angle on a �at surface (�Y ) and the e�ective
contact angle in the Wenzel state (�W ) is given as,

cos �W = r cos �Y . (2.20)

A schematic representation of the Wenzel state can be seen in Figure 2.10 a).
Given that the relationship shown in Equation (2.20) is linear, two interesting
observations can be made. An increase in the roughness of the surface will lead
to an increase in the di�erence between Young’s angle and the Wenzel angle.
Secondly, if Young’s angle is above 90◦ then the Wenzel angle will be larger
than Young’s angle. If Young’s angle is less than 90◦ then the Wenzel angle
will be less than Young’s angle. This shows that the Wenzel state will enhance
both hydrophobicity and hydrophilicity [12]. It has also been shown that as
the roughness factor of the surface increases the contact angle hysteresis also
increases. This is likely due to the greater pinning of the receding contact line
on the edges of pillars or other asperities.

Cassie-Baxter et al. proposed in 1944 a theory which showed that if the
droplet was to rest on top of the rough features, a contact angle greater than
Young’s angle would be observed on any surface [4]. A schematic representation
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Figure 2.10: Schematic diagrams of static droplet states on pillar array surfaces.
a) Wenzel state, which involves complete wetting of a rough surface and b)
Cassie-Baxter state in which a droplet is supported by air between pillars.

of the Cassie-Baxter state can be seen in Figure 2.10 b). Droplets in this state
have surface energy contributions from the liquid-air interfaces between pillars
and hence the e�ect of the surface energy between the liquid and the solid is
reduced. In this way surfaces made of normally wetting materials can be made
non-wetting. This can be represented as a sum of the contributions due to each
material the droplet is in contact with,

cos �CB = �1 cos �1 + �2 cos �2. (2.21)

Here �CB is the Cassie-Baxter contact angle observed in a real system. �1 and �2
are the surface coverage fractions of the two materials the droplet is in contact
with. �1 and �2 are the contact angles between the droplet liquid and the two
materials. From Equation (2.21), as the coverage of one material approaches
100% the Cassie-Baxter contact angle becomes dominated by that material.

This model applies to surfaces regardless of whether they are pillar arrays. It
would also apply to a �at surface of two di�erent materials where one material
has a lower Young’s contact angle than the other. This would achieve a similar
result in increasing the contact angle as compared to the material with the lower
Young’s angle. In the case of pillars the second material is air. The contact angle
for air is 180◦ and hence Equation (2.21) is reduced to,
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cos �CB = �p(1 + cos �SL) − 1. (2.22)

Here �p is the fraction of the drop that is in contact with solid on the surface
plane and �SL is Young’s contact angle between the solid and liquid [12].
Theoretically, decreasing �p (reducing pillar coverage) will increase the apparent
contact angle.

2.4.2 Meta-stable States

The Wenzel and Cassie-Baxter states work well at explaining how surface
roughness can increase the apparent contact angle and if increased above 150◦

form a superhydrophobic surface. However, in dynamic systems they tend to
break down.

The Cassie-Baxter state, in which minimum surface wetting occurs, is
usually at a higher surface free energy than the Wenzel state. However, the
transition from the Cassie-Baxter state to the Wenzel state can often only occur
if an energy barrier is surmounted, as shown in Figure 2.11 a) [52, 79, 80]. A
transition state exists between these two states that is unstable and will decay
quickly into either state.

The previous description of the Wenzel and Cassie-Baxter states can be
extended to a range of related states. A droplet at rest on the top of the pillars
in the Cassie-Baxter state will exert pressure downwards into the structure if
the surface material is wetting due to the local curvature of the meniscus, as
shown in Figure 2.12 a). To overcome the energy barrier for wetting requires
the meniscus to move to the base of the gap between pillars, and this can
occur via two main mechanisms, Figure 2.11 b). The type of transition observed
depends most strongly on the height (ℎ) and pitch (p) of the surface features
[52, 73, 79, 81, 82].

The �rst mechanism is the sagging transition, in which the liquid-air
interface under the droplet is pinned to the top of the pillars and bends under an
applied pressure. If the depth of the interface exceeds the height of the pillars,
there will be a transition to the Wenzel state.
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a) b)

A B

Figure 2.11: a) Energy barrier for transition from Cassie-Baxter to Wenzel state.
b) De-pinning (A) and sagging (B) mechanisms for transition from Cassie-Baxter
to Wenzel state, reproduced from [79]

Transition
a)

Impregnated
b)

Bubble
c)

Figure 2.12: Mixed states of droplets on pillared surfaces. a) Transition state
with curved liquid-air interface, b) impregnated Cassie-Baxter state with central
region in Wenzel state, c) special case of b) in which a bubble/bubbles are
trapped.

32



Literature Review 2.4. Superhydrophobicity

The stability of the Cassie-Baxter state to the sagging transition can be
explored by considering bending of the meniscus between pillars [73, 81]. The
Laplace pressure Pl across the curved liquid meniscus between posts is,

Pl =

2LG

R

, (2.23)

where R is the radius of curvature of the meniscus (assumed circular). If it is
assumed that the interface is pinned between two pillar tops then the radius
can be calculated as the curvature of an arch bound at two points separated by
a distance p − d as,

R =

�z

2

+

(p − d)
2

8�z

. (2.24)

Here �z is the vertical distance from the tops of the pillars to the tip of the arch.
It is assumed that �z is small and hence the 1st term in Equation (2.24) can be
ignored. Using Equation (2.23) and Equation (2.24) the Laplace pressure is stated
as,

Pl =

16�zLG

(p − d)
2
. (2.25)

The stability of the Cassie-Baxter state to the sagging transition can be tested
by considering pressure applied across the interface, and one (relevant) way of
applying pressure is the dynamic pressure under a droplet impact. A droplet
impacting on the surface at velocity Vi will exert a dynamic pressure (Bernoulli
pressure) equal to,

Pb =

�V
2

i

2

. (2.26)

Equating the dynamic pressure to the Laplace pressure, �z can be calculated
as a function of the velocity of the droplet. It is assumed that the impact
pressure dominates material properties, such that the equilibrium curvature of
the meniscus can be ignored. It is also assumed that there is an in�nite pinning
force for the interface to the pillar tops. As such the curvature can be predicted
as,

�z =

�V
2

i
(p − d)

2

32LG

. (2.27)
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Equation (2.27) shows that as the droplet impact velocity increases the depth
of meniscus bending into the structure will increase. If the surface tension
of the �uid is decreased then the liquid-air interface becomes easier to bend,
and the depth will increase. There is an interesting relationship between the
bending depth and the distance between the pillars. As this distance increases
the depth into the structure (for the same impact velocity) increases. This
suggests that reducing the distance between the pillars is an e�ective method
to increase the stability of the Cassie-Baxter state. However, as (p − d) increases
the pillar coverage (�p) decreases. From Equation (2.22) it is predicted that the
Cassie-Baxter contact angle increases with increasing (p−d). Hence designing a
superhydrophobic surface is a balance between stability and maximum contact
angle.

Rearranging Equation (2.27) the critical velocity Vcs required to transition
from the Cassie-Baxter to Wenzel state can be calculated. This transition occurs
when the distance into the structure �z is equal to the height of the pillars
(Figure 2.11 b),

Vcs ∝

√

LG

� (p − d)
2
. (2.28)

This suggests that the taller the pillars, the larger the impact velocity
required to transition into the Wenzel state. This model is somewhat simpli�ed
as it assumes that the liquid-air interface can bend an arbitrary amount and
never detach from the top of the pillars, and that the droplet impact exerts only
a dynamic pressure given by Bernoulli’s principle.

As discussed in Section 2.2.2 a falling water droplet can exert a water
hammer pressure Pwℎ in the �rst instant of impact. Using Equation (2.6) would
suggest an alternative critical velocity for transition from the Cassie-Baxter state
to the Wenzel state as,

Vcs ∝

ℎLG

�C(p − d)
2
. (2.29)

Equation (2.29) predicts a much lower impact velocity required for transition
and agrees more closely with experimental results [51].

The sagging model explains the transition for bending depths comparable
to the height of the pillars. However, it can not predict transitions for tall
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pillars. Interestingly the only resistance to transition in this model is due to
the liquid-air interface. The material of the surface plays no role.

A limitation of the sagging model comes from the assumption that the
bending of the liquid-air interface resembles a circular curve. This therefore
restricts the height of the pillars to be less than or equal to half the inter pillar
distance (p-d). At greater heights the liquid-air interface would have to bend in a
hyperbolic fashion and hence a circular interface cannot be assumed. A further
limitation to the sagging model is the requirement of a contact angle of 180◦ to
reach maximum curvature, something that is not physically feasible.

The second transition mechanism is the de-pinning model. For this
mechanism, there is a maximum bend to the liquid-air interface before it
becomes detached from the top of the pillars. This occurs when the contact
angle at the three phase line reaches the advancing contact angle. At this point
the interface will begin to “slide” down the pillars. As the interface travels it will
wet the material so that work is done. If the interface reaches the bottom of the
pillars then the surface becomes entirely wetted (Figure 2.11 b).

Di�erent models for the de-pinning mechanism exist in the literature but all
begin from a similar argument. The pressure required to wet the space between
pillars is given as,

Pc = −LGcos�Y
Lc

Ac

, (2.30)

where Lc is the perimeter and Ac is the area of the capillary gap between pillars.
This expression was developed by Bartolo et al. to give the pressure as a function
of the area coverage �p , for circular pillars of diameter d [81],

Pc =

2�p

1 − �p

cos(�A)
2LG

d

. (2.31)

A full form for a square array of square pillars was presented by Smyth et
al. as [51],

Pc =

−4cos�Y
(1 +

(p−d)

d
)
2
− 1

LG

d

. (2.32)

The de-pinning transition has been further studied with computational
simulations [83] and mathematically [82] building on the same capillary gap
pressure.
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The de-pinning model suggests that the height of the pillars is not important
and that as soon as the advancing contact angle is met the liquid-air interface
will move down the pillars regardless of their height. It suggests that the ratio
of the pillar size to the spacing is a controlling factor [51], and that the absolute
size of the surface structure is important. For example, the diameter of the pillars
is important and suggests that smaller pillars with the same spacing ratio will
produce a more stable Cassie-Baxter state. This is consistent with the fact that,
in the search for better superhydrophobic surfaces, nanoscale roughness often
helps to produce extremely stable Cassie-Baxter states [14, 84–86].

Often a transition between the sagging and de-pinning models is necessary.
For surfaces with short pillars the sagging model is often used as the pillar height
is on the scale of the deformation of the liquid-air interface. For surfaces with
tall pillars the de-pinning model is used.

2.4.3 Threshold Pressure

As presented in Section 2.4.2 two main mechanisms are commonly used to
predict the meta-stability of the Cassie-Baxter state. The relationship between
these mechanisms and the dynamic process of droplet impacts has been studied
previously, with the aim of producing highly stable surfaces. A pressure balance
model was presented by Smyth et al. in which the three key pressures during
impact are evaluated [51],

1. Pt < Pb < Pwℎ - complete transition to Wenzel

2. Pb < Pt < Pwℎ - partial transition

3. Pb < Pwℎ < Pt - complete recoil

where Pt is the transition pressure of the surface (depending on mechanism). In
the �rst moments of impact the droplet will exert a water hammer pressure (Pwℎ)
due to the fast travelling �uid, as de�ned in Equation (2.6). After that, a Bernoulli
pressure (Pb) from the spreading droplet will be produced (Equation (2.26)).

In the �rst case, where the Pwℎ dominates both Pb and Pt the entire surface
will transition to the Wenzel state. The area directly under the droplet is wetted
due to the large water hammer pressure. As the �uid spreads the structure

36



Literature Review 2.5. Drop Impacts on Rough Surfaces

cannot resist further wetting from the Bernoulli pressure. This leads to the
general Wenzel state as shown schematically in Figure 2.10 a).

In the second case, the water hammer pressure dominates over the transition
pressure of the surface, but the transition pressure is larger than the Bernoulli
pressure, so the surface will only partially transition to the Wenzel state. This
would be observed as a transition directly under the impacting droplet where the
highest pressure is located. As the droplet spreads out and exerts the Bernoulli
pressure the surface can resist further wetting. Schematic representations of this
are shown in Figure 2.12 b) & c). Surfaces which demonstrate this outcome are of
interest in this study as they often produce complex shapes in the outer region.

The �nal case in which the transition pressure of the surface dominates over
all other pressures will completely repel a droplet impact. In general this is the
goal of dynamic superhydrophobic systems, however is not of direct interest in
this Thesis.

2.5 Drop Impacts on Rough Surfaces

As presented previously surface roughness can produce interesting liquid
wetting phenomena. The ability to induce superhydrophobicity via surface
roughness was explored in Section 2.4. But how does a rough surface a�ect
the outcomes of a drop impact? In this section the role of surface roughness
in controlling the types of outcomes observed from drop impacts is explored. Of
interest in this Thesis is the ability to control the outcome of drop impacts by
controlling the surface roughness.

2.5.1 Impacts on Superhydrophobic Surfaces

As discussed in Section 2.2 an impacting droplet on some surfaces can spread to
maximum Dmax, retract and then lift from the surface, as shown in Figure 2.13
a). A common quanti�cation of the ability of a surface to produce “bouncing
droplets” is called the restitution coe�cient (�), a ratio of the velocity before
(Vi) to after bouncing (Va) [87],

� =

Vi

Va

. (2.33)
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a) b)

Figure 2.13: a) Example of a bouncing droplet impacting a superhydrophobic
surface, reproduced from [73]. b) Restitution coe�cient for bouncing droplets
on a robust superhydrophobic surface, reproduced from [87].

Figure 2.13 b) shows experimental measurements of the restitution
coe�cient as a function of the impact velocity. Firstly, the restitution coe�cient
of these surfaces (surface details not available) is close to 1 which allows for
multiple bounces. This suggests that energy is conserved during the droplet
spread. Secondly, at low impact velocity the restitution coe�cient is low and is
attributed to a threshold impact velocity for bouncing.

This work was expanded by Reyssat et al. to predict the threshold for
bouncing droplets. In general, the kinetic energy which scales as �D

3

0
V
2

i
/8

must be greater than the stored surface energy during spread which scales
as LGD2

0
cos(�A − �R)/4. Therefore, droplets require either a threshold impact

velocity (few tens cm/s) or be large enough (100 µm at 1 m/s) for bouncing to
be observed [73].

This phenomenon introduces a new parameter of drop impacts known as
the “contact time” (tc). This refers to the total time that the droplet is in contact
with the surface. In some cases it is practical to reduce this time, e.g. to stop
droplets freezing on cold surfaces. Previous work has shown that the contact
time of a droplet impact scales with the inertial-capillary timescale (� ) [88, 89],

� ≡

√

�D
3

0
/8LG . (2.34)

Equation (2.34) can be used to predict the contact time as tc ≈ 2.2�

[63, 90], the oscillation period of a spherical drop. Until recently it was thought
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that this constituted a theoretical minimum contact time of a droplet and
most superhydrophobic surfaces produce contact times above this. Bird et al.
demonstrated that by introducing macroscopic texture on a superhydrophobic
surface this limit can be broken [63]. Work by Liu et al. also showed that by
controlling the shape (needle like) of the pillars on a surface an impacting
droplet can be lifted from the surface at maximum spread rather then receding
�rst, as such reducing the contact time considerably [91, 92].

As discussed in Section 2.4.3 under certain conditions a droplet impact
can produce a mixed surface of partial Wenzel and Cassie-Baxter. This mixed
outcome often leads to pinning of the droplet to the surface and stops the
droplet from lifting, as shown in Figure 2.14 a). This produces an upper limit
to the impact velocity for bouncing droplets. Reyssat et al. demonstrated that
for wetting to occur the impacting pressure of the droplet must be greater than
the resistance to collapse of the liquid-air interface via the sagging mechanism
[73]. Within this Thesis the fully wetted area directly under a drop impact is
referred to as the impact region but the is synonymous with the wetted region
and pinning region presented in previous work.

2.5.2 Impacts on Partially Wetting Pillar Array Surfaces

The impact region has been shown to have an interesting e�ect on the
outcome of droplet impacts. Reyssat et al. showed that for surfaces with low
density pillars the impact region can produce “crystallographic” droplets [89]
(Figure 2.15). These are identi�ed as droplets that produce “�ngers” in controlled
directions relative to the underlying array of the surface.

The basic scaling suggested by Reyssat et al. argues that the impact region
of the surface contains a �nite volume of gas that must escape through the
pillar array. This escaping gas is the primary reason for �nger formation. This
argument is valid given the work presented by Xu et al. in which controlling
the pressure of the surrounding gas removes all splashing and instabilities in
droplets spreading on both �at and textured surfaces [70, 71].

This phenomenon was investigated further by Tsai et al. with a range of
controlled microfabricated polymeric surfaces and high speed cameras. In that
work the impact region was studied in relation to multiple parameters, D0, d ,
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a) b)

Figure 2.14: Example of pinning during a drop impact on a superhydrophobic
surface. a) The bouncing of a drop is hindered due to pinning of the droplet on
the surface. b) Top view of a drop during spread in which the wetted region can
clearly be identi�ed, leading to pinning of the droplet. Reproduced from [73].

a)

b)

Figure 2.15: Examples of “crystallographic” droplets producing �ngers in
spreading droplet impacts on a surface with micropillars. Time between
successive images is 1 ms. Impact velocity of the D0= 3.8 mm drops is a) Vi =
2.8 m/s and b) Vi = 2.9 m/s. Reproduced from [89].
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a) b)

Figure 2.16: a) Wetted region of droplet impact on a structured surface
demonstrating the trapped air region. b) Diameter of wetted region relative to
droplet diameter as a function of We. Colour denotes lattice shape, red (square)
and blue (triangular), reproduced from [68].

ℎ, d and Vi . A trapped air region was observed in the central part of the wetted
region and was shown to scale with the diameter of the droplet D0, but has an
insigni�cant dependence on Vi (Figure 2.16 a). Conversely, the entire impact
region (wetted region) was shown to scale with both the diameter of the droplet
D0 and Vi (Figure 2.16 b) [68].

One of the most prominent observations made by Tsai et al. was the ability
to control the preferred direction of �nger formation using surface design.
Figure 2.17 shows images of a spreading drop after impacting pillared surfaces
with varying pitch. At small pitch no �ngers in the outer spread of the droplet
are observed and the impact region is relatively small. On increasing the pitch
the impact region increases in size and �ngers both on-axis and at 45◦ to the
array are observed. For a square lattice on-axis refers to the direction of a row
or column of pillars, as shown in Figure 2.19 a). At large pitch the microstructure
is completely wetted (Wenzel state) and �ngers are mostly observed at 45◦ to the
array.

As suggested by Reyssat et al. the �ngers in the droplet shape are most
likely nucleated by gas �ow through the pillar array [89]. Tsai et al. expanded
this to include the idea of preferred pathways, in which air �ow experiences
the least resistance to �ow [68]. Figure 2.18 shows a schematic representation
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a)

b)

c)

Figure 2.17: Bottom view images of water drop impacts on circular pillar arrays
at t = 0.2, 0.4, 0.6, 1, 3 ms after impact. The pitch spacing of the pillars is, a)
7.3 µm, b) 13.4 µm and c) 22.4 µm. Scale bar denotes 2 mm, reproduced from
[68].
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a) b) c)

Figure 2.18: Flow direction for gas escape through a pillared surface during
a drop impact. a) Schematic representation of a droplet impacting a pillared
surface (not to scale). b) Primary path to �ow on-axis, c) Secondary path to
�ow at 45◦, reproduced from [68]

of the primary and secondary �ow directions for gas. This idea can explain
the observations shown earlier in Figure 2.15, in which increasing the impact
velocity produces new directions for �nger formation. A basic dimensionless
measure for the air-�ow space � = (p − d)/d was presented as a possible scaling
for the reduction in resistance to �ow as the pitch increases.

This work was further re�ned by Robson et al. in which a larger range of
surfaces was studied using improved imaging methods. Images of spreading
droplets at maximum spread (Dmax) were used to inspect the impact region in
higher resolution [93].

The impact region size and shape was presented as a function of the surface
parameters and impact energy. As with the work by Tsai et al. a dimensionless
measure of the impact region was used and showed a similar increasing value
with increasing We. To investigate the shape of the impact region a new
dimensionless parameter (D�

pen) was calculated as a ratio of the diameter on-axis
relative to 45◦ from the array. Figure 2.19 b) shows an example of the type of
impact region image produced from this study.

A value of D�

pen greater than 1 denotes a diamond-like shape and less than
1 denotes a square-like shape. Robson et al. showed that as the pillar coverage
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a) b) c)

Figure 2.19: a) De�nition of on-axis direction relative to underlying array. b)
Example image from droplet impact at maximum spread showing both impact
region and outer shape. c) Dimensionless shape of the impact region as a
function of pillar coverage. Reproduced from [93].

increases the impact region diverges from a square-like shape to a circular-like
shape, as shown in Figure 2.19 c). Within the experimental error no clear trend
with We was observed and as such this presents an interesting area of study for
this Thesis.

Robson et al. presented a theory for the shape of the impact region as a
balance of the surface tension of the liquid-air interface both microscopically
(pillar-pillar) and macroscopically (entire shape). Globally the total perimeter
of the interface should reduce to a minimum (circular) in order to reduce the
total free energy. However, given that any shape will be made of individual
pillar to pillar pinned contact lines the e�ect on the free energy due to pillars
must be considered. It was shown that a contact line intersecting a cylindrical
pillar will experience a net negative free energy when compared to a straight
contact line with no intersecting pillar [93]. Given that diagonal contact lines
(45◦) are longer than straight contact lines (on-axis) the change in free energy
per pillar-pillar contact line is greater for straight connections. This net energy
bene�t for straight microscopic contact lines is the driving mechanism behind
the square-like shapes observed.

Due to the increased resolution of images individual microbubbles on the
same scale as the pillar diameter within the wetted region were identi�ed.
The types of microbubble patterns were explored qualitatively and shown to
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a) b)

Figure 2.20: a) Number of �ngers in a spreading droplet as a function of We and
corridor area. b) Dimensionless ratio of on-axis diameter to 45◦ as a function of
We for multiple surfaces, reproduced from [93].

be dependent on surface design. One of the goals of this Thesis is to further
investigate microbubbles, with focus on their directional dependence.

Robson et al. also studied the outer shape of the spreading droplet using two
alternative methods. Firstly, �ngers were visually identi�ed in the spreading
droplet and the number and angle relative to the array was measured. Secondly,
a method similar to the impact region was used to measure the dimensionless
diameter on-axis relative to an angle of 45◦. A clear quantitative de�nition for
the requirement of a �nger was given, in which the length from the rim of the
droplet must be greater than the radius i.e. bigger than a semi-circle.

Robson et al. expanded on the idea presented by Tsai et al. in which the
air-�ow space is calculated as a corridor area. The corridor area is the area
projected in the direction of �ow through a preferred channel, where the on-axis
corridor area (Figure 2.9b) is calculated as,

Corridor Area = ℎ(p − d). (2.35)

A prominent trend noted by Robson et al. is that as the corridor area
increases the total number of �ngers observed at maximum spread (Dmax)
increases, as shown in Figure 2.20 a). A threshold We for the formation of �ngers
is observed on all surfaces, however no clear mechanism was presented and
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hence this is of interest in this Thesis. Although the scaling of the total number
of �ngers with corridor area is valid some exceptions to this were observed.

Formation of �ngers is likely to be dependent on the transition from the
Cassie-Baxter to Wenzel state on the surface design. As shown in Section 2.4.2
the stability of the Cassie-Baxter state is increased with increasing pillar height
but decreased with increasing pitch. Therefore, it is predicted that two surfaces
with the same corridor area produced with either tall pillars and small pitch or
short pillars and large pitch would produce di�erent numbers of �ngers. This
presents an aim of this study, in which a large range of high quality pillared
surfaces can be used to study the dependence of �nger formation on the stability
of the surface.

A brief but concise relationship between the surface design and the preferred
angle of �ngers was presented by Robson et al. [93]. All angles for �ngers were
calculated relative to the nearest on-axis array direction. For all surfaces studied
the main direction for �nger formation was on-axis, but surfaces with smaller
corridor area tended to have a broader range of angles for �nger formation.
This presents an interesting further development within this �eld and one of
the aims of this Thesis is to study the e�ect of both pillar height and pitch on
the direction of �nger formation.

The general asymmetry of droplets is shown in Figure 2.20 b). Flat PDMS
samples were used as control surfaces and show that for the range of We (34 -
167) studied no asymmetry is produced, proving that all �ngers are formed due
to the surface pattern. For all surfaces studied asymmetry increases as a function
of We. Asymmetry is mostly greater than 1 (diamond-like) hence spreading
further on-axis when compared to a 45◦ angle. Surfaces with a larger corridor
area produced greater asymmetry when compared to surfaces with a smaller
corridor area. However, as discussed previously due to the coupling of the height
and pitch it is unclear which design parameter is most important. Understanding
this is a key aim of this Thesis.

A correlation presented by Robson et al. between the impact region shape
and the outer shape asymmetry shows that they are inversely related [93].
Asymmetry in the impact region tends to form square-like shapes, whereas
the outer region tends to produce diamond-like shapes. In this Thesis the
connections between the shape of the impact region and outer shape are studied.
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We hope to answer the questions, what are the relationships between the impact
region and outer shape, and are they causally linked?

2.6 Conclusion

A large amount of work into studying the process of droplets impacting and
spreading on surfaces has been completed over the last hundred years. The
study of droplet impacts is wide and encompasses many di�erent con�gurations
of systems. The physics involved in modelling the full detail of droplet impact
phenomena is complex and hence simpli�cations are often made. Even with
simpli�cations models that can predict the general outcome of droplet impacts
in relation to the �uid properties have been demonstrated. Although some work
on the e�ect of surface structure has been conducted, to the knowledge of the
author, no analytical model properly compensates for surfaces with “designed”
structure.

The ability to induce a superhydrophobic state via surface structure has been
proven extensively, and there are theoretical models for predicting the apparent
contact angle. Two possible physical states for droplets on structured surfaces
are commonly used, the Wenzel and Cassie-Baxter states. The Cassie-Baxter
state is meta-stable and can often decay to the Wenzel state. Alternative
mechanisms for transition from the Cassie-Baxter state to the Wenzel state
have been presented. These mechanisms have been used alongside pressure
balance models to predict some of the key outcomes for droplets impacting
structured surfaces. The threshold bouncing velocity of droplets impacting
stable superhydrophobic surfaces has been demonstrated. Also, the threshold
velocity for partial wetting of a structured surface as a function of the surface
design has been predicted.

Following the seminal work by Xu et al. [71] the role of gas surrounding
droplet impacts has been proven to be important. It has been demonstrated that
by controlling the directions of gas escape via structured surfaces, �ngers in the
outer spread of a droplet can be produced. Although some basic scaling of the
relationship between surface design and �nger formation has been presented
many questions are left unanswered. Why do �ngers form on partly wetting
surfaces? What is the dependence of the direction and size of the �ngers on
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the surface design? Is it possible to control the direction of the �ngers? Can a
model be developed that joins the classic Cassie-Baxter transition models with
the spreading models such as the early work of Collings et al. [41]?

These questions relating to droplet impacts on structured surfaces represent
the aims of this study. Using a large selection of surface designs we hope to
uncover the controlling factors behind the emergence of �ngers on structured
surfaces. We are especially interested in the impact region of droplets and
whether the shape of this region has an e�ect on the outer shape of the droplet
at maximum spread.
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Chapter 3

Materials and Methods

3.1 Introduction

In this Chapter the experimental methods used in this study are presented. Due
to the nature of this study, development of the experimental methods represents
an important part of the work. Three key experimental areas were explored
in-depth to enable the study of a large data set. Firstly, sample fabrication
methods are explored, with the aim to produce high quality repeatable pillar
array surfaces. Secondly, methods for high speed photography are explored,
with the aim to reduce uncertainty in recorded results. Finally, methods for
image processing are explored, with the aim to produce an e�cient Matlab script
for the processing of large data sets of high speed video.

3.2 Sample Fabrication and Inspection

In this Section, methods for the fabrication of pillared surfaces are explored. In
Section 3.2.1 the reader is introduced to micro-fabrication techniques in order
to supplement understanding of the methods used in this study. Section 3.2.2
focuses on methods used to study the quality of surfaces produced. A wide range
of methods for surface inspection were used in order to characterise multiple
aspects of surface quality.
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3.2.1 Sample Fabrication

There are many di�erent processes for the production of micrometre scale
surface patterns. These can be split into two main approaches, bottom up
and top down. Bottom up processes build a 3D shape from a �at surface by
adding small amounts of material in layers. These processes are more commonly
known as additive manufacturing and include fused �lament fabrication (FFF),
stereolithography (SLA), selective laser sintering (SLS) and self-assembled
systems [94], among others. These processes are relatively new for fabricating
micrometre scale objects and were not used in this study. However, they do allow
for novel designs and are worth studying within the �eld of droplet impacts in
the future.

On the other hand top down processes carve a shape from a material
by removing small amounts of material from the underlying substrate. These
processes include photolithography (PL), CNC micro-machining (Computer
Numerical Control) and laser ablation [7, 95, 96], among others. The most
common top down method used in industry for the production of micrometre
scale features is photolithography. All samples in this study are produced in a
ISO class 5 cleanroom in which particles between 0.5 µm and 5 µm are kept to
below 3500 per m3 and particles above 5 µm are kept to below 30 per m3.

3.2.1.1 What is Photolithography?

Lithography was invented in 1796 by Alois Senefelder as a way to make detailed
prints of maps and artwork quickly and with high repeatability [97]. The method
begins with the transfer of an image onto a smooth �at surface, originally
limestone. The surface is then etched using a chemical that reacts with the
surface material. Areas that are covered by the image are protected and hence
are not etched. Once cleaned, the surface features a permanently etched copy of
the image which is then used as a stamp to produce future copies. This method
is still used in �ne art printmaking.

This basic principle has been expanded over the years to form many
di�erent types of lithography. The most prominent of these is photolithography.
Photolithography forms the basis of all manufacturing of modern integrated
electronics and has therefore revolutionised the modern world. Similar to the
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CAD
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Figure 3.1: Photolithography mask types. A mask pattern design is produced
using CAD software. Depending on the method used to produce the mask, either
a dark �eld or clear �eld mask can be made from the same design.

original lithography method, in photolithography a surface is etched with a
design to create a 3D surface. The process typically starts with production of
a photomask, made from soda-lime glass coated with a thin layer of chromium.
The chrome layer is etched away to leave a desired pattern on the surface. The
pattern design is produced with computer aided design software (CAD). The
design can be produced in two di�erent ways (Figure 3.1). The most common
type of mask, due to the relative cost, is a dark �eld mask or positive tone mask.
This is produced when the image is removed and the background remains as
chrome. The alternative type of mask is a clear �eld mask or negative tone
mask. This is produced when the image remains in chrome and the background
is removed.

Photolithography uses light to “imprint” a surface with the relevant
design. First the surface is coated with a photosensitive chemical, known as
a photoresist. A photoresist is a polymer which undergoes a reaction under a
particular wavelength of light. Two main types of photoresist are commonly
used, positive photoresists and negative photoresists. Negative photoresists are
more common and relatively cheap. When exposed to UV light they cross-link,
producing an inverse of the image. The areas exposed remain as raised features
on the surface in later processing (Figure 3.2 a). Positive photoresists by
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Negative photoresista) Positive photoresistb)

Figure 3.2: Types of photoresist. a) Negative photoresist - UV exposure induces
cross linking and hence reduces solubility of polymer. Exposed areas stay in the
end sample. b) Positive photoresist - solubility of polymer increases with UV
exposure and hence is removed in development.

comparison are more expensive. Positive resists undergo a photodegradation
reaction which increases the solubility of the polymer. This means that an area
which has been exposed to UV light will be removed in further processing, and
therefore produce a direct image of the mask (Figure 3.2 b) [98].

Surfaces in this study are produced using standard soft lithography methods
that have been used extensively in the production of micro�uidic systems
[99, 100]. Soft-lithography builds on the large volume of research from the
semiconductor industry for the production of micro-electronics. It diverges
from standard lithography only in the later stages. The main steps involved in
soft-lithography are listed below. Each will be expanded upon in the context of
this study, in which micropillar arrays are produced.

1. Mask design - Pillar shape and pitch are etched into a chromium plated
glass plate using a µPG101 mask writer (Heidelberg Instruments GmbH,
Germany) (Figure 3.3 a).

2. Spin coating - Silicon substrate is cleaned in acetone and propan-2-ol.
Absorbed water is removed by baking at 140◦C. Substrate is coated with
AZ40XT positive photoresist (MicroChemicals GmbH, Germany). Coating
is allowed to rest for 10 minutes to release bubbles (Figure 3.3 b).

52



Materials and Methods 3.2. Sample Fabrication and Inspection

3. Pre-bake - Substrate is baked from room temperature to 90◦C rising
at a rate of 5◦C per minute. The sample is held at 90◦C for 1 minute
per micrometre of �lm thickness, e.g. 30 µm thick �lm is baked for 30
minutes. Sample is cooled to room temperature overnight for rehydration
(Figure 3.3 c).

4. Exposure - Resist is exposed to 365 nm wavelength UV through the
patterned photomask in two 40 seconds bursts with a 1 minute rest period
between. Sample is rested for 10 minutes to allow for N2 gas venting to
atmosphere (Figure 3.3 d).

5. Post-bake - Substrate is baked from room temperature to 90◦C rising at a
rate of 5◦C per minute. The sample is held at 90◦C for 1 minute. Sample is
cooled to room temperature slowly to avoid thermal cracking of the �lm
(Figure 3.3 c).

6. Development - Sample submerged in developer AZ 326 MIF
(MicroChemicals GmbH, Germany) with gentle agitation until the bare
silicon surface can be seen. Sample is rinsed with type 1 water and dried
with clean N2 gas (Figure 3.3 e).

7. Casting - Sample is left to dry before forming into a casting mould
consisting of a PMMA spacer and front plate. PDMS polymer is mixed
and degassed under vacuum before pouring into the mould and baking at
65◦C for 1 hour (Figure 3.3 e).

8. Removal - Sample is left to cool to room temperature before gently peeling
from the mould. Local curvature at point of removal is kept to a minimum
to reduce pillar breakage [101].

3.2.1.2 Mask Design

The main restriction to the resolution of lithography (outside of theoretical
wavelength limitations) is the quality of the mask used in the system. The role
of a mask is to restrict the areas in which the UV light reaches the photoresist.
This allows for the replication of a pattern from a mask into the underlying
photosensitive polymer. A standard mask consists of a piece of soda-lime glass
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a) b) c)Mask Writer Spin Coater Ramp Baking

) Castinge) Developingd) Mask Aligner

Figure 3.3: Standard stages of soft lithography. a) Mask writing process on a
µPG101 mask writer (Heidelberg Instruments, Germany). b) Spin coating sample
wafer using a Laurell WS650-23 spin coater (Laurell Technologies, USA). c)
Ramp baking of coated samples using a HP51 hotplate (Torrey Pines Scienti�c,
USA). d) Exposure of coated sample using a UV mask aligner (ABM, USA).
e) Development of sample using AZ 326 MIF aqueous developer solution. f)
Casting of PDMS sample from mould using in house casting rig.
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with a thin layer of chromium coated on top. In this study all masks are produced
with a 365 nm direct mask writer (Heidelberg Instruments µPG101, Germany).
The process of mask making relies on photolithography methods. However,
instead of a �ood exposure method the mask is exposed using a laser. A mask
is coated with a thin layer of positive photoresist that when exposed to a
wavelength of 365 nm becomes soluble in developer solution. A laser beam is
�red at the mask while the mask is moved in a back and forth motion, in a
similar fashion to an ink jet printer, building up the desired pattern. The mask
is then developed and a chrome etch solution is used to remove areas of the mask
which have been left without a photoresist layer. Chrome etch solution is made
in house using the following method. 8.6 ml HClO4 (perchloric acid) is added to
150 ml type 1 ultra pure water (arium pro 611 UV, Sartorius GmbH, Germany),
stirring until dissolved. 33g CAN (ceric ammonium nitrate (NH4)2[Ce(NO3)6]),
is added with further stirring until fully dissolved. Finally, the total volume of
solution is brought to 200 ml by dilution with type 1 water.

As the patterning process is digitally controlled any shape can be “drawn”
onto the chrome surface. Design of the pattern is produced using LayoutEditor
(juspertor GmbH, Germany) photomask software. This is a CAD (Computer
Aided Design) software that allows the user to design any shaped pattern in
a familiar drawing interface. LayoutEditor also allows for simple macro coding.
As such a circle with set diameter (or any previously designed shape) can be
repeated in an array pattern over a given area. The software converts all designs
into arcs and straight lines and then into a common CAD format GDSII (Graphic
Database System 2) for processing on the direct mask writer.

As discussed in Chapter 2 this Thesis is interested in the study of droplet
impacts on patterned surfaces. The main surfaces used in this study consist of
pillars in a square lattice. The design variables of pitch (p), height (ℎ) and pillar
shape are investigated, a schematic representation is shown in Figure 2.9. To
reduce the breadth of the variables three main pillar heights (15 µm, 22 µm and
30 µm) and pitches (40 µm, 60 µm and 80 µm) are used. Both circular and square
pillar shapes are investigated and the width of these is kept constant at 20 µm.

The pillar height and diameter were chosen as to investigate either side of a
1:1 aspect ratio (given manufacturing limitations). Pillar spacings were chosen
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Design Height (µm) Measured Height (µm) Error (µm)
15 15.6 0.27
22 22.75 0.78
30 29.70 0.44

Table 3.1: Standard design heights used in the presentation of data. The mean
measured height is stated alongside the standard deviation.

as preliminary experiments demonstrated a clear transition from semi-wetting
to fully wetting over this range.

A note is made on the naming convention of samples within this study. Due
to the large number of samples a standard naming system is used. For example a
sample with 20 µm diameter cylindrical pillars, with a height of 15 µm and pitch
of 40 µm would have the name: ○, p = 40 µm, ℎ = 15 µm. To aid the reader the
design height (15 µm, 22 µm and 30 µm) of the samples is given in the text. As
shown in Table 3.1 some variation between the design and sample is observed.
A full list of all samples including measurements of pillar height and diameter
used in this study can be found in Appendix A.

3.2.1.3 Spin Coating

Spin coating is used for many processes in manufacturing and is the standard
method used for producing thin �lms of liquids on surfaces. The process begins
with a substrate, often silicon, that has very low roughness. Roughness is an
important parameter in spin coating as the underlying features of the surface
can be recreated in the surface coating. Roughness also a�ects the dynamic
spread characteristics of the �uid on the surface and hence the �lm thickness.
For more information on roughness see Section 2.3.

Prior to spin coating substrates must be cleaned of all contaminants. In this
study the main substrate used is 75 mm diameter silicon wafers. Substrates
are �ushed with a stream of acetone followed by a rinse with propan-2-ol,
and then dried with clean N2 gas. Heavily soiled substrates are given a 10
minute soak in warm (45◦C) acetone, after which they are soaked in propan-2-ol
for 10 minutes before drying with clean N2 gas. All substrates are baked at
140 ◦C for a minimum of 10 minutes to remove any adsorbed water from the
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V1

V2

a) Deposition b) First spin stage

c) Second spin stage d) Equilibrium

Figure 3.4: Four stages of spin coating. a) Initial deposit of photoresist on
substrate, b) Low speed spreading of resist, c) High speed thinning of resist with
resultant edge bead, d) Final thin �lm photo resist.

surface. Issues with �lm adhesion were observed in earlier samples. This is
presented as photoresist �aking from the substrate in later processing. This is
then replicated into the PDMS cast samples which have large sections of missing
pillars. To aid adhesion, later samples were �rst coated with a thin layer of
HMDS (hexamethyldisilazane) via spin coating. In this method clean samples
are coated with a 20% HMDS, 80% PGMEA (propylene glycol monomethyl ether
acetate) solution. After coating the substrates are baked at 140◦C to remove the
solvent.

The substrate is attached to a motor driven chuck with the use of a vacuum.
The chuck is spun at high angular velocity (measured in rpm, revolutions per
minute) to induce a centrifugal force acting on the liquid deposited on the
surface. The centrifugal force spreads the liquid to a thin �lm on the surface
of the substrate. The rheology of the liquid is crucial in the spreading dynamics
during spin coating. A balance between the centrifugal force, surface tension
and viscosity of the �uid all determine the equilibrium �lm thickness as a
function of angular velocity.

A four step process is often used when spin coating photoresists. The �rst
stage is depositing the photoresist by hand onto the substrate (Figure 3.4 a).
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Film Thickness Acceleration Angular Velocity Time
(µm) (rpm/s) (rpm) (s)
15 1500 4500 30
22 1500 3000 30
30 1500 2000 30

Table 3.2: Spin settings for di�erent �lm thicknesses of positive photoresist
AZ40-XT.

This needs to be performed gently so as to reduce the introduction of bubbles
into the resist coating. The second stage is the initial spreading phase. This
involves accelerating the sample from rest to a low spin speed (500 rpm) with
a low acceleration (80 rpm/s). This pre-spreads the deposited resist over the
substrate from its small deposition size (Figure 3.4 b). In the third step the spin
speed is increased to the required setting with a higher acceleration (1500 rpm/s)
(Figure 3.4 c). This acceleration creates a centrifugal force that pushes the �uid
to the edge of the substrate. Parameters for the third step for di�erent �lm
thickness are shown in Table 3.2.

The fourth stage is common in thick �lms where an equilibrium rim can
form around the edge of the substrate. This rim can be removed using a process
called edge bead removal (Figure 3.4 d). This is important for later stages of
photolithography as a large edge bead can produce a gap between the mask
and the photoresist. This leads to projection issues and lower resolution in the
end product. As this study uses thin resists the e�ect of the edge bead is low.
However, the uniformity of the surface roughness across the patterned area is
very important in this study. Photoresist �lms containing bumps, bubbles and
cracks are disposed of, as surface deformities such as these would change the
spreading dynamics during droplet impact experiments.

3.2.1.4 Pre-baking

The pre-baking step is an important stage in photoresist preparation. This
stage dries the resist by removing the solvent. In this study the main resist
used is AZ40-XT in which the main solvent is water. Pre-baking reduces the
likelihood of the resist sticking to the mask during the exposure process. This
stage also hardens the photoresist, making it more resilient and mechanically
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Figure 3.5: Wedge error correction using a �oating substrate stage. a) Wedge
error present due to incorrect alignment of sample surface to mask. b) Wedge
error removed by pushing sample against mask.

stable for further development. Baking of AZ40-XT was performed using a two
step ramping hot plate. The samples are heated from room temperature to 90◦C
rising at a rate of 5◦C per minute. Samples are held at 90◦C for 1 minute per µm
of �lm thickness, e.g a 30 µm �lm is held for 30 minutes.

Samples are then allowed to cool to room temperature slowly to avoid
thermal cracking of the �lm coating. After the pre-baking stage the sample is
allowed to rest overnight. This allows for the photoresist to reabsorb solvent
(water) from the surrounding environment. This reduces the likelihood of resist
adhesion failure and cracking during further processing.

3.2.1.5 Exposure

Exposure is the main step of the soft lithography process where the design
pattern is produced in 3D. The mask with the design pattern is mounted on
the mask aligner (ABM, USA). The aligner allows for the precise positioning of
the mask relative to the substrate. When the substrate and mask are aligned in
plane the substrate is raised until contact is made with the mask. To ensure that
the mask and substrate are in horizontal alignment a �oating stage is used.

A �oating stage allows for the substrate plane to be altered as it comes into
contact with the mask, as shown in Figure 3.5. This aids in the reduction of
a wedge error, in which the substrate and mask plane are at an angle to each
other. Wedge error leads to a broadening of feature size across the sample. As the
sample area in this study is large this can have a noticeable e�ect. Care is taken
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to reduce wedge error by repetitive approach and retraction of the substrate to
the mask in order to achieve a good level sample.

Masks are cleaned using a wash of acetone and propan-2-ol prior to the
exposure stage. It is important to remove any dust particles from the surface of
the mask. Dust particles can be on the same order of magnitude as the feature
size and hence lead to distortions of the pattern. The UV exposure dose required
depends on the type of photoresist used and the thickness. The dose is often
given in the manufacturer’s literature in units of energy per area (mJ/cm2) [102].

A calibration probe is used to calculate the power delivered by the system.
This is important as the system e�ciency can change as a function of UV bulb
lifetime. Using a power probe calibrated to the wavelength of 365 nm (i-line
lithography) the average power of the machine was found to be 11 mW/cm2 (308
UV light meter, OAI Instruments, USA). Measurements were taken at regular
intervals to track the bulb lifetime and compensate for loss of e�ciency. “Burn
in” and “warm up” phases were noticed. The burn in phase is the time from a
new UV bulb being installed until a constant output power is given. Warm up is
the time taken for the machine to produce a stable output on the day of use. To
avoid these issues the machine was warmed up for a minimum of 30 minutes
prior to any exposure and tested following installation of a new bulb.

The time required to expose the resist is calculated from the dose and output
power of the machine. In this study the main resist is a positive resist, therefore
there is a minimum required energy for development. Any energy above this
value simply acts to increase the development rate of the polymer.

Exposure was performed using a pulsed method, by exposing the sample in
45 s bursts with a 1 minute rest in between. The rest allows for the resist to relax
in between absorption of UV. During the exposure process N2 gas is released and
allowing for this gas to vent to atmosphere can help to achieve a smooth, bubble
free sample.

3.2.1.6 Post-baking

The post-baking stage depends on the photoresist used as some types don’t
require a post-baking stage. The photoresist used in this study (AZ40-XT) is a
chemically ampli�ed resist and hence requires a post baking stage to induce the
chemical reaction set in motion by the UV exposure. The post-bake stage tends
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to be shorter than the pre-bake and care is required when cooling the substrate.
Abrupt changes in the temperature of the substrate can lead to surface cracking
and out-gassing of N2. A ramp baking method is used to alleviate this issue. All
samples are baked from room temperature to 90◦C rising at a rate of 5◦C per
minute and held for 1 minute before cooling passively to room temperature.

3.2.1.7 Development

The development stage is the point at which the 3D structure of
the surface can be seen. The exposed photoresist is submerged in a
development agent which removes exposed resist. In this study the main
photoresist AZ40-XT uses an aqueous developer AZ 326 MIF (2.38 % TMAH
(tetramethylammoniumhydroxide) in H2O). The development rate of the
photoresist is dependent on the exposure energy and thickness of the resist.
All samples are developed under gentle agitation until the surface of the silicon
substrate can be seen, after which the surfaces are washed with type 1 water and
dried with N2 gas. Development is con�rmed using a stylus pro�lometer (Dektak
XT, Bruker, USA). Scanning the surface of the silicon substrate shows the
roughness. If the substrate has a high level of roughness then the sample is not
completely developed. Once fully developed the roughness of the substrate will
return to that of clean silicon. Samples are allowed to dry after the processing
stage, often stored in a dry environment to allow venting of absorbed H2O.

3.2.1.8 Casting

PDMS (polydimethylsiloxane, Dow Corning Sylgard 184) is a common
polymer used for casting in micro�uidics due to its excellent mechanical and
bio-compatibility properties. Pre-polymer is mixed with a cross linking agent
which induces the cross linking of DMS monomers (dimethylsiloxane). The
mixture is placed under vacuum to remove bubbles introduced via mixing
(Figure 3.6 b). Once clear of bubbles PDMS is poured into moulds made from the
structured silicon substrate and a backing plate separated by a spacing wedge
(Figure 3.6 a) & c). These are baked in a convection oven at 65◦C for 1 hour and
removed to cool to room temperature passively. After cooling, the samples are
removed from the mould and gently peeled from the substrate. The peeling of
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a) b) c)Thickness Spacer PDMS Degassing PDMS Casting

Figure 3.6: Casting stages of soft lithography. a) Patterned sample is constructed
into a mould with PMMA spacer and backing plate. b) Mixed PDMS polymer is
placed under vacuum to remove gas. c) PDMS is poured into moulds and rested
to remove bubbles.

the PDMS from the substrate is performed at a steady rate while keeping the
local curvature at the point of detachment low. This is to reduce the potential
for broken and deformed pillars [101]. All samples are cleaned by �ushing the
surface with a detergent solution of Decon 90 (10 v/v % H2O Decon Laboratories
Limited, UK). After this the surface is �ushed with type 1 water and dried with
N2 gas. Surfaces are stored in a low humidity environment to reduce the e�ect
of water absorption into the PDMS.

3.2.2 Surface Inspection

Due to the nature of this study both the macroscopic and microscopic features
of a surface are important. An aim is to link the individual design parameters (p
& ℎ) on the micrometre scale to phenomena observed on the millimetre scale.
Therefore, a range of techniques have been used in order to verify the quality
of the surfaces produced. The techniques are split into two general categories:
macroscopic, including large area microscope imaging and stylus pro�lometry;
and microscopic, including SEM and white light interferometry.
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a) b)

x axis

y 
ax
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Figure 3.7: Image stitching example. a) Multiple microscope images are stitched
together to produce a large �eld of view (FOV) image while keeping small
details. b) Each individual zone contains high magni�cation detail.

3.2.2.1 Macroscopic Techniques

Methods used in this section are aimed at studying the general quality of the
surfaces on the millimetre scale. The aim of this is to build an understanding
of the features across the average spread area of a droplet. In this study the
maximum droplet spread area is considered to be 20 x 20 mm. Two main methods
for studying large area samples on the micrometre scale resolution are used and
are explained further below.

Microscope Stitching

One of the main methods developed in this study to validate the quality of
the surfaces over a large area was image stitching. In this method multiple high
magni�cation images are joined together to form a large image of the whole
surface while retaining the high level of detail.

Image stitching (Figure 3.7) was achieved using a Nikon eclipse Ti inverted
microscope with a 4x objective lens giving a resolution of 1.6 µm per pixel. A
step grid of 14 by 14 is created by �rst identifying the position of the top left
corner of the sample, and then the bottom right corner. NIS Elements software
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then automates the generation of 196 co-ordinates for image capture. Due to
the use of high magni�cation the depth of focus of the system is low, and the
microscope is prone to drifting out of focus during travel. Therefore, the system
is calibrated with a plane of focus. This is achieved by �rst selecting the top
left corner of the sample and focusing the system. This is then repeated for two
other corners of the sample. A plane is calculated through these x, y, z positions
and used as a way to refocus the microscope during travel across the surface
space. Where x, y are the axes in plane with the sample and z is the axis for
focusing the microscope. The image exposure time is kept to a minimum, and
the shutter is also closed during travel to avoid motion blur.

The average step size between images is 1.5 mm. Due to the rectangular
image sensor there is more overlap between images in the x direction than in
the y direction. To reduce the complexity of image stitching a pre-cropping
step is introduced. First, the centre of the image is found and then the image
is cropped to give a 1024 by 1024 pixel image about this centre. Given the step
size, calibration length and image size a theoretical overlap of 8% is used in
the image stitching process. Image stitching is performed using the commonly
available ImageJ plugin Grid stitching [103].

Subsequent stitched images are processed using the ImageJ rolling ball
method. This method can correct for non-uniform illumination which is
common in stitched images. During this process the theoretical background
illumination is calculated for each pixel by taking the average intensity over
a set “ball” or radius around that pixel. The ball size in this method must be kept
larger than the size of any object that is not part of the background. If this is not
the case then background subtraction will remove features in the foreground.
Once a theoretical background illumination has been calculated it is subtracted
from the real image leaving an image with a uniform background.

Once a uniform illuminated image has been produced, objects on the surface
can be identi�ed. The image is �rst converted to a binary image using an
automatic threshold, see Section 3.4.1.2. Using the in-built particle analysis tool
in ImageJ all objects in the image can be identi�ed. Each object is de�ned as a
collection of pixels connected to each other. A break in continuity begins a new
object. In this manner each of the pillars on the entire surface can be identi�ed
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Figure 3.8: Surface plots of pillared surfaces with varying design con�gurations.
Colour denotes the average object length in each (200 µm)2 area on the surface.
a) Surface with □, p = 60 µm, ℎ = 15 µm pillars. b) Surface with ○, p = 80 µm,
ℎ = 30 µm pillars.

in one process. The (x, y) co-ordinates of each pillar and their respective areas
are recorded in a comma separated �le for further analysis.

Surface plots of the samples are produced to show the average size of objects
found on the surfaces. The area of each object on the surface is converted
to micrometres using the calibration (2.56 µm2) per pixel2, as taken from the
NIS Elements internal calibration. The areas of the objects are converted to a
characteristic length depending on the surface design. For square and circular
pillar shapes the characteristic length is respectively given by,

Length =
√

Area

Diameter = 2
√

Area
�

(3.1)

Within Matlab a mesh grid is created of size 100 by 100. From this the (x, y)
co-ordinates are mapped onto the mesh. Within each mesh area the mean length
or diameter is calculated. This is equivalent to dividing the surface into (200 µm)2

areas and taking the average length of the objects in each area. This value is then
represented in a surface plot, such as those shown in Figure 3.8.
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a) b) Bad SurfaceGood Surface

Figure 3.9: Examples of surface quality. a) Each pillar is present with none
missing. b) Snapped pillars are identi�ed with red circles

Figure 3.8 a) shows an example of a “good” surface. The surface object
length is homogeneous over the whole surface, with only a few minor defects.
Figure 3.8 b) shows an example of a “bad” surface. Large areas of the surface have
a low average object length which would consist of missing pillars. Microscope
images of a good surface are shown in Figure 3.9 a). An example of missing
pillars can be seen in Figure 3.9 b) where broken pillars are circled in red.

To highlight the presence of missing pillars, surfaces were inspected using a
histogram plot of the length of objects on the surface. Figure 3.10 shows the
comparison between the “good” and “bad” surfaces. The good surface has a
narrow peak around the 20 µm length mark. This is as expected from the design
of the surfaces, where the full range in the histogram peak is equivalent to an
error of ± 2 px (1 px on either side of the object) i.e. ± 3.2 µm. The bad surface
has a large peak below 5 µm length. This denotes the small fragments left on
the surface during pillar breakage.

Stylus Pro�ler

To inspect the general smoothness of a sample a DektakXT stylus pro�ler
was used. This device uses a contact stylus which is moved across the surface
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Figure 3.10: Histograms of surface features from stitched large area microscope
images. a) Surface with □, p = 80 µm, ℎ = 15 µm pillars. b) Surface with ○,
p = 80 µm, ℎ = 30 µm pillars.

of a material. Any local deformations on the material will produce a movement
in the stylus. This movement is transferred into an electrical signal with use
of a piezoelectric sensor. Measurements from the pro�ler were used at the
start of this project to optimise the coating methods, e.g. spin speed and
acceleration. Once optimized other methods were used for inspecting PDMS
samples non-invasively.

3.2.2.2 Microscopic Techniques

In this section the quality of individual pillars is characterised. For these
characterisations it is assumed that all other pillars present on the sample can
be described similarly.

White Light Interferometry

To inspect the quality of the pillar shape optical pro�lometry (Contour GT-K,
Bruker, USA) was used. White light interferometry relies on the interference
properties of light. Two waves can either interfere in a constructive or
destructive manner. A white light source is split using a beam splitter where
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Figure 3.11: 3D scans of pillar surfaces plotted as surface plots using Matlab.
Axes are labelled with micrometre length scales. Axes scale are not the same
between x, y and z and hence pillars look taller than normal. a) Surfaces with
(○, p = 60 µm, ℎ = 30 µm) pillars. b) Surfaces with (□, p = 60 µm, ℎ = 15 µm)
pillars.

half is sent to the surface of a material. Recombining the original beam with the
re�ected beam, an interference pattern is made. This interference pattern can
give information regarding the local deformations on the surface of the material.
By altering the focal plane of the system through a range of heights a 3D model
of the surface can be recreated.

Interferometry relies on re�ective scattering of light and therefore objects
with high walls or high angles to the horizontal will show low re�ection. Due
to this, perfectly formed pillars will look somewhat sloped, having a wider
base then top. The limit of the machine used in this study as quoted by the
manufacturer is 87◦ which matches the average measured slope of the pillars at
86.5◦ [104].

Figure 3.11 show scans of both circular and square pillars. The height of the
pillars are taken from a cross section of the 3D scan and �tted to a positive step
height (Figure 3.12). The di�erence between x1 and x2 from this method is used
as the width of the pillar. Processing of 3D scan data is performed in Gwyddion,
an open source data visualization software for AFM (atomic force microscopy)
data.

Scanning Electron Microscopy

Qualitative veri�cation of pillar quality was performed using a benchtop
SEM (scanning electron microscope, JCM-6000plus NeoScope benchtop SEM,
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Figure 3.12: Graphical user interface for the Gwyddion step height �tting tool.
The height data for a cross section of a pillar is �tted with a positive step height.

Joel, USA). A scanning electron microscope uses a beam of electrons to probe the
surface of a material. Therefore, it can be used to image features that are below
the limit of optical methods. In SEM the sample is �rst coated with a thin layer
of gold to aid conduction of the surface and heighten the image quality. During
SEM the sample is placed under a high vacuum to remove all atmospheric gasses
which would impede the electron beam. Once the pressure is reduced a focused
beam is scanned across the surface in a raster scan method. At each point along
the surface the re�ected electron beam is measured which gives information
about the material and topography at that point. For the purpose of this study
we are only interested in studying the surface topography. Figure 3.13 shows
an image of a surface with (○, p = 100 µm) pillars. Due to the perspective angle
of the surface relative to the electron beam the image is distorted and the array
looks asymmetric. Measurements of the pitch and pillar width can be taken from
images in the horizontal direction.

A combination of all of the methods presented above were used for the
improvement of sample fabrication. First, samples were made using methods
stated from the manufacturer of the photoresist (MicroChemicals GmbH,
Germany). Then, both macroscopic and microscopic methods were used to
verify the validity of these photolithography steps. After which individual steps
were altered, such as the spin coating method, to produce new samples for
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Figure 3.13: SEM scan of surface with (○, p = 100 µm) pillars. SEM images con�rm
that pillars have a small sloped section at the base and hence do not make a true
90◦ angle with the horizontal.

inspection. This was repeated in an iterative cycle to obtain the best parameters
for sample fabrication. Once fabrication methods had been re�ned, multiple
surfaces of di�erent designs were made for droplet impact experiments. The
white light interferometry method was used on each sample to verify the sample
design. A full list of the measured properties of the pillars can be found in
Appendix A.

3.3 High Speed Photography of Drop Impacts

In this section two main areas are explored. First an overview of the fundamental
parameters of high speed photography are described in order to guide the reader
through optimization of the experimental setup. The second section explains
the experimental setup developed for this study. The aim of this section is to
highlight the key areas required to perform an in-depth study of a large set of
high speed videos.

3.3.1 Digital High Speed Photography

Imaging of �uids with high speed cameras can be challenging without
consideration of the experimental parameters. The important optimization
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parameters for maximizing the e�ciency of high speed photography have been
identi�ed and are outlined below. For more information on this topic the reader
is suggested the work by Versluis [105] and Castrejón-Pita et al. [106, 107].

Frame Rate

The frame rate of a high speed camera is the number of frames it records
per second. It is sometimes easier to think of the inter-frame time (1/fps) when
considering the recording conditions. The setting of the frame rate can make the
di�erence between capturing or missing an important event. A suitable frame
rate can be calculated using,

fps = NV

j

, (3.2)

where N is the sampling rate, V is the object velocity and j is a length scale
of the experiment. For example, a water droplet travelling at 2 ms−1 in a �eld
of view (fov) of 20 mm would need a frame rate of 1000 fps, given a sampling
rate of 10. In practical terms only 10 images of the droplet passing through this
frame would be recorded.

Exposure Time

The exposure time is the length of time that the image sensor is active during
image capture, i.e. the time taken to take the photo. The exposure time can be
one of the more di�cult elements to balance in a high speed camera setup. As the
exposure time decreases the motion blur also decreases. Motion blur is caused
by the motion of the object during the exposure time (Figure 3.14). If the object
moves more than 1 px during the time it takes for the camera to record the image
then the image will blur. An estimate of the exposure time (te) can be calculated
as,

te =

k

PMAG ∗ V

, (3.3)

where k is the length scale, normally taken as the size of a pixel. The
cameras used in this study have a pixel size (k) of 20 µm. PMAG refers to the
absolute magni�cation between a pixel on the sensor and a pixel in the image
(Section 3.3.1) and V is the object velocity. For example, in the previous case,
given that the image sensor is 20 x 20 mm to get a fov of 20 x 20 mm a PMAG of 1
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a)   te=  99 µs b)   te=  10 µs

Figure 3.14: Examples of motion blur produced by incorrect exposure time and
improper illumination. a) Long exposure time produces a blurred edge to the
droplet in the direction of motion. b) Short exposure time creates sharp edge of
droplet.

is required. A droplet travelling at 2 ms−1 would require an exposure time of less
than 10 µs. From Equation (3.2) and Equation (3.3) it can be seen that as the size
of the object is reduced the frame rate needs to be increased and the exposure
time reduced. As the exposure time is reduced the amount of light required to
produce the same level of brightness increases. This is often a limiting factor in
high speed imaging [105].
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Resolution

A modern digital high speed camera works by capturing images with a CCD
or CMOS chip and then moving this data to onboard memory. The camera must
transfer the image from the sensor to the memory in a time faster than the
inter-frame time, otherwise the image will be recorded over and missed. The
rate at which this data is transferred to the onboard memory is �nite and �xed.
Therefore, as the frame rate increases, i.e. more images per second are being
taken, the camera must compensate to keep the amount of data transferred
per second constant. This de�nes the performance limit of most high speed
cameras and changing the frame rate of recording will reduce the resolution. As
such, in a high speed camera setup a balance must be made between the frame
rate required to resolve the phenomenon in time and the resulting resolution in
space. In this study the average frame rate of 10,000 fps produced images with
a resolution of 1024 px by 800 px.
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Lens

The combination of these e�ects complicates the choice of lens used in a
system. One cannot simply decide the PMAG required from the size of the
sensor as doing so might result in a clipping of the image. As the zoom of the
system increases the required frame rate will increase. This in turn will reduce
the resolution, i.e. cropping the sensor size, and hence the fov will reduce as
well. Therefore, it is always worth calculating the required fov �rst and working
out the PMAG required to give that view at the resolution. The primary focus
for optimizing the resolution of the system is to obtain the maximum number
of pixels representing the object in question. This has many bene�ts, the most
notable being the reduction of the impact of motion blur. An object consisting
of a larger number of pixels has low relative error with a motion blur of ± 1 px
when compared to an object consisting of only a few pixels. Within this study
a PMAG of 1 was obtained using a Nikkor 105 mm macro lens (Nikon, USA).

Depth of �eld

The depth of �eld (dof) is the distance between the nearest and furthest plane
of focus in the view of the camera. The dof has a reciprocal relationship to the
PMAG of the system - as the magni�cation gets bigger the dof reduces. A good
example of this a�ect is when using a microscope, where a large magni�cation
gives a small dof (on the order of µm), often shorter than the thickness of the
sample being viewed. In the case of this study the dof isn’t a large issue as all
imaging is performed on a �at planar image. The shadowgraphy method in this
study reduces dof e�ects, see Section 3.3.2.

3.3.2 Setup for Drop Impact Experiments

Camera Setup

In this study two high speed cameras are used to record two di�erent views
of drop impact events. Figure 3.15 shows a schematic view of the experimental
set-up. The global X and Y axes are de�ned as being in the horizontal plane,
where as the Z axis is de�ned as the vertical direction. Due to the nature of the
study, local axes within images x, y are de�ned for each camera. The connection
between the local axes and the global axes is given where necessary.
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Camera 1 is a Photron SA5 grayscale high speed camera (Photron Inc, USA),
which records the horizontal plane (XY ) of the droplet impact with aid of a beam
splitter. Camera 2 is a Photron AX-50 colour high speed camera (Photron Inc,
USA) which records the vertical plane (ZY ) of the droplet impact. To maximise
the amount of light captured by the cameras a shadowgraphy technique is used.
Shadowgraphy places the light source directly facing the camera sensor. As an
object intersects the path of the light from source to camera a shadow is cast on
the sensor. This method produces the highest contrast between background and
object and is particularly good for imaging transparent objects such as water.
Figure 3.14 a) shows a droplet recorded using �ood lighting. Even using a long
exposure time the light received by the sensor is low. Figure 3.14 b) shows a
droplet recorded using shadowgraphy lighting. The increase in light allows for
the reduction of exposure time by an order of magnitude.

Light is produced using a custom lighting system built in-house. Due to the
long path length between LED 1 and camera 1 (200 mm - 600 mm) a high power
LED (CBT-120-Green, Luminus Devices, USA) with focusing optics was used
to produce a collimated light beam. Figure 3.16 shows the optical design of the
high power LED system. The LED is mounted to a slip plate (Thorlabs - SPT1)
for coarse adjustment of the LED position relative to the optical path. A pair
of spherical convex lens (Thorlabs - ACL25416U) are used to concentrate the
divergent light from the LED and expand it to an almost collimated source. A
focusing spherical convex lens (Thorlabs - ACL50832U) is used to focus the beam
to a narrow spot size at the surface of the sample. The system is tuned to keep
the spot size relatively constant over the range of path lengths of the system.
The path length of the light changes as the needle is moved up and down to
adjust the impact velocity of the droplet.

A 45◦ mirror is mounted above the sample and a small hole is used to pass a
needle (G24 blunt 90◦ steel, Sigma Aldrich) through which droplets of water can
be produced. Both light sources and cameras are mounted to translation stages
to allow for precise alignment of source and sensor. Cameras are mounted to
horizontal translation stages to allow for the �ne control of focus of the system.
Due to the light limit of the system the aperture size of the lenses is often large.
This reduces the dof of the system and hence the “sweet spot” over which the
droplet is in focus is very narrow and requires precise calibration.
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Z

Y X BeamSplitter

Figure 3.15: Schematic of experimental setup. Camera 1 (Photron SA5) records
the horizontal plane of droplet impact. Camera 2 (Photron AX-50) records the
vertical plane of droplet impact.

Conversion from image space (pixels) to world space (mm) is achieved by
use of a calibration marker. A high precision 4 mm ±5 µm square was etched
onto a chrome coated glass slide using lithography methods, see Section 3.2.1.2.
The calibration square is placed in the focal plane of each camera, and images
are captured. From these the conversion factor for the size of one pixel in mm
can be calculated.

Care is taken to align the surface pattern relative to the camera. Using a
rotational translation stage (XY ) the array axis of the surface pattern is aligned
to the array of the pixels in camera 1. This ensures that directional phenomena
noted in videos can be linked back to the underlying lattice of the surface.
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Figure 3.16: Optical design of high power LED illumination system for long path
length shadowgraphy. A surface emitting LED is used as a source for high lumen
illumination (2100 lm at 18A).

Droplet Formation

Water droplets in this study are produced using the pendant drop method.
A droplet is formed on the end of a needle. It is held in place by a balance
between the surface tension forces between the liquid and the solid needle and
the gravitational force acting downward. As the droplet volume is increased
its shape will deform to that of a pendant tear-like shape. This is due to the
increase in mass of the droplet and a local minimization of the surface energy.
As the mass continues to increase there becomes a point at which the gain in
surface energy by detaching from the needle is less than the energy provided by
gravity. Droplet size is therefore dependent on the diameter of the needle and
the properties of the �uid. Changing the properties of the �uid is not of interest
in this study therefore the size of the droplet is only controlled by the size of the
needle.

A calculation can be made in which the circumference of the needle provides
the length scale for the surface tension, where n is the diameter of the needle
and LG is taken as the surface tension of water in air. The true liquid-solid
surface tension is not used, although this is an extra parameter that can be
changed to tune the size of the droplet. Coating the surface of the needle with a
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hydrophobic material would reduce the size of the droplet [108]. The force from
surface energy prior to release can be expressed as,

FSE = �nLG . (3.4)

Balancing Equation (3.4) with the gravitational force (g) on the droplet,
assuming the volume of a droplet is given by a sphere and the density (�) is
constant,

D = 2
3

√

3nLG

4�g

. (3.5)

The size of a needle has been historically measured using the Birmingham
gauge scale. Using technical speci�cations from Sigma Aldrich the most
commonly available needle sizes were converted to mm, such that the predicted
droplet size could be calculated [109]. As shown in Figure 3.17 the diameter
of a water droplet formed using the pendant droplet method can be controlled
in a range from 2 mm to 6 mm using commercially available needles. For the
purpose of this study droplets are kept below the capillary length of 2.73 mm and
therefore only needles of gauge size greater than gauge 24 are appropriate. To
standardize droplet production the same gauge 24, 90◦ tip stainless steel needle
was used (Cadence science, SKU:7930).

The detachment process of droplets from needle tips are beyond the scope
of this study but a brief example is shown in Figure 3.18. There are three main
stages. Stage one is the development of a pendant droplet pinned to the needle
tip. Stage two is the thinning of the neck of the droplet in which breakup occurs.
Stage three is the release of the droplet. Due to the snapping of the neck of the
pendant droplet the resultant droplet can have high asymmetries caused by the
momentum of release. This creates an oscillation in the droplet shape which
is reduced quickly. However, some asymmetries are seen in the droplet shape
prior to impact. A method for the correction of droplet shape is discussed in
Section 3.4.3.1.

Control of the volume and rate of �uid dispensed from the needle was
aided by the use of a New Era syringe pump (NE-1000, Pump Systems Inc).
A 3.5 ml syringe is attached to the needle via 2.5 mm internal diameter PTFE
(polytetra�uoroethylene) tubing. Veri�cation of the droplet size was achieved by
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Figure 3.17: Theoretical diameter of water droplets produced using the pendant
droplet method as a function of standardized needle gauge.
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Figure 3.18: Process of a pendant droplet release from the tip of blunt needle. a)
Droplet forms a pendant pinned on the end of needle. b) Pinch o� of the droplet
at the neck. c) Droplet release and oscillation due to the release from the needle.
x & y refer to the local image axes, globally these are X and Z respectively.
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Figure 3.19: Droplet volume as a function of pump rate. Points denote the mean
volume and error bars denote the standard deviation of the mean of 10 repeat
experiments.

studying the e�ect of the pump rate on both the droplet volume and eccentricity.
As the droplet forms from a detaching pendant the rate of snapping can be
controlling by changing the pump rate of the syringe.

Figure 3.19 shows the e�ect of pump rate on the volume of the droplet. At
low pump rates the volume of the droplet is smallest with very low deviation
across multiple releases. As the pump rate increases the volume of the droplet
increases to a plateau. As the pump rate increases further the droplet volume
reduces in size and the standard deviation in the mean volume increases. This
is due to a change in the release method of the droplet. At high pump rates the
droplet is forced from the end of the syringe with extra momentum. This acts
to the reduce the size of the droplet when compared to the size that would be
required to release via gravity.

A key property of the droplets in this study is the eccentricity. As noted
earlier the shape of the droplet can be highly asymmetric moments after release
from the needle. During travel the asymmetric shape of the droplet can be
approximated by a spheroid. A measure of the deviation of a spheroid from
a sphere is the eccentricity. In this study this is de�ned as the length of the
droplet in the x direction divided by the length of the droplet in the y direction.
Figure 3.18 a) shows the direction and origin of the local x and y axes within
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Figure 3.20: Droplet eccentricity as a function of pump rate. Points denote the
mean eccentricity and error bars denote the standard deviation of the mean of
10 repeat experiments.

images in this study. For values greater than 1 the droplet is oblate, i.e. the x
axis is the major axis. For values less than 1 the droplet is prolate, i.e. the y axis
is the major axis. These values were measured from single images just prior to
impacting the surface of a temporary glass slide.

Figure 3.20 shows the eccentricity of droplets as a function of the pump
rate. At low pump rates droplets tend to be slightly prolate with the major
axis parallel to the y axis. At these rates the deviation between multiple repeat
droplets is extremely small. Spherical droplets with little deviation between
experiments can be produced using a pump rate of 0.1 ml/min. As the pump
rate increases droplets tend to become more oblate before returning to prolate
at even higher pump rates. As was the case with droplet volume, increasing
the pump rate acts to increase the variation in the shape of droplets between
experiments. Due to these e�ects a slow pump rate was used in this study,
typically 0.5 ml/min.

3.4 Image Processing and Analysis

In this section methods for processing high speed videos are described. Due
to the high frame rate of videos used for this study manual processing of
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experiments would be extremely time consuming. Therefore, an in-house
Matlab programme was developed to automate analysis of high speed droplet
impact videos. This section is split into three main topics. Firstly, Section 3.4.1
introduces the reader to the concepts behind image processing. This focuses
on techniques that can be used to obtain an image with the object of interest
separated. Secondly, Section 3.4.2 covers common methods that can record and
measure data from a processed image. Finally, Section 3.4.3 demonstrates using
the previously introduced processing and analysis methods to obtain the data
which is presented in later Chapters. Some methods in this study were inspired
with guidance from the textbook by Hlavac et al. [110]. For more information on
the fundamentals of image processing the reader is recommended the popular
textbook by Gonzalez et al. [111].

3.4.1 Image Processing

This Section introduces the reader to the history and context of digital image
processing. Types of image processing are introduced including the basic
associated mathematics. In this study image processing refers to the direct
manipulation of either the spatial or intensity pro�le of an image. In realty
it is a large �eld ranging from simple cropping of images, to art based image
enhancements, to complex 3D recreation from stereoscopic cameras. All image
processing techniques are formed from matrix based mathematics and can range
from very simple to extremely complicated.

3.4.1.1 What is a Digital Image?

To understand how image processing methods work one needs to know what
a digital image is. Digital imaging began in the late 1950s with work done at
NBS (National Bureau of Standards, USA), using the SEAC computer (Standards
Eastern Automatic Computer). Russell A. Kirsch scanned an image of his son
and stored the image as a digital �le. This was the �rst ever digital image
[112]. Modern systems have grown exponentially in capabilities, but the general
process is the same.

A digital imaging system produces a quantized discrete representation of
the continuous tone projected onto a sensor. The sensor consists of an array
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of light sensitive electronics that convert the intensity of light over its surface
area into an electric charge. This charge is discretized over the array of sensors
and quantized given a prede�ned threshold condition. The information of the
intensity of the charge as a function of space f(x ,y) is held in an image. A simple
grayscale image can be thought of as a 2D matrix where each element in this
matrix is a pixel. A pixel is the direct representation of the sensor in the original
imaging system and its value represents the current measured by that sensor.
Given the discretization of the current measurements the 2D matrix represents
a projection of the original 3D view as a planar image.

Errors are introduced by the quantization and discretization of the
continuous incident light. However, the spatial quality (pixel array size) and tone
quality (bit depth) of sensors have greatly improved in recent times. The increase
in the number of pixels creates a more continuous spatial image in which the
shape of complex curves becomes smoother. The increase in pixel depth creates
a more continuous tonal image where the divide between individual pixels
becomes less pronounced.

Grayscale pixels are represented by an 8 bit integer, where 8 bits can result
in 256 individual levels of shade. In modern cameras �lters are used to separate
the intensity of red, green and blue light, allowing for the creation of colour
images. For the purpose of this study colour imaging is ignored and all image
analysis is performed on grayscale images.

3.4.1.2 Image Thresholding

A very simple and commonly used method of processing images for further
analysis is image thresholding. Until recently identifying objects, boundaries
and areas of interest in a grayscale image wasn’t possible or required
computational processing power not available. Now, the main way to identify
objects in images is to convert the grayscale image into a binary image. A binary
image is one where the pixel values only take two values, 0 or 1, black or
white. The process of doing this is called image thresholding. A level of pixel
intensity is used as a criteria for selecting whether a pixel should become a
0 or a 1. For example Ix,y < Tintensity where Tintensity is set to 100 would mean
that all pixels with a value less than 100 become a black pixel and those above
become a white pixel. Figure 3.21 shows this method applied with a threshold
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Figure 3.21: Example of the conversion of a grayscale image into a binary image
using thresholding. a) Grayscale image consists of a matrix of discrete values
representing the intensity of that pixel. b) A threshold of Tintensity = 5 is applied,
i.e. all pixels lower than 5 are set to 0, black and the rest become white, 1.

of 5 for a small grayscale image. Most further image analysis can be performed
on a binary image. However, obtaining a binary image ready for analysis is not
always simple.

3.4.1.3 Morphological Image Processing

Morphological image processing consists of the use of non-linear operations
that can �lter and correct for shape features in binary images. A morphological
operator consists of a structuring element that is passed over the image at every
point it can �t. The structuring element is then probed and three di�erent
outcomes are possible. The structure can either �t, meaning that the pixels
in the structuring element match those of the image underneath. It can clip,
meaning that some of the pixels in the structuring element match and some
do not. Finally, the element can have no similarity with the underlying image.
Using this method and applying a result of either matching or not matching, a
new binary image can be produced.

A simple example is the removal of single isolated pixels. A morphological
structure could consist of a 3 x 3 array with one black pixel and eight white
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a) b) c)Fitting Clipping Neither

Figure 3.22: Example of morphological image processing. a) Structure �ts the
underlying image. b) Structure clips the underlying image. c) Structure neither
clips nor �ts the underlying image

pixels. If the image �ts as shown in Figure 3.22 a) then the matching pixels are
converted i.e. the central black pixel becomes white. If the image clips or does
not �t (Figure 3.22 b) and c) then the image remains unchanged.

In the example shown in Figure 3.22 only single standalone empty pixels will
be removed. Using this, corrections for errors in thresholding can be made. This
same method could be inverted to remove single white pixels, or more generally
if the size of the structure is increased then a group of pixels of any size can be
�ltered out of the image. This method is used in this study to remove unwanted
dust and other small particles that often appear in binary images.

More complex morphological structures and criteria can be produced that
achieve very speci�c tasks. A spur matrix is a commonly used �lter. This matrix
�lters for single pixels joined corner to corner with at least two pixels in direct
contact. This way small defects that might be attached to the main object can
be removed. Another common �lter used in this study is the �ll �lter, which
converts any black pixels that are enclosed by a perimeter of white pixels.

For further analysis, such as shape and area of droplet impacts, the complete
unbroken outline of the object is required. As such the bridge �lter is often used
in this study as shown in Figure 3.23. A raw grayscale image of the impact region
from a droplet impact video (Figure 3.23 a) is converted to a binary image by
applying a threshold (Figure 3.23 b). The resulting binary image contains a gap
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a) b) c)Grayscale Binary Bridged

Figure 3.23: Example of the morphological bridge function. a) Raw grayscale
image prior to conversion. b) Binary image produces by threshold of the original.
c) Morphological bridge �lter is applied and 1 px wide gaps are connected.

in the key area of interest. A morphological bridge function is applied to join
any 1 px wide gaps, resulting in a closed shape (Figure 3.23 c).

3.4.1.4 Background Subtraction

Often pre-preparation of the image can be worthwhile in order to simplify the
application of thresholding and morphological �lters. Background subtraction
methods allow for the removal of irregularities in the lighting and background
of experimental images. In this study this is achieved by calculating the absolute
di�erence between two images. Therefore, prior to each experiment an image
of the surface is taken to give a standard view of the background. The absolute
di�erence between this background image and a key image can then be
calculated. The resultant image contains only the droplet, after which normal
thresholding methods can be used for further processing. An example of this
process is shown in Figure 3.24.
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a) b) c)Key Image Background Absolute Difference

Figure 3.24: Example of the absolute di�erence between two images. a) Raw
grayscale image prior to processing. b) Raw background image captured prior
to experiment. c) Absolute di�erence between the two images is calculated.

3.4.2 Image Analysis

The aim of image processing is to obtain a binary image that contains only the
objects of interest. Once this has been achieved image analysis methods can be
used to identify key information in an e�cient and repeatable manner.

3.4.2.1 Bounding Box

This is the simplest measurement that can be taken from a binary image. By
�nding the rows and columns that contain the �rst and last non-zero pixels
a box can be �tted around an object in an image. The bounding box will
always overestimate the area of the object. However, it is useful for simple
measurements. For simple geometric shapes that follow rules of symmetry the
bounding box can be used to make direct measurements. For example a circle
which has two axes of symmetry would produce a square bounding box with
side lengths equal to each other. This method is useful for most simple shapes
that have two-fold symmetry. For more complex shapes further analysis is
needed.

3.4.2.2 Centre of an Object

A commonly used method in complex shape analysis is to �nd the centre
of mass of the object. Given that an image is a 2D projection of an object
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it is fairly simple to �nd the centre of any shape and algorithms such as
regionprops(BW,'centroid') are present in Matlab. However, using this
method would give an incorrect centre when considering asymmetric spread
in 3D. A 3D droplet will spread on impact and momentum will be conserved
in all directions. However, the 2D projection of this spread does not conserve
momentum as it is missing the thickness of the �uid. In this study the centre of
the droplet is calculated using the bounding box of the initial droplet just prior
to impact, as the droplet is circular. Given the position and side length of the
box, the centre can be found with simple geometry,

xcentre = x0 +
xlength

2

ycentre = y0 +
ylength

2

.

(3.6)

3.4.2.3 Boundaries

For analysis of droplet impacts high quality representations of the shape
boundary are needed. A binary image can be converted into an array of x, y
points that constitute the boundary using a morphological �lter. In this case the
�lter only identi�ed the x, y position of any non-zero pixel that is not connected
in all directions to another non-zero pixel. This �lter ignores pixels that are
within the bulk of the shape and only returns the co-ordinates of pixels on the
edge of the shape. Due to convention, the origin for the co-ordinate systems in
images is placed in the top-left corner. Therefore, when representing boundaries
in the standard Cartesian system a conversion is needed. Figure 3.25 shows a
schematic representation of the boundary of a binary image. The co-ordinates
of the pixels along the edge are taken as the co-ordinates of the boundary.

3.4.2.4 Area and Perimeter

Two important measurements within this study are the area and perimeter of
droplet impacts. When measuring the perimeter of an object one cannot simply
count the number of pixels in the boundary. This would underestimate the
perimeter of objects that contain many diagonal sections. A similar but opposite
a�ect produces an overestimate in the area of an object if simply counting the

88



Materials and Methods 3.4. Image Processing and Analysis

(1,1) (2,1)

  (3,2) (4,2) (5,2)

                                       (5,3) (6,3)

                                                         (7,4) (8,4)

                                                                            (9,5) 

                                                                                                   Figure 3.25: Example of image co-ordinates in the calculation of the perimeter
of a binary image.

a) b) c)R = 10 R = 20 R = 40

Figure 3.26: Examples of curves produced using pixels when drawing a circle
using the Midpoint algorithm. Circle radius is a) 10 pixels, b) 20 pixels and c) 40
pixels.

pixels. Therefore, a study into the best method was conducted, comparing the
in-built method in Matlab regionprops(BW,'Perimeter','Area') with
that of recreating a shape as a polygon from the image co-ordinates.

A circle can be represented in pixels using the Midpoint circle algorithm
that is commonly used in computer rendering to produce a circle of known
radius in integer pixel space [113, 114]. When representing a circle in pixels
some simpli�cations are made as shown in Figure 3.26. Plotted on the pixel based
circle is an ideal representation of a circle with the same diameter. It can be seen
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Figure 3.27: Percentage deviation of the perimeter of a circle from an ideal circle
using di�erent image analysis methods.

that the pixel based circle always overestimates the area when compared to an
ideal circle. This a�ect is reduced as the number of pixels that constitute the
circle increases, as shown by a comparison of Figure 3.26 a) to c).

The relative deviations between the ideal perimeter and area of a circle from
those of a circle presented in pixels can be calculated as,

ΔPcircle =
Pcircle − Pimage

Pcircle

ΔAcircle =
Acircle − Aimage

Acircle
.

(3.7)

Three methods of measuring the perimeter and area of circles of di�erent
sizes were used. The �rst method uses the in-built Matlab functions. For the
perimeter this uses a variant of the boundaries function presented by Gonzalez
et al. [115], whereas the area is calculated as the total number of pixels. The
second method uses the minimal polygon of the shape. The minimal polygon
is calculated as the convex hull (simplest boundary) around the edges of the
shape. The �nal method uses the full polygon of the shape with no �ltering of
the co-ordinates.

Comparing these methods for measuring the perimeter it was found that
the in-built Matlab algorithm gave the lowest error, as shown in Figure 3.27.
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Figure 3.28: Percentage deviation of the area of a circle from an ideal circle using
di�erent image analysis methods.

The minimal polygon method was found to produce less error as the size of the
circle increased and for large circles could possibly be used as a supplementary
method. In all cases the full polygon method overestimated the perimeter. The
in-built Matlab algorithm was used in this study.

When measuring the area of circles all methods became almost equivalent
for a radius above 50 pixels, as shown in Figure 3.28. The full polygon method
was found to be the most accurate and hence was used in this study. This is due
to the interpolation between the pixel centres which reduces the overestimate
given by directly counting the number pixels.

As shown, both the perimeter and area are greatly a�ected by the image
resolution. To alleviate these errors the highest resolution images possible were
used, given the restrictions of the equipment Section 3.3.

3.4.3 Key Measurements

In this Section the methods used for making important measurements in this
study are presented. Both image processing and image analysis methods (above)
are combined in order to obtain the highest quality data.
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Figure 3.29: Annotated image of two superimposed frames from a typical droplet
impact video. Dx denotes the diameter of the droplet in the x axis. Dy denotes
the diameter of the droplet in the y axis, Vi denotes the velocity of the droplet
on impact. Dmax denotes the diameter of the droplet at maximum spread.

3.4.3.1 Droplet Size

Using the the outline of a drop identi�ed in a thresholded image, the falling
droplet diameter can be measured in a variety of ways. The simplest method
is to take the bounding box �tted to the exterior of the droplet as a measure
of its diameter. If the droplet were spherical it would be expected that the x

axis length and the y axis length are the same. Therefore, the diameter would
simply be given by the width or height of the bounding box. However, as shown
in Section 3.3.2 this is often not the case and as such a more complete method
is required.

It is assumed that the droplet has at least one axis of symmetry, along the
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a) b) c)Spheriod Ellipsoid Complex

Figure 3.30: Possible silhouette shapes of produced by droplet. An assumption
that symmetry always lies in the vertical axis is used, i.e. direction of travel of
the droplet.

motion of the droplet (global Z axis Figure 3.15). In the case of this study this
axis is vertical - as the droplet is falling under gravity, it can be assumed that
there is no azimuthal motion of the droplet. Three possible cases for the droplet
shape are shown in Figure 3.30. These three are a) spherical, giving a projected
silhouette of a circle, b) ellipsoid, giving a projected silhouette of an ellipse
and c) complex shape, giving a projected silhouette of any form with rotational
symmetry along the vertical axis. A similar approach has inspired this method
[116]. A study into the best method for calculating droplet size was conducted.

Method 1 - Spherical Droplet

A simple method to account for the irregular shape of a droplet is
to take an average of the two bounding box side lengths to calculate
the diameter of the droplet. This is performed using the in-built Matlab
command stats = regionprops(BW,'BoundingBox'). For the droplet
shown in Figure 3.31 a) this gives two very di�erent diameters, producing an
overestimate/underestimate of the volume of the droplet. This method is not
used in this study.

Method 2 - Ellipsoid Droplet

This method assumes that a droplet is best approximated by an ellipsoid
and gives a projection of an ellipse in silhouette form. The radii of the ellipse
can be found from the bounding box of the object. Here rx is the radius in the x
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Figure 3.31: Methods for determining the volume and hence equivalent diameter
of droplets. a) Circle �t from bounding box. b) Elliptical �t from rx and ry . c)
Volume calculation from rotational symmetry of outer pro�le shape.

direction, taken as half of the length Dx , and ry is the radius in the y direction,
taken as half of the lengthDy . Using rx and ry the estimated volume of the droplet
as an ellipsoid can be calculated, assuming there is symmetry about the x and y
axes. Equating this value from Equation (3.8), to that of a sphere, an equivalent
diameter (D0) can be calculated.

Vol = 4
3

�r
2

x
ry . (3.8)

Method 3 - Rotational Symmetry Around y Axis

This method only assumes that symmetry is present about the local y axis
of the image (global Z axis i.e. vertical) and not the x axis. The volume of an
arbitrary rotational symmetric shape can be calculated by Equation (3.9) [116],
where D(y) is the diameter of the droplet in the x direction for each point along
the y axis,

Vol = �

4

ymax

∑

y=0

D(y)
2 (3.9)

To implement this method in Matlab the image is inverted such that the
droplet shape is white and the background is black. As mentioned previously in
a binary image a white pixel is represented as a 1 and a black pixel is a 0. Using
this the sum of each row of the array can be calculated. This gives a single
column array with the diameter of the droplet at each horizontal pixel. The
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Figure 3.32: Comparison for calculating the diameter of a droplet using di�erent
methods. a) Droplet diameter (D0) as a function of frame number where frame
0 refers to impact with the surface. b) Example droplet from frame -5.

total sum of the diameters is then used in Equation (3.9). The calculated volume
is then equated to the volume of a sphere and the equivalent diameter is found.

Results

Figure 3.32 shows a comparison of the methods for calculating the equivalent
diameter of a droplet. The equivalent diameter is plotted as a function of the
frame number prior to impact (impact = 0) for an example video. The black
dotted lines refer to the diameters given by the bounding box method. It is clear
that the diameter along each axes changes as the droplet travels. This variation
a�ects both the circle method (red line) and ellipse method (blue line). Method 3
using rotational symmetry was found to give the least variation and hence was
used in this study.

Another investigation was conducted to investigate the e�ect of the velocity
of the droplet on the diameter. It was found that for the range of velocities used
in this study the diameter measurement was mostly independent of the velocity,
as shown in Figure 3.33 a).

After all videos were collected an investigation into the variability of the
droplet diameter over all 800 videos was conducted. Figure 3.33 b) shows the
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Figure 3.33: Droplet diameter (D0) across multiple experiments. a) Diameter as
a function of the free fall velocity prior to impact. Each data point refers to the
mean diameter at an average velocity and the error bars denote the standard
deviation over 27 experiments. b) Distribution of droplet diameter over all 800
videos recorded.

distribution of the droplet diameter using method 3 for all experiments using
the same needle. Two peak diameters were found at D0 = 2.67± 0.03 mm and
D0 = 2.51± 0.04 mm. These are plotted as red dashed lines in the plot and the
values are the calculated means of each peak. The two peaks are attributed to
di�erences in the droplet production method, whereas the width of the peaks are
attributed to the resolution limit. The standard deviation of each peak (width) is
close to a theoretical error of ± 2px ≈ 0.04 mm. Fluctuations in the actual droplet
size can be caused by outside forces e.g. vibrations of the table releasing the
droplet. For results presented in this study droplets closer to D0 = 2.51 ± 0.04mm
were used as they were more common and other videos were ignored.

3.4.3.2 Droplet Velocity

To determine the velocity of the free falling droplet two key frames are identi�ed
in each video. This process is done automatically to enable processing of large
amounts of data and to reduce user error associated with identifying frames by
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Figure 3.34: Examples of the frames used to calculate the impact velocity of a
free falling droplet. a) Start frame after the droplet has cleared the top 5% of the
�eld of view. b) Impact frame just prior to impact as the droplet is still under
free fall. c) Frame just after the impact frame, in which the droplet has impacted
the surface.

eye. An assumption made in this study is that there is no acceleration over the
�eld of view, which is on the same scale as the droplet.

Start Frame

The start frame is determined by monitoring the mean intensity of the upper
5% of pixels in the images captured from side-on. The start frame is de�ned as
the frame which returns to the initial intensity after having gone through a rise,
i.e. the point at which an object has completely traversed this area.

The start frame is important for the calculation of the droplet velocity as
the entire droplet must be in view otherwise the centre of the droplet will not
represent the real centre. An example of the start frame is shown in Figure 3.34
a).

Impact Frame

The impact frame of the video is found using the co-ordinates of the centre of
the free falling droplet. The centre of the droplet is calculated using the bounding
box method described earlier. Impact is not obvious from the position of the
centre as shown in Figure 3.35 a). Therefore, in this study the impact frame is
de�ned as the last frame of constant velocity. During free fall the velocity is
almost constant and experiences clear deceleration on impact with the surface,
as shown in Figure 3.35 b).
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Figure 3.35: Process of calculating droplet impact frame (frame = 0). a) Position
of the droplet centre from the top of the frame along the y axis (yc). b) Velocity
of the droplet. The blue marker denotes the impact frame or the last frame of
constant velocity.

Using this de�nition the impact frame is actually the frame immediately
prior to impact as shown in Figure 3.34 b). The droplet has not yet impacted the
surface, but the true time of impact cannot be found due to the time resolution of
the cameras. Figure 3.34 c) shows an example of the frame after the impact frame
in which the droplet is already spreading. Using a higher frame rate recording
would allow for a more precise calculation of the impact frame but would reduce
spatial resolution. This de�nition standardizes the impact frame and reduces
errors in calculating the velocity of the droplet. The impact velocity is taken
as the gradient of a �rst order polynomial �t of yc from the start frame to the
impact frame.

Frame of Maximum Spread

The frame of maximum spread is identi�ed using the total area of the
spreading droplet viewed horizontally. Using the image processing methods
presented in Section 3.4.2.3 the boundary of the droplet is identi�ed, from which
the area is calculated. An example of this is shown in Figure 3.36. Most data
presented in this Thesis is based on images taken at maximum spread.

98



Materials and Methods 3.4. Image Processing and Analysis

Frame

A
re

a 
- m

m
2

100 120 140 160
0

20

40

60

0 20 40 60 80

Figure 3.36: Area of a spreading droplet as a function of frame number, where
frame 0 denotes the impact frame. Red dotted line marks the frame with
maximum area and hence maximum spread.

3.4.3.3 Impact Region

As discussed in Section 2.5 this study concerned with the emergence of an
impact region (wetted region) formed when droplets impact structured surfaces.
This region is easily identi�ed by eye due to the thick boundary formed from
the change in refractive index, an example of which is shown in Figure 3.37 a).
As previously mentioned an aim of this study is to produce a repeatable image
processing method to allow for the in-depth analysis of images. As such a Matlab
algorithm was produced to aid the study of the impact region.

The process begins with cropping of the image to focus on the area of
interest. This helps to remove complexities in identifying the impact region. To
automate the cropping of images a set distance from the centre of the droplet
is identi�ed, from which a cropping box is calculated. This method removes the
need for manual cropping and hence speeds up data processing.

Once a cropped image is obtained a Canny edge detection algorithm is used
via the in-built Matlab function BW = edge(img,'canny',[threshold], sigma),
which is based on the work by Canny [117]. This algorithm �nds edges of
objects within a grayscale image, as shown in Figure 3.37 b). Due to the nature

99



3.4. Image Processing and Analysis Materials and Methods

a) b) c) d)Impact Region Canny Edge Filtering Fill

Figure 3.37: Stages of image processing for the analysis of the impact region
on microstructured surfaces. a) Raw image is cropped to focus on the region of
interest, b) Canny edge detection of boundary, c) �ltering of small objects and
d) �ood in�ll of closed object.

of the impact region two edges are detected by the Canny algorithm. To
standardize processing and analysis the outer edge of the impact region was
used in this study. Two parameters were tuned in order to obtain repeatable
image processing, the threshold and the sigma value. The exact a�ect of these
values extends beyond the scope of this Thesis. However, values were found
in order to obtain the most consistent results. The threshold, given as a pair of
values, sets the edge “strength” that is included in the �nal result. The sigma
value sets the standard deviation of the Gaussian �lter that is applied within
the Canny process. Changing the sigma value allows for the identi�cation of
unclear boundaries, which suited the resolution limit of the images. In this
study a threshold of [0.1 0.2] and a sigma value of 3 was used.

The next step involves the application of a selection of morphological
�lters, an example of which shown in Figure 3.37 c). Firstly, a
morphological opening �lter is applied using the in-built Matlab function
BW = bwareaopen(BW,size). This �lter removes objects within the image
that have fewer pixels than the size threshold. Due to the standardisation of
the magni�cation of the images a set size threshold of 100 pixels was used
for all videos. However, it is possible to set this as a percentage of the overall
image size, hence expanding this method to be able to include images of any
resolution. Next, the morphological close and bridge functions are used to help
gap any individually missing pixels, so that a closed outline of the impact region
is produced. This step is only necessary if the impact region is small (low total
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number of pixels) or if the lighting angle produces an irregularly illuminated
edge.

Once a completely closed boundary of the impact region has been
produced a �ood �ll is applied using the in-built Matlab function
BW = imfill(img, 'holes'). This function only �lls the internal space
of a closed object, an example of which is shown in Figure 3.37 d). Once an
image with only the object of interest has been obtained measurements such
as the area, perimeter and boundary shape can be calculated, as described in
Section 3.4.2.

3.4.3.4 Fingers

As discussed in Section 2.5 this study is also concerned with the emergence of
directional spreading in impacting droplets. As in the previous work by Robson
et al. “�ngers” are identi�ed in the outer spread of the droplet [93], de�ned as
protrusions from the rim of the droplet that have a distance greater than half
of their width. This de�nition excludes smaller perturbations that are seen in
the outer spread of a droplet. An example of a droplet with �ngers is shown
in Figure 3.38 alongside a schematic representation of the de�nition of a �nger
in more detail. Fingers can be identi�ed qualitatively by visual inspection and
this method is used in this study to identify trends. Ideally a repeatable image
analysis method could be used to automate this process. As such a Matlab
algorithm was produced.

Using image processing the droplet spread shape represented as Cartesian
co-ordinates is found, see Section 3.4.2. Analysis of complex shapes can
be simpli�ed by converting the Cartesian co-ordinates into circular polar
co-ordinates. The Cartesian co-ordinates of a shape are shifted such that the
centre (0,0) lies in the centre of the falling droplet. From this the Matlab function
cart2pol(x,y) can be used to create a representation of the shape in circular
polar co-ordinates, � and r . An example of this for the droplet shown in
Figure 3.38 is presented in Figure 3.39.

The presence of directional spread can be made clearer by plotting r as a
function of � , as shown in Figure 3.40 a). However, due to the discretization
of pixel based images the circular polar data can often contain a high level
of noise. To reduce the impact of noise a Savitzky-Golay �lter is applied
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Figure 3.38: De�nition of �ngers in the outer rim of spreading droplets.
Perturbations are classed as �ngers when their distance (L�nger) from the edge
of the spreading droplet is greater than their radius (r�nger).

to the raw data. This is achieved using the in-built Matlab command
rho_filtered = sgolayfilt(rho_raw,order,framelength). This
�lter removes noise by �tting a polynomial function over the framelength using
a least-squares method. The framelength refers to the number of neighbouring
data points that are used for the least-squares �t. In this study a 2nd order �t
was used over a framelength of 21. This was found to produce a good balance
between removing noise and retaining key details. A zoomed example of the
e�ect of �ltering is shown in Figure 3.40 b) in which most of the high frequency
noise has been removed.

In previous work by Robson et al. the directionality of shape was calculated
by comparing the radius of the shape on-axis to the radius o�-axis [93]. In this
study on-axis refers to the directions along the array of the lattice, i.e. along rows
and columns. O�-axis refers to the direction at 45◦ to the on-axis direction. To
improve on their method in this study the entire droplet shape is used, but some
further processing of the shape is required.

Due to the varying absolute size and image resolution for droplet impacts,
some experiments produce more data points describing the shape than others.
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Figure 3.39: Example of the outline of the droplet shape in pixels as represented
by both Cartesian co-ordinates and circular polar co-ordinates. Data points
have been down sampled for illustration purposes. a) Cartesian co-ordinates
of an impact with centre at 0,0. b) Same shape represented in circular polar
co-ordinates.

As such, to standardise the data a linear interpolation method is used. Firstly,
a known angular step frequency (Δ� = 1◦) is de�ned. This produces 360
values for � from 0 to 360 where � is the angle relative to the �rst on-axis
direction, as shown in Figure 3.39 b). Raw data in circular polar co-ordinates
is then sampled at the regularly spaced � values using the Matlab function
interp1(theta_data,rho_data,theta_sample). This function �nds the
two closest data points in the raw data to a sample point. The radius (r� ) at this
point is calculated from a linear interpolation of those two points. Using this
method the raw shape can be sampled at the same angular frequency allowing
for comparison of di�erent shapes as a function of angle.

The de�nition of a �nger (above) required measurement of the length
of the �nger from the rim of the droplet. Therefore, the length r� is
non-dimensionalized relative to the rim, where the rim is de�ned as the
minimum value of r� . The in-built Matlab function findpeaks is then used
to �nd peaks in the data. A pre-�ltering step is applied in which a minimum of
10% spread from the rim and a spacing of 5◦ between peaks is required. This was
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Figure 3.40: Application of a Savitzky-Golay �lter on circular polar data from
the outer spread shape of a droplet impact. a) Total outline of droplet shape
in circular polar co-ordinates. b) Zoomed section of plot showing the e�ect of
�ltering on circular polar data.

found to remove small background peaks in the data and only leave the more
prominent peaks.

The findpeaks function returns both the value of the peak (local
maximum) and the � value of the peak. Another value returned from this
function is the width at half prominence (half the height of the peak). Figure 3.41
a) shows a schematic representation of the variables given by the �nd peaks
function. Given that the data is in circular polar co-ordinates the de�nition of a
�nger needs to be converted as such.

The width returned by the findpeaks function is measured in steps of � ,
where the step size is 1◦. The width is equal to the separation angle of the �nger
at the half distance from the rim. A schematic representation of the geometry
used to identify a �nger in circular polar co-ordinates is shown in Figure 3.41
b). For this method, it is assumed that the width of �ngers is much smaller than
the overall size of the droplet, such that the curvature of the rim at the base of
the �nger can be approximated as a straight line.
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Figure 3.41: Schematic representations of the method used for identifying
�ngers in droplet impacts. a) Variables given by the findpeaks function, b)
geometry used for the threshold condition for a �nger.

The half width (W ) at the half peak distance (L�nger/2) can be calculated via
trigonometry as,

W = tan
��peak

2

(Rim + 0.5L�nger). (3.10)

Given that the half width (W ) and half peak distance (L�nger/2) are at right angles,
a relationship can be stated as,

W
2
+

1

4

L
2

�nger = L
2

�nger. (3.11)

Rearranging Equation (3.11) the condition for a �nger can be stated as,

W <

√

3

4

L�nger (3.12)

In practical terms, for each peak identi�ed from the findpeaks function
the value of W is calculated from Equation (3.10). If this obeys the condition
from Equation (3.12) then the data is recorded, if not it is ignored. Due to this
sensitivity of the identi�cation and classi�cation of �ngers, some experiments,
do not contain �ngers even though protrusions are observed.
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Figure 3.42: Symmetry of square array lattice used for the analysis of droplet
shape and array correlation. Lattice is divided into eight repeating segments
each between the on-axis direction and the o�-axis 45◦ direction. Zoomed
diagram (right) shows the direction of angular measurement relative to the array
for two segments.

3.4.3.5 Lattice Relationship

The relationship between identi�ed phenomena and the underlying lattice array
is of interest in this study. A method has been developed to relate identi�ed data
to the array axes.

As shown in Figure 3.42 the underlying lattice has 8 fold symmetry, such
that the arc between on-axis and 45◦ is repeated a total of 8 times. As such, data
in all eight repeating segments are collapsed into one set of data, where each
value of � between 0 to 45◦ represents eight r� values, one from each segment.
This method is used for both the impact region (discussed in Chapter 5) and
�ngers (discussed in Chapter 6). In the rest of this Thesis � refers to the angle
from the nearest on-axis direction (rows or columns) of the lattice.
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3.5 Conclusion

In this Chapter a range of experimental techniques was discussed with the aim
of producing methods for studying a collection of phenomena produced from
droplet impacts on microstructured surfaces.

In Section 3.2 a thorough understanding of photolithography methods was
used in order to produce high quality microstructured surfaces of varying
designs. Multiple inspection methods were demonstrated that allowed for the
characterization of the quality of surfaces. Macroscopic inspection veri�ed the
homogeneity of the photoresist layer, from which improved methods were
developed so that bubbles and cracks were removed. High resolution microscope
images allowed measurement of population statistics of the total number of
pillars on a sample, from which improvements in sample release methods after
casting were achieved. Microscopic imaging methods were used to identify the
quality of the pillar shape and height.

In Section 3.3 concepts relating to the operation of high speed cameras
were introduced. Using this understanding an experimental setup was produced
that allows for an e�cient balance between spatial and time resolution. A
shadowgraphy illumination method was presented in which the exposure time
of images could be reduced by an order of magnitude. A custom LED optical
setup was used in order to achieve high illumination over long path lengths.
The pendant drop method for the production of millimetre scale droplets was
introduced, alongside a basic model for the prediction of droplet size as a
function of needle gauge.

In Section 3.4 digital image processing was covered. The basic operation of
image thresholding and morphological �lters was explained in order to show
the steps required to obtain images for analysis. Three of the main image
analysis methods were presented to demonstrate how raw data is obtained
from processed images. Standardisation of the centre of impacting droplets
was highlighted as being of importance to improve on previous work. In
Section 3.4.3 the data processing methods used in this study were presented.
An investigation into the most accurate method for the calculation of the
diameter of a droplet was shown. Automatic processing for the identi�cation
of the key frames (start frame, impact frame and maximum spread frame) was
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demonstrated, highlighting the limitations of data sampling frequency. The
process of identifying and measuring the impact region of droplets was covered.
A fully automatic Matlab script was produced for the repeatable measurement
of the impact region. A data processing method for the identi�cation of
�ngers in spreading droplets was presented using circular polar co-ordinates.
A new mathematical condition for the de�nition of a �nger from circular polar
co-ordinates was also given. Finally, a basic method for relating data to the
direction of the underlying array lattice was covered.

In the next four Chapters these methods are combined to present in-depth
studies of phenomena observed for droplet impacts on microstructured surfaces.
In Chapter 4 phenomena within the impact region are explored, including the
emergence of microbubbles. In Chapter 5 the size and shape of the impact
region in relation to the surface pattern and droplet conditions are presented.
In Chapter 6 the size, shape and formation of �ngers in the outer region are
covered. Finally in Chapter 7 an investigation into the interaction of a spreading
lamella with a single ridge structure is conducted.
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Chapter 4

Early Stage Phenomena

4.1 Introduction

In this Chapter phenomena that are formed in the early stage of drop impacts
on microstructures are studied. Firstly, the formation of trapped bubbles within
the wetted region under an impacting drop is discussed. The aim is to gain
an understanding of the directional dependence of microstructure wetting.
Secondly, a study on the early stage motion which produces instabilities in the
spreading rim is presented. This is important because any instability is a possible
nucleation point for the formation of �ngers. Finally, a study on the motion of
the liquid-air interface through the microstructure is presented. This study seeks
to understand the resistance of local pillar-pillar liquid-air interfaces and predict
the direction of preferred motion.

4.2 Microbubbles

Examples of the types of outcomes observed in this study were shown in
Figure 1.3. As discussed in Section 2.5.2 droplet impacts on microstructured
surfaces have been shown to produce mixed semi wetting outcomes. Trapped
bubbles are often observed in the central wetted region (impact region). Tsai et
al. [68] noted the formation of a single trapped bubble on similar surfaces. More
recent work with improved optics has imaged smaller scale bubble formation
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[93]. This study expands on that work by using high resolution images to study
microbubbles within the impact region for micropillar arrays.

In this study, a microbubble is de�ned as a bubble with a diameter of
similar size to a pillar. In this section an overview of the types of microbubble
patterns observed is presented, with relation to the surface design. This study
is focused on the spatial distribution of microbubble patterns rather than the
exact mechanism for the formation of individual microbubbles. An overview
of microbubble patterns can help give an indication of the paths of �uid
�ow through the microstructure. This is important in understanding other
phenomena which are discussed in Chapters 5 and 6.

In this study four distinct zones within the microbubble region were
observed for all experiments, regardless of the outcome (semi-wetting or
wetting). These zones are centred around the initial impact point, an example of
which is shown in Figure 4.1. The four zones can be described as the following:

• Central zone - this area directly under the centre of the droplet contains
a small number of relatively large bubbles (Zone 1).

• Clear zone - this area contains no bubbles or very few bubbles (Zone 2).

• Dense zone - this area contains the most bubbles (Zone 3).

• Secondary clear zone - this area shows no bubbles (Zone 4).

4.2.1 Zone 1

Control experiments were conducted on �at PDMS to investigate the role of
surface patterning on the formation of bubbles within Zone 1. It was found that
for the range of We in this study (50 - 200), droplet impacts on �at PDMS produce
a singular central bubble within Zone 1 (Figure 4.2 a). For the conditions studied,
droplet impacts on patterned surfaces always produced more bubbles in Zone 1
when compared to �at PDMS (Figure 4.2 b).

Bubbles in Zone 1 tend to have a large central bubble/bubbles pinned
between pillars (Figure 4.2 c). Outside of this central bubble there are rings of
bubbles where each bubble is pinned to a single pillar. The size of bubbles within
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Figure 4.1: Zones of microbubbles identi�ed within a microstructure during a
droplet impact on a surface with (□, p = 60 µm, ℎ = 22 µm) pillars at We = 165
(image taken at maximum spread).

this zone reduces radially from the central bubble, with a characteristic shape.
When compared to bubbles in the other zones, bubbles in this zone tend to have
a large aspect ratio, being thin and long (as measured along the radial direction
of spread). This suggests that the mechanism for the formation of these bubbles
is di�erent to the rest of the wetting process.

Over all experiments conducted in this study, it was found that the surface
design has little e�ect on the overall size and number of bubbles in Zone 1.
Surfaces with taller pillars tend to have more pronounced bubbles, but this
might be due to contrast di�erences in the camera setup between experiments.
It was also observed that the size of Zone 1 is not dependent on the We. The
dimensionless size of Zone 1 was measured for multiple surfaces, calculated as
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Figure 4.2: Examples of Zone 1 of microbubbles formed during droplet impacts.
a) Flat PDMS forms a single small bubble. Patterning observed in the image is
due to the reverse side of the sample. b) We = 165 on surface with (□, p = 80 µm,
ℎ = 31 µm) pillars produces multiple bubbles in an ordered pattern. c) Magni�ed
image of Zone 1 on surface with (□, p = 60 µm, ℎ = 22 µm) pillars shows the
orientation and variation of bubbles in Zone 1. d) Dimensionless size of Zone
1 for multiple microstructured surfaces as a function of We. Each data point
represents the mean of three repeat experiments, error bars denote the absolute
spread of the data.
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the diameter of Zone 1 on-axis (D1) relative to the initial diameter of the droplet
(D0). Figure 4.2 d) shows the dimensionless size for four di�erent surfaces. The
variation between measurements is attributed to the limitation of the resolution
of the images. The pitch and height of the pillars have little e�ect on the size of
Zone 1.

Due to the independence of the size of Zone 1 with respect to the surface
it is likely that the mechanism for formation is similar to previously observed
bubble formation on �at surfaces. Previous work by van der Veen et al. [54]
demonstrated that the central bubble of a droplet impacting a smooth surface is
related to an induced curvature of the droplet. This is produced by an increase
in the pressure of the gas between the tip of the droplet and the surface. This
curvature is dependent on the �uid properties of the droplet, the size of the
droplet and the density of the gas surrounding the droplet (Section 2.2.2.2).

It would therefore follow that the constant size of Zone 1 for the experiments
in this study is due to the �xed size and �uid of the impacting droplet and that the
microstructure plays no role. However, recent work by van der Veen et al. [118]
showed that the size and spacing of microstructured pillars can directly a�ect
the amount of deformation on the droplet prior to impact. Droplets impacting
on microstructured surfaces experience an increased pressure at the droplet tip
due to trapped air. For surfaces in which gas escape through the microstructure
has higher resistance the pressure and hence curvature of the tip increases.
The increased curvature between smooth glass and a microstructured surface
observed by Veen at al. [118] was around 1 µm. This e�ect is therefore limited
and further work is needed to explain its role in bubble formation.

Tsai et al. [68] showed a similar phenomenon on patterned surfaces with
smaller features (○, d = 5 µm, ℎ = 6 µm & 8 µm, p = 7.3 µm, 13.4 µm & 22.4 µm)
in which the “air disk”, seen in the centre of a droplet impact scales with the size
of the droplet impacting the surface, with a mean diameter (normalized by D0)
of 0.14 ± 0.03. They also found a positive monotonic relationship between the
size of the “air disk” and We. The range of We in their study is much higher (200
- 800) when compared to our study (50 - 200). This suggests a possible plateau
regime at low We where an increase in We produces little change in Zone 1
size until a threshold is met. However, for the surfaces studied by Tsai et al. the
entire bubble region is denoted by the “air disk”, whereas in this study multiple
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bubble zones are observed. This is most likely due to the di�erence in scale in
which Tsai et al.’s pillars were around 4 times smaller than those used in this
study.

4.2.2 Zone 2

Zone 2 is observed as a region in which no obvious bubbles form but is bound
on either size by a zone which does form bubbles, (Figure 4.3). The boundary
between Zone 2 and Zone 3 (where further microbubbles appear) is somewhat
arbitrary. On the �rst inspection, it may seem as if bubbles abruptly form beyond
a particular distance from the centre of the impact. Using high magni�cation
images it can be seen that very small bubbles do form inside Zone 2, as shown
in Figure 4.3 c). At some distance from the impact centre, the size of bubbles
rapidly increases. This is the boundary between of Zone 2 and Zone 3.

It was observed that the microstructure pattern has an e�ect on the shape of
the boundary between Zone 2 and Zone 3. In general, surfaces with short pillars
and/or impacts at low We exhibit a “circular-like” boundary between Zone 2 and
Zone 3, an example of which is shown in Figure 4.3 a). Surfaces with taller pillars
and/or impacts at high We exhibit a “diamond-like” boundary between Zone 2
and Zone 3, an example of which is shown in Figure 4.3 b). “Diamond-like”
refers to a boundary shape in which the distance for the formation of bubbles
on-axis is longer when compared to o�-axis. This suggests asymmetric �ow
paths through the microstructure in the early stages of droplet impact spread.
This general qualitative trend with respect to pillar height could not be extend to
surfaces with very small pitch (40 µm). This is due to the small size of the impact
region on these surfaces as such the boundary between Zone 2 and Zone 3 is
hard to discern.

A selection of experiments that show clear boundaries were used for
quantitative measurements of the size of Zone 2. Image processing methods
similar to those described in Section 3.4 were used to enhance the boundary
contrast. However, manual selection was required for identifying the boundary
because no threshold bubble size for the transition could be consistently applied
based on the image resolution. The dimensionless size of Zone 2 was calculated
as the diameter of Zone 2 on-axis (D2) relative to the initial diameter of the
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a) 500 µm b) 500 µm c) 200 µm

Figure 4.3: Examples of Zone 2 of microbubbles formed during droplet impacts.
a) We = 165 on surface with (□, p = 60 µm, ℎ = 15 µm) pillars exhibits a
“circular-like” transition boundary. b) We = 165 on surface with (□, p = 80 µm,
ℎ = 31 µm) pillars exhibits a “diamond-like” transition boundary. c) Magni�ed
image of zone 2 on surface with (□, p = 60 µm, ℎ = 22 µm) pillars shows that
small bubbles can be seen in zone 2. Red dashed lines are qualitative and added
to aid the reader.

droplet (D0), similar to the approach used for Zone 1. A monotonic relationship
between the size of Zone 2 and the droplet We was observed, as shown in
Figure 4.4 a). It was also found that increasing the pitch of the surface increased
the size of Zone 2. This suggests that the size of Zone 2 is controlled by �ow
through the structure, so that reducing the resistance to �ow will produce a
larger zone.
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Figure 4.4: The size of Zone 2 with increasing We on di�erent microstructures.
a) Zone 2 relative to initial droplet size. b) Zone 2 relative to the pitch of the
micropillars. The legend in a) applies to both �gures.

By non-dimensionlizing the size of Zone 2 using the pitch of the
microstructure, the data can be collapsed into a single broad trend, as shown
in Figure 4.4 b). One physical interpretation of D2/p is that it refers to the total
number of pillars along the diameter of Zone 2. There are three arguments for
using the pitch of the microstructure as a characteristic length for microbubble
analysis. Firstly, as shown previously, the height of the pillars seems to have
little e�ect on the size of Zone 2. Secondly, bubble formation is discretised due
to pillars as bubbles only form attached to a pillar. Therefore D2/p gives the
number of pillars that may have bubbles attached within Zones 1 & 2. Finally,
if each pillar produces a drag resistance to the �ow of liquid, then the number
of radial rows of pillars required to slow the spreading �uid to the threshold for
bubble formation is given by D2/p. This latter argument ignores the height of
the pillars, where taller pillars would be expected to produce greater drag than
shorter pillars.

Van der Veen et al. argued that the resistance to air �ow through a
microstructure can be based on the aerodynamic resistance to �ow, which scales
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with d/p [118]. This argument gives the same scaling as suggested by our
results. However, in our study a constant diameter pillar is used and so further
investigation with di�erent sized pillars would be needed to test this further.

4.2.3 Zone 3

Within the bubble region, the size of Zone 3 has the largest dependence
on the microstructure array. The preferred directions for �ow through the
microstructure can produce asymmetries in Zone 3 of the microbubble region,
this is also observed in other phenomena discussed later in Chapter 5 and
Chapter 6.

Surfaces with a small pitch (40 µm) demonstrate dense bubble formation
on-axis with very little bubble formation o�-axis (Figure 4.5 a). This suggests
that �ow is restricted to on-axis paths through the microstructure. The impact
region of these surfaces is of similar size to the projected area of impacting
droplet (Chapter 5), as such the spacing between each zone is small.

Surfaces with a larger pitch (60 µm & 80 µm) display multiple directions
for bubble formation (Figure 4.5 b). Bubble formation on these surfaces tends to
consist of wide bands of bubbles which form o�-axis with single lines of bubbles
near on-axis directions. This complex variation in width and length of Zone 3
as a function of the angle from the array suggests that complex �ow paths are
present in the early impact stage.

A special type of bubble in Zone 3 was observed for some experiments, but
was not repeatable enough to de�ne the mechanism of formation (Figure 4.5 c).
These bubbles are similar to those observed in Zone 1, having a larger size than
other bubbles and being pinned between multiple pillars.

Quantitative measurements of the diameter of Zone 3 on-axis (D3) were
made and non-dimensionalized relative to the droplet size (D0). It was found that
the size of Zone 3 has a positive correlation with the We, as shown in Figure 4.5
d). This relationship is the strongest for all of the zones and suggests that the size
of this zone is heavily dependent on the kinetic energy of the droplet. Increasing
the pitch of the surface increases the size of Zone 3, supporting the conclusion
that the size of this zone is dominated by �ow through the structure. However,
this e�ect isn’t as pronounced as that seen for Zone 2.
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Figure 4.5: Examples of zone 3 of microbubbles formed during droplet impacts.
a) We = 200 on surface with (□, p = 40 µm, ℎ = 30 µm) pillars shows on-axis
bubble growth. b) We = 132 on surface with (□, p = 80 µm, ℎ = 30 µm) pillars
shows multiple directions of bubble growth. c) We = 104 on surface with (□,
p = 80 µm, ℎ = 22 µm) pillars shows trapped bubble formation. d) Dimensionless
size of Zone 3 as a function of We for di�erent surfaces.
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One set of experiments was conducted (under high magni�cation) to allow
for imaging of the bubble region zones in high resolution (Figure 4.6). For most
We, the majority of the bubbles in Zone 3 are contained within a region the size
of the impacting droplet (D0), as seen in Figure 4.6. Most of the increase in the
size of Zone 3 is observed o�-axis. At high We = 211 large bubbles begin to form
o�-axis, similar to those shown in Figure 4.5 c).

89 106 118 126

153 165 192 211

500 µm

Figure 4.6: Bubble regions as a function of We on a surface with (□, p = 60 µm,
ℎ = 22 µm) pillars. The inset in each image denotes the We. Yellow circle denotes
Zone 1, red circle denotes Zone 2 and green circle denotes the initial size of the
impacting droplet.

4.2.4 Discussion

A �rst approach to explaining Zones 2 - 4 of microbubbles can be made by
considering how the bubbles form. Two possible mechanisms for the formation
of a microbubble are shown schematically in Figure 4.7. The �rst assumes that a
bubble is formed from steady �ow around a pillar, where air is trapped behind.
The second assumes that due to the curvature of the impacting droplet the
surface is not fully wetted by the liquid-air interface and hence a bubble remains
at the bottom of a pillar.
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Figure 4.7: Schematic representation of two possible formation mechanisms for
microbubbles during droplet impact on a microstructure. a) Horizontal �ow
around a pillar leaves a trapped microbubble in its wake. b) Vertical collapse
of the liquid-air interface during wetting leaves a trapped bubble at the base of
a pillar.

If the �rst mechanism is assumed to dominate in all three zones then three
outcomes are possible. In the �rst, a high Re �ow produces vortices in the wake
of the �ow and hence bubbles cannot be trapped behind the pillar (Figure 4.8
a). In the second, a medium Re �ow produces a trapped region behind the pillar
where no �uid wets and hence a bubble can form (Figure 4.8 b). In the �nal case
at low Re �ow the water creeps around the pillar and hence wets behind the
pillar, not producing a bubble (Figure 4.8 c).

High Flow Low FlowMedium Flow

BubbleNo Bubble No Bubble
a) b) c)

Figure 4.8: Schematic representation of the possible mechanism for bubble
formation from �ow around a pillar.

Experimental work on the �ow around an individual pillar has shown a
critical Re = 400 for the transition from a quasi-steady to an unsteady wake
[119]. A similar transition point would be expected between Figure 4.8 a) & b).
This model would therefore predict that the lack of bubbles observed in Zone 2
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is due to high Re. However, given the length scales of the �ow in this study one
would predict a Re < 100, so the horizontal formation mechanism is not helpful
for describing the size of Zone 2.

As shown previously in this Section the size of Zone 2 is always less than the
area of the impacting droplet. It is therefore more likely that the lack of bubbles
observed in this region is dominated by the extremely high water hammer
pressure under the impacting droplet. This pressure is much larger than the
resistance to wetting from the microstructure design, suggesting that the central
region is e�ciently wetted and hence no bubbles are produced. As discussed in
Section 2.4.2, increasing the pitch of pillars reduces the pressure threshold for
wetting. Therefore, one would predict that the size of Zone 2 would be larger
for larger pitch, as was shown in this Section. It was also shown that as We
increases so does the size of Zone 2. This also agrees with the vertical wetting
model, in which increasing the pressure allows for more of the microstructure
to be e�ciently wetted.

As the droplet spreads further, away from the initial impact area of the
droplet, it becomes more likely that bubbles are formed from the horizontal �ow
mechanism (Figure 4.8 b). As a result, bubbles begin to form, at the boundary
between Zone 2 and Zone 3. As the �uid travels through Zone 3 it slows further
due to the viscous drag of the microstructure. At a threshold point the �uid �ow
reduces such that the entire wake of a pillar is wetted and hence no bubbles form.
This general trend of clear-bubble-clear is consistent with the experimental
observations for Zones 2 - 4.

Zone 3 extends further in certain directions, most commonly observed at 45◦

to the array. The description of bubble formation above suggests that �ow of
water through the microstructure along these directions is easier as bubbles are
produced for a longer distance. Simulations of the �ow through square arrays
of pillars at low Re have been conducted previously [120]. Although not related
to the formation of microbubbles, this work highlights the complicated �ow
behaviour of the �uid due to the pillar coverage.

It was also observed that microbubbles that form o�-axis tend to be larger
than those on-axis. This is most probably due to the increased projected area
of the pillars, allowing for larger bubbles to pin, as shown in Figure 4.9 a).
The orientation of individual bubbles relative to �ow on-axis exhibits complex
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b)a)

Figure 4.9: High magni�cation examples of bubble pinning in Zone 3 on surface
with (□, p = 60 µm, ℎ = 22 µm) pillars. Red squares denote pillars, blue arrow
denotes radial path of �ow from centre of impact. a) O�-axis �ow produces large
bubbles bound against two edges of the pillar. b) On-axis �ow produces smaller
bubbles with complex orientation relative to the radial �ow.

patterns. Bubbles closer to the centre of impact are orientated along the radial
�ow path. Further away from the centre, the orientation can shift so that
the bubbles point away from or towards the central axis. In the latter case, a
two-pillar pinned bubble may form (Figure 4.9 b).

It is obvious from only these two examples that the �ow paths of both air
and �uid through the microstructure in the early stages of droplet impacts are
complex and as such more work is needed to explain these phenomena. In
general it was observed that bubbles form behind pillars, relative to the �ow
direction.

In Section 4.2 an overview of the zones for microbubble formation during
drop impacts on microstructures has been presented. The basic scaling of the
size of each zone with respect to We and surface design has been shown. Due
to the 2D planar imaging methods the precise geometry of the microbubbles
cannot be stated. Work in the future should be focused on understanding
the formation of individual microbubbles. For example, understanding where
the microbubbles form with respect to the pillar height will allow for the
development of improved models.
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4.3 Jets

In this Section an overview of jet formation and the relationship to the
microstructure array is presented. In this study jets are de�ned as protrusions of
liquid that form in the plane of spread of the droplet immediately after impact.
Jets tend to form in the �rst 100 µs of droplet impacts and their size is on the
same scale as the microstructure features. In literature the term jet is used for
a wide range of phenomena observed in droplet impacts. For example, vertical
jets are typically seen during droplet impacts with a deep pool of liquid [121] or
from rebounding droplets [122] and are not of interest in this study.

Possible comparisons can be made with previous work on droplet impacts on
thin liquid �lms [123] which also form jets. It is possible that in the early stages
of impact, the microstructure is wetted by a thin �lm which leads to the creation
of jets. Other work on the formation of the thin levitated lamella after impact is
worth highlighting as a possible source for understanding the formation of jets
[10]. Previous work highlighting the emergence of jets in a spreading droplet
has more in common with �ngers, which are discussed in Chapter 6 [124] and
therefore this is not used for comparison.

Jets that form from impact on microstructured surfaces often have a
high directional dependence with the microstructure array [93]. Due to the
directional dependence of jet formation a possible link to the formation of
�ngers is highlighted in this Section. Examples of jet breakup and ejected
droplets are suggested as possible future areas of study.

Figure 4.10 shows typical examples of outcomes for surfaces with di�erent
pitch. In the top row, the surface with 40 µm pitch produces no jets in the early
stages of impact, although �nger formation is observed in the later stages of
spread. The most obvious example of jet formation is for the surface with a
pitch of 80 µm in which multiple jets form on-axis after 0.11 ms, as shown in
Figure 4.10 (bottom row).
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0 ms 0.11 ms 0.21 ms 0.65 ms 1.61 ms 3.44 ms

0 ms 0.11 ms 0.21 ms 0.65 ms 1.61 ms 3.44 ms
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Figure 4.10: Examples of droplet impacts highlighting the formation of jets (red circles) in the early stages of spread. All
experiments conducted at a similar We = 175 ± 5 on surfaces with (□, ℎ = 30 µm) pillars. Pillar pitch is 40 µm (top row), 60 µm
(middle row) and 80 µm (bottom row).
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Focusing on surfaces with a large pitch (80 µm) an investigation into the
e�ect of pillar height on the formation of jets was conducted. For short pillars
(15 µm) jet formation is concentrated on-axis, with four distinct thin narrow
broadly spaced jets forming within the �rst 100 µs, as shown in Figure 4.11 a)
(second frame).

As the spreading rim moves, it often catches up with the jets and
encompasses them into the moving rim. Within the �rst 500 µs the jets are
almost entirely engulfed by the spreading rim, although some perturbation in
the rim can be observed. The jets have become broader and reduced in aspect
ratio, as shown in Figure 4.11 a) (bottom frame).

Experiments on this surface produce �nger formation o�-axis (discussed
further in Chapter 6). Therefore, one would expect to see jets forming o�-axis
in the early stages of the impact, if they are to nucleate the formation of �ngers.
However, this is not often the case, and only very small perturbations are
observed, as shown in Figure 4.11 b) (second frame).
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1 mm b)
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430 µs

537.5 µs

1 mm

Figure 4.11: Example of jet formation in the early stages of droplet impact
at We = 187 on surface with (□, p = 80 µm, ℎ = 15 µm) pillars. a) On-axis
formation of four thin narrow broadly spaced jets. b) O�-axis formation of small
perturbations. Image rotated 45◦ relative to the array.
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Increasing the height of the pillars (ℎ = 30 µm) increases the number of
jets seen on-axis and also reduces the angular divergence of the jets relative to
the on-axis direction, as shown in Figure 4.12 a) (second frame). As for shorter
pillars, jets are encompassed into the spreading rim in the early stages, in this
case merging to produce only one �nger.

O�-axis jets are more prominent on surfaces with taller pillars when
compared to shorter pillars, as shown in Figure 4.12 b) (second frame). In the
case of o�-axis spread the rim tends not to engulf the jets, allowing them to
grow into �ngers in the later stages of spread.
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Figure 4.12: Example of jet formation in the early stages of droplet impact at We
= 189 on surface with (□, p = 80 µm, ℎ = 30 µm) pillars. a) On-axis formation of
�ve thin narrow broadly spaced jets. b) O�-axis formation of smaller jets. Image
rotated 45◦ relative to the array.

In some experiments two additional phenomena relating to jets were
observed. Jet breakup and ejected droplets occur when small volumes of liquid
break o� from the rim of the impacting droplet during the impact phase.

Jet breakup is most likely driven by Rayleigh-Taylor instabilities due to the
narrow nature of the jet [59]. An example of a microdroplet of similar size
scale as the pillars produced from jet breakup is shown in Figure 4.13 a). These
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droplets often travel faster than the impacting droplet and move away from the
spreading rim. Depending on the path of the microdroplet they can travel much
further than the maximum spread of the drop. However, if interrupted by a pillar
they often become pinned.

On the other hand, ejected droplets are small droplets that form with no
clear mechanism, as shown in Figure 4.13 b). There was no evidence that these
droplets are formed from jets that undergo breakup. However, jets that form
underneath the droplet would be obscured from view by the curvature of the
droplet and hence these two cases could be due to a single mechanism.
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Figure 4.13: Example of microdroplets in the early stages of droplet impacts on
microstructures. a) We = 187 on surface with (□, p = 80 µm, ℎ = 30 µm) pillars
produces jets, one of which breaks to produce a fast moving droplet. b) We =
210 on surface with (□, p = 60 µm, ℎ = 22 µm) pillars produces a small droplet
with no clear formation mechanism.

Discussion

In this Section examples of the formation of jets in the early stages (�rst 100
µs) of droplet impacts were presented. Although jet formation is somewhat
connected to the formation of �ngers, the connection is not easy to predict. Jets
often form in high concentrations than are re�ected in the number of �ngers.
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Coalescence of the jets and engulfment by the spreading rim were observed
and are possible explanations for this discrepancy. A model for the precise
mechanism of �nger formation and spread would be a complex task, but is worth
exploring further (Chapter 6).

4.4 Contact Line Motion

As discussed in Section 2.5.2 droplet impacts on microstructured surface can
produce a wetted central region. The global properties of this region in relation
to the surface design are presented later (Chapter 5). In this Section the local
e�ect of pillar-pillar liquid-air interfaces is discussed. The impact region is not
formed instantly and in some cases, forms over the same time scale as the
entire droplet spread. This can be simpli�ed into two main stages of contact
line motion through the microstructure. The �rst stage, in which the kinetic
energy of the droplet dominates (early stage), �ow directions are dominated
by the paths of least resistance. In the later stage, once the kinetic energy has
dissipated the local surface tension e�ects of pillar-pillar connections become
more important. This section is mostly concerned with the later phase of this
movement.

Robson et al. demonstrated that a balance between the global reduction of
the surface tension and the energy bene�t of straight pillar-pillar connections
helps determine the shape of the impact region [93]. This work expands on that
work to consider large scale movement of the contact line via single pillar-pillar
connections.

Figure 4.14 shows an example of the contact line movement in the later
stage of spreading. In this example the contact line is pinned along the array
and motion is induced by diagonal movement. The liquid-air interface between
each pillar is pinned, but can bend under an applied force. Motion begins at a
corner in which two interfaces at 90◦ to each other share a common pillar. These
interfaces join to form a diagonal liquid-air interface (�rst frame in Figure 4.14).
This interface then bends until it touches the opposite pillar, at which point the
interface becomes bound to this pillar. This creates two smaller interfaces and
a new corner. This “zipping” motion repeats down the pinned contact line and
can happen multiple times, stepping the contact line forward, but it will stop
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if no corners are present. This mechanism is often seen in the later stages of
spreading and tends to produce impact regions with straight-line boundaries.

95.2 µs71.4 µs47.6 µs23.8 µs0 µs

Figure 4.14: Contact line motion through the microstructure. Fluid boundary
is shown as a thick black line, to the left is air and to the right is wetted
microstructure. Red arrow denotes the direction of the moving interface. Time
is relative to the �rst frame, which occurs 2 ms after the droplet impact.

Five stages for the propagation of the contact line via the zipping method
have been identi�ed and a brief model is presented. The model assumes a
2D interface bound to pillars and an overview of the stages is presented in
Figure 4.15. A single lattice unit is presented in which the liquid-air interface
is bound to pillars with a pinning force, denoted as Fpin. It is assumed in this
model that the pinning force is greater than the force applied to the interface,
such that the interface can only move via bending.

In stage 1, two liquid-air interfaces are pinned to a common pillar at 90◦ to
each other. A driving force (F ) is applied to the liquid-air interface due to the
inertial momentum of the spreading drop. However, due to the high pinning
force, the interface remains pinned.

In stage 2, the two liquid-air interfaces begin to bend. A Laplace pressure
opposes the bending of the liquid-air interface and as such the driving force
exerted on the interface must be greater. At a threshold curvature, the interfaces
between the pillars touch. At this point the shared pillar no longer pins the
interface and the interfaces merge.

In stage 3, the two liquid-air interfaces have merged to form one interface
pinned across the diagonal of the unit cell. A force is exerted on the interface as
previously.

In stage 4, the liquid-air interface bends under the applied driving force. As
in stage 2 a Laplace pressure opposes the bending of the liquid-air interface and
as such the applied driving force must be greater.
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In stage 5, the liquid-air interface touches the opposite pillar in the unit cell
and creates two smaller interfaces. This mechanism continues down the contact
line stepping the line forward one lattice pitch each time. (Note, local movement
of the individual connections around the face of the pillars is required to return
to the initial state for further progression.)
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Figure 4.15: Contact line motion model demonstrating the �ve main stages for
zipping motion.

In this model, overcoming the Laplace pressure required to bend the
liquid-air interface provides the resistance to motion. Due to the small radius
of curvature, the Laplace pressure at stage 2 is high. However, for the interface
to progress only a small amount of curvature is required. As soon as the two
interfaces touch, they de-pin from the pillar. In fact, stage 4 would be the limiting
stage for this model. Although the contact line is longer when bound across the
diagonal, the interface is required to bend to a radius up to half the diagonal
distance. This large curvature produces the highest resistance to motion out of
all of the stages.

An approximate scaling of the Laplace pressure relative to the surface design
can be derived for when the curve in Stage 4 just touches the far pillar,

Plap = 

√

2

p − d

. (4.1)

Equation (4.1) suggests that as the size of the pitch approaches the pillar width
the Laplace pressure increases rapidly. Therefore, for surfaces with a pitch close
to the size of the pillars contact line motion is greatly reduced. This is discussed
further in context of the impact region in Section 5.5.3.
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4.5 Conclusion

This Chapter was focused on three di�erent phenomena observed in the
early stage of droplet impacts on microstructures. These three phenomena
demonstrate interesting directional dependence with the surface array. Each of
these are interesting as separate topics but are also important in understanding
outcomes that are discussed in the next Chapters.

It was shown that the impact region of droplet impacts on microstructures
contain microbubbles, with the same length scale as an individual pillar.
Microbubbles are pinned to pillars in the wake of the radial direction of �ow
and as such could be produced due to �ow around pillars. The microbubble
region was split into multiple radial zones depending on the pattern of observed
bubbles. Bubbles in Zone 1 were attributed to the increase in pressure under the
falling droplet, as described in previous literature [54, 118]. No clear relationship
between the size of Zone 1 and the We was found, and this is attributed to the
size of droplet used. The size of Zone 2 which contained few bubbles was shown
to have little dependence on the We, but increased with the pitch of the surface.
It was suggested that the size of Zone 2 is mostly dependent on the e�cient
wetting of the surface due to the high water hammer pressure directly under the
droplet. The size of Zone 3 was shown to have the greatest dependence on We
and the microbubbles in this zone had the highest level of asymmetry relative
to the microstructure. It was suggested through a basic model that this zone is
mostly dependent on �ow through the microstructure. Therefore, the boundary
with Zone 4 is due to the slowing of the �uid via viscous loss.

In the early stages of droplet impacts jets can be formed at the outer rim.
These jets form in the �rst 100 µs and have a large aspect ratio. Jets tend to
form on surfaces with a large pitch (80 µm). Jets form in groups and tend to be
concentrated in on-axis and o�-axis directions. Jets are linked to the formation
of �ngers, but a complex process of coalescence during the spreading of the rim
was observed. As such not every jet becomes a �nger and the outcome of an
impact cannot be predicted only from the early stage shape. Jets formed on short
pillars tend to be seen on-axis and have a large angular divergence relative to
the on-axis direction. Jets formed on taller pillars form both on-axis and o�-axis
and are more orientated to the radial direction.
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The contact line of the liquid-air interface within the microstructure is not
always static and can move during the droplet impact spread. This contact
line motion is often aided by the movement of diagonal interfaces producing a
zipping motion. A basic model for the stages of zipping was presented and used
to predict the limiting step for this motion. An approximate Laplace pressure
was presented as a scaling of the force required to move the contact line
depending on the microstructure design. It was shown that the resistance to
movement is much greater for shorter pitch surfaces compared to larger pitch.
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Chapter 5

Impact Region

5.1 Introduction

In this Chapter the phenomena observed within the impact region are presented
and studied. As discussed in Section 2.4 the area covered by a spreading droplet
can produce three di�erent outcomes, the Wenzel and Cassie-Baxter being two.
The main outcome of interest in this study is a third mixed state. A mixed or
“mushroom” state consists of an inner Wenzel region (the impact region) with an
outer Cassie-Baxter region. The impact region is de�ned as the area in which the
microstructure is penetrated and wetted by the impacting droplet. This region
includes the area directly under the falling droplet, and can extend outwards
towards the edge of the droplet at maximum spread.

This impact region is complex, with outcomes dependent on many di�erent
parameters. The size and shape of the wetted region are of crucial importance in
understanding the mechanism of �ow through the microstructure. The size of
the impact region is presented qualitatively using images, and quantitatively by
measuring the dimensionless area. The e�ect of pillar shape, height, pitch, and
We are shown. The shape of the impact region is studied in depth with multiple
measurements, including asymmetry, area to perimeter ratio and spread relative
to the on-axis direction. The shape of the �nal impact region is de�ned by a
liquid-air interface, and microbubbles are present within this region (Chapter 4).
A link between the shape of the impact region and �nger development in later
stages of droplet spread is of interest but is addressed in Chapter 6.
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Figure 5.1: Example of droplet impact at We = 125 on a surface with (□, p = 60 µm,
ℎ = 30 µm) pillars. a) Droplet shape as seen at maximum spread. Red contour
denotes outer shape, blue contour denotes impact region. b) Zoomed image of
the impact region. The thick black contour denotes the liquid-air interface. Key
phenomena within the impact region are labelled.

5.2 Qualitative Overview

In this Section, the nature of the impact region is qualitatively explored. The
images of the impact region are taken at maximum spread. As de�ned in
Section 3.4.3.2, maximum spread occurs in the frame in which the area projected
by the droplet is maximum, as viewed in the plane of spread.

Figure 5.1 a) shows an example of a droplet impact at maximum spread.
The red contour denotes the outer spread shape and is addressed in Chapter 6.
The impact region is denoted by a blue contour which follows a thick black
boundary that is imaged. Due to the presence of bubbles within this region it can
be assumed that the space is wetted (Wenzel) and outside is not (Cassie-Baxter).
Therefore, the �uid outside of the impact region is assumed to travel across the
top of the pillars. Figure 5.1 b) shows a zoomed image of the impact region.
Other phenomena are noted, such as the presence of a complex pattern of
microbubbles and the central trapped bubble, as was discussed in Chapter 4.
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1 mma) p = 40 µm 1 mmb) p = 60 µm 1 mmc) p = 80 µm

Figure 5.2: Examples of the impact region at We = 185 for surfaces with (□,
ℎ = 30 µm) pillars. Surfaces have pitch a) 40 µm, b) 60 µm and c) 80 µm.

An increase in the pillar pitch results in a decay of the Cassie-Baxter state, as
shown in Figure 5.2. As the pillar pitch increases the water-air surface becomes
more unstable, so that the impact region size increases until at pitch 80 µm, the
droplet completely wets the surface. In fact, in this study all surfaces with 80 µm
pitch pillars exhibited the Wenzel state and completely wetted under droplet
impacts regardless of the pillar height and We. Therefore, only surfaces with
a pitch of 40 µm and 60 µm are considered in this Chapter. It was noted that
similar phenomena are observed on surfaces with the same pitch. As such in
this section the e�ect of increased height at a �xed pitch is studied.

5.2.1 40 µm Pitch Surfaces

An overview of the impact regions is presented qualitatively in Figure 5.3 for a
range of surfaces with (○, p = 40 µm) pillars. The e�ect of increasing the height
of the pillars and We is shown. These are the two main variables that control
the impact region size. As the impact We is increased the impact region size
increases (left to right on each row of Figure 5.3). Conversely, as the height of
the pillars increases the impact region size decreases (bottom to the top of each
column of Figure 5.3).

Changing the shape of the pillars to squares with the same pitch has the
e�ect of reducing the area of the impact region, as shown in Figure 5.4. The
same trends are observed for square pillars as with circular pillars. An increase
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Figure 5.3: Range of impact regions observed for surfaces with (○, p = 40 µm)
pillars. Scale bar denotes 1 mm and applies to all images.

in the pillar height reduces the area of the impact region, although the trend is
less pronounced. An increase in We increases the area of the impact region.

Some samples show exceptions to these trends. For example surfaces with a
pillar height of 30 µm appear to produce a larger impact area than pillars with a
height of 15 µm. Pillars with a height of 15 µm have an average pillar diameter of
26.9 µm, where as pillars with a height of 30 µm have an average pillar diameter
of 24.5 µm. This slight variation is due to uncontrollable variables during surface
manufacturing. For a �xed pitch smaller pillars give a larger inter-pillar distance
(p - d) and hence one would expect a larger impact region. This e�ect does not
a�ect the main conclusions arising in this Chapter, as the observed di�erence in
impact area size is relatively small (see Section 5.3). For full details on individual
surfaces see Appendix A.
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Figure 5.4: Range of impact regions seen on surfaces with (□, p = 40 µm) pillars.
Scale bar denotes 1 mm and applies to all images.
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Figure 5.5: Range of impact regions seen on surfaces with (○, p = 60 µm) pillars.
Scale bar denotes 1 mm and applies to all images.

5.2.2 60 µm Pitch Surfaces

As the pitch of the pillars is increased to 60 µm the impact region increases
in size as shown for circular pillars in Figure 5.5. Asymmetric �ow into the
microstructure is observed at higher We for some surfaces and is discussed in
detail in Section 5.4. Surfaces with a pillar height of 15 µm are completely wetted.

For surfaces with (□, p = 60 µm) pillars the impact region shows the same
trends discussed in Section 5.2.1 (Figure 5.6). An increase in the pillar height acts
to reduce the area of the impact region. Surfaces with a pillar height of 15 µm
show interesting impact region shapes and are discussed in depth in Section 5.4.
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Figure 5.6: Range of impact regions seen on surfaces with (□, p = 60 µm) pillars.
Scale bar denotes 1 mm and applies to all images.

5.3 Impact Region Size

Quantitative measurements of the impact region can be made using the
dimensionless area. As discussed in Section 3.4.3.3 image processing is used to
measure the area of the impact region (Ai) and it is normalized by the initial
projected area under the droplet at impact (Ad). This is similar to the spread
factor commonly used to describe maximum spread of droplet impacts (see
Section 2.2.2.3), but uses the area rather then the diameter. As such the inner
spread factor is de�ned as,

�impact =
Ai

Ad
. (5.1)

Figure 5.7 shows the spread factor of the impact region on di�erent surfaces
with 40 µm pitch. A nearly monotonic relationship between We and the area of
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Figure 5.7: Spread factor of the impact region as a function of We. Surfaces
contain 40 µm pitch pillars with di�erent pillar shapes, a) circular and b) square.

the impact is observed. Figure 5.7 a) shows the trend observed on most surface
designs. As the height of the pillars increases the area of the impact region is
reduced. Figure 5.7 b) shows the same trend but is not as pronounced.

The impact spread factor data can be divided into two main regimes. An
impact spread factor less than 1 denotes that the surface resists transition to
the Wenzel state outside the area under the falling droplet. An impact spread
factor greater than 1 means the surface spreads into the structure further from
the impact point. In Figure 5.7 a), a plateau region is observed which can
be attributed to the transition between these mechanisms for wetting of the
surface. This is indicated in Figure 5.7 a) as a red dotted line.

Circular pillars show an inverse relationship between the height of the
pillars and the size of the impact area i.e. increasing the pillar height decreases
the spread factor. For surfaces with (○, p = 40 µm, ℎ = 15 µm) pillars all impacts
resulted in a impact region of size equal to or greater than the initial droplet
(Figure 5.7 a). However, for surfaces with (□, p = 40 µm, ℎ = 15 µm) pillars
the impact region size was lower. This suggests that the shape of the pillars
a�ects the stability of the Cassie-Baxter state. Pinning on the sharp corners of
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Figure 5.8: Spread factor of the impact region as a function of the We. Surfaces
contain 60 µm pitch pillars with di�erent pillar shapes, a) circular and b) square.
As a function of We all surfaces show an increase in the impact region.

square pillars could lead to a greater resistance to microstructure wetting during
impacts.

As the pitch of the pillars is increased to 60 µm the impact spread factor
increases, as shown in Figure 5.8. For all We investigated the impact region on
60 µm pitch pillars is always bigger than the initial size of the droplet, shown as
a spread factor greater than 1. A similar transition region is observed on circular
pillars as observed on 40 µm pitch surfaces, as shown in Figure 5.8 a). At low We
< 100, the spread factor increases at a faster rate than at higher We. This suggests
energy is dissipated more e�ciently by other mechanisms at We > 100.

5.4 Impact Region Shape

Next a quantitative study is performed on the shape of the impact region.
Previous work by Robson et al. [93] suggested that the impact region shape is
a�ected by a balance between the macroscopic surface tension, acting to reduce
the overall boundary length, and the pillar-pillar free energy associated with
the boundary. Between neighbouring pillars, it is favourable to form straight
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connections rather than diagonal paths. This suggests that the shapes should be
globally circular with some straight/ square features (Section 2.5).

5.4.1 Asymmetry

A basic way to study the shape of the impact region is to quantify the
asymmetry. Calculations can be made using the contour outline of the impact
region. The boundary of the impact region is identi�ed using image processing
(Section 3.4.3.3). This boundary shape can be represented as an array of x, y
co-ordinates. These Cartesian co-ordinates represent the position of each pixel
on the boundary in the binary image (Section 3.4.2.3).

As discussed in Section 3.4.3.4 a shape can be simpli�ed by converting
the Cartesian co-ordinates into circular polar co-ordinates. The Cartesian
co-ordinates are �rst shifted such that the centre (0,0) lies beneath the centre
of the falling droplet. The Matlab function cart2pol(x,y) can then be used
to create a representation of the shape in circular polar co-ordinates, � and r� .

A simple measure of the asymmetry of a shape is the ratio between the
largest and smallest radii in circular polar co-ordinates. These are referred to
as r�max and r�min, the maximum and minimum distance from the centre of the
shape to the boundary. The dimensionless measure of asymmetry is,

� =

rmax

rmin
. (5.2)

A value of � = 1 would indicate a circle. A theoretical value for � can be calculated
for a range of shapes. However, a shape cannot be completely described by
a given value of � . The precise shape and directionality of shapes is further
considered in Section 5.4.3.

5.4.1.1 40 µm Pitch Surfaces

Figure 5.9 shows the asymmetry of the impact region as a function of We for
impacts on surfaces with a pitch of 40 µm. All impacts show an asymmetry
greater than 1, suggesting that the shape is not circular. This is expected due
to the resolution limit of the images. As the impact region images consist of a
�nite number of pixels, some variation will always occur when comparing the
shape to a circle.
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Figure 5.9: Asymmetry of the impact region on surfaces with 40 µm pitch with
di�erent shaped pillars, a) circular and b) square.

Figure 5.9 a) shows that for surfaces with (○, ℎ = 15 µm) pillars, � has an
inverse relationship with We. This would suggest that as the impact energy
increases, the impact region becomes more circular in nature. This asymmetry
is most likely due to pinning of the contact line on local defects. At low energy
the liquid-air interface remains pinned to any defects, but at higher energy it
is more likely to spread past defects. This can be seen in images presented
earlier (Figure 5.3) as small “jagged” edges to the impact region. This surface
is the oldest in the study and hence is most likely to have defects from early
manufacturing processes. However, this e�ect is minor. As seen by comparing
the values of asymmetry for 60 µm pitch surfaces (Figures 5.10 and 5.11), these
surfaces produce almost circular impact regions (within experimental error).

5.4.1.2 60 µm Pitch Surfaces

Figure 5.10 shows the asymmetry of the impact region for surfaces with (○,
p = 60 µm) pillars. Pillars with a height of 30 µm show little change of asymmetry
with increasing We. For the range of We investigated, the impact region stayed
circular in nature, as shown in inset a). Pillars with a height of 22 µm show
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Figure 5.10: Asymmetry of the impact region on surfaces with (○, p = 60 µm)
pillars. Inset images correspond to labelled data points a) and b).

a positive relationship between We and asymmetry. As the We increases, the
asymmetry of the impact region increases. This is due to the protrusions into
the microstructure noted earlier, as shown in inset b). Pillars with a height of
15 µm completely wet the surface as was shown in Figure 5.5 and hence no data
is shown.

Figure 5.11 shows the asymmetry of the impact region for surfaces with (□,
p = 60 µm) pillars. Similar to the case with circular pillars, the impact region
for pillars with a height of 30 µm tend to have a circular shape for most We
investigated. The impact region at We ≈ 95 has increased asymmetry, and is
discussed in Section 5.4.2.2.

Impact regions for pillars with a height of 22 µm begin to increase in
asymmetry at We > 170. Values of � for pillars with a height of 15 µm show
a complex relationship with We. At low We ≈ 100, the impact region extends
into the microstructure in some directions, touching the edge of the spreading
droplet. This produces a high value for the asymmetry, as shown in inset a).
At higher We, the impact region becomes less asymmetric as protrusions into
the microstructure stop, as shown in inset b). At even higher We > 130 these
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Figure 5.11: Asymmetry of the impact region on surfaces with (□, p = 60 µm)
pillars. Inset images correspond to labelled data points a) and b).

protrusions return and the asymmetry returns. This trend is also observed in
Figure 5.6, and is discussed further throughout this Chapter.

A distinction for the impact region is made for the surface with (□, p = 60 µm,
ℎ = 15 µm) pillars. For this surface the impact region edge meets the edge of the
spreading droplet. Due to this, the data presented in the next section for this
surface underestimates the true size as the droplet edge may obscure the view.

5.4.2 Perimeter to Area Ratio

Another measure of shape can be made by studying the relationship between
a shape’s perimeter and its area. A particular area can be bounded by a closed
curve in di�erent ways giving di�erent perimeter values. In Euclidean geometry
the smallest perimeter possible for a given area (A) is that of a circle,

P○ = 2

√

�A. (5.3)

For the purpose of this study a square is considered, although any simple
shape could be studied. The perimeter of a given area if drawn as a square is
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P□ = 4

√

A. (5.4)

In order to compare shapes for a large selection of experiments,
Equation (5.3) and Equation (5.4) can be made dimensionless by dividing
the perimeter and area by the corresponding values for the initial size of the
droplet. For example a dimensionless area of 2 would describe an impact region
twice as large as the initial projected area of the droplet.

The initial area when the droplet impacts the surface of the microstructure is
best described as a circle and hence follows Equation (5.3). Using Equation (5.3)
it is expected that for a circular impact region

P○

Pd

=

√

Ai

Ad

, (5.5)

where Pd is the initial perimeter of the droplet at impact and Ad is the initial
projected area of the droplet (as previously used for impact spread factor
Section 5.3). A similar approach can be taken for a square impact region using
Equation (5.4),

P□

Pd

=

√

4

�

√

Ai

Ad

. (5.6)

As mentioned above, a dimensionless area less than 1 denotes a wetted area
smaller than the projected area of the initial droplet.

As discussed in Section 3.4.2 the perimeter (Pi) and area (Ai) of the impact
region can be measured from images in multiple ways. To reduce the error of
measurement in this study the perimeter is measured using the in-built Matlab
algorithm regionprops(BW,'Perimeter'). The area of the shape is found
using the full polygon method.

5.4.2.1 40 µm Pitch Surfaces

Figure 5.12 shows the impact region shape for 40 µm pitch pillars of both circular
and square pillar shape. Experiments were conducted over a range of We from
50 to 250 and for all We on these surfaces the shape of the impact region
can be described as nearly circular in nature. Most of the data points agree
with the theoretical curve for Equation (5.5), plotted in red. Impact regions on
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Figure 5.12: Dimensionless perimeter as a function of dimensionless area for
the impact region of droplets on surfaces with (p = 40 µm) pillars for, a) circular
pillars, b) square pillars. Insets show typical impact region shape. Red dashed
line - theoretical relationship for a circular region, Equation (5.5). Green dashed
line - theoretical relationship for a square region, Equation (5.6). All data plotted
is for the same range of We (50 - 250).

surfaces with (○, p = 40 µm, ℎ = 15 µm) pillars begin to deviate away from
the circular trend. This suggests that the perimeter of this region has some
slightly straightened edges, as was shown earlier in Figure 5.9. A similar trend
is observed for surfaces with (□, p = 40 µm, ℎ = 7 µm) pillars.

5.4.2.2 60 µm Pitch Surfaces

Figure 5.13 shows the dimensionless perimeter as a function of the
dimensionless area for surfaces with (○, p = 60 µm) pillars. The same inverse
relationship between pillar height and impact region size as in Figure 5.12 a)
is observed. As the pillar height is increased the impact region size decreases.
For all impacts on surfaces with a 60 µm pitch the impact region is bigger than
the initial droplet, which gives a dimensionless area greater than 1. This agrees
with the trends noted earlier in Section 5.3.
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Figure 5.13: Dimensionless perimeter as a function of dimensionless area for
impacts on surfaces with (○, p = 60 µm) pillars. Insets show typical impact
region shape for the experiments labelled a) and b) in the plot. Red dashed line
- theoretical relationship for a circular region, Equation (5.5). Green dashed line
- theoretical relationship for a square region, Equation (5.6). All data plotted is
for the same range of We (50 - 250).

The shape of the impact region for surfaces with a pillar height of 30 µm
can be described as circular in nature for all of the We studied. For surfaces
with (○, p = 60 µm, ℎ = 22 µm) pillars, the shape of the impact region changes
as the We increases. At low We < 130, the impact shape can be described as
circular. As the We increases (130 < We < 160), the perimeter diverges away from
circular and tends towards a perimeter equivalent to a square. At still higher We
> 160, the perimeter increases further beyond that of a square. This is seen by
the emergence of protrusions of the impact region into the microstructure. An
example of this is shown as inset b) in Figure 5.13. This agrees with the trends
noted earlier in Section 5.4.1 but shows that the asymmetry is due to the overall
shape of the impact region and not a single large spread in one direction.

Figure 5.14 shows similar impact region data for impacts on surfaces with
(□, p = 60 µm) pillars. The same inverse relationship between pillar height and
impact region size as in Figure 5.12 a) and Figure 5.13 is shown. However, unlike
the results for surfaces with a pitch of 40 µm, there is little change in the size
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Figure 5.14: Dimensionless perimeter as a function of dimensionless area for
impacts on surfaces with (□, p = 60 µm) pillars. Insets show typical impact region
shape for the experiments labelled a), b) and c) in the plot. Red dashed line -
theoretical relationship for a circular region, Equation (5.5). Green dashed line
- theoretical relationship for a square region, Equation (5.6). All data plotted is
for the same range of We (50 - 250).

of the impact region as a result of the pillar shape. For example, surfaces with
(□, p = 60 µm, ℎ = 30 µm) pillars produce a larger impact region than similarly
designed circular pillars. In the case of surfaces with a pitch of 40 µm this trend
was inverted. This suggests that the dependence of the metastability of the
Cassie-Baxter state on pillar shape is not an important e�ect beyond the initial
droplet area (Ai/Ad > 1).

Unlike p = 60 µm surfaces with circular pillars, square pillars support an
impact region for pillars with the lowest height (ℎ = 15 µm). The added stability
for the square pillars could be due to a slight di�erence in sample height,
although this suggests a very high sensitivity to pillar height. It is more likely
due to the change in the roughness factor between circular and square pillars,
given that a square pillar has an increased surface area.

The shape of the impact region follows a similar trend to circular pillars.
Pillars with a height of 30 µm show a circular-like shape over the whole range of
We. However, there is a small region in which the perimeter deviates away from
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a circle. Pillars with a height of 22 µm show the same trend as for circular pillars.
At low We < 170, their shape can be described as circular in nature. At higher We
> 170, the perimeter increases and protrusions into the microstructure are seen,
shown as inset a) in Figure 5.14. The protrusions into the microstructure are
more regular and slender than with circular pillars. The angle of the protrusions
to the array is close to 45◦. An in-depth study of the directional shape of the
impact region is given in Section 5.4.3.

The shape of the impact region on pillars with a height of 15 µm is never
circular in nature. At low We < 110, the size of the impact region increases
mostly in the direction of the protrusions, 45◦ to the array. As the We increases
(110 < We < 145) the shape resembles that of an octagon or square with curved
corners. This is shown as inset b) in Figure 5.13. As the We increases further
We > 145, the protrusions return but tend to have a direction slightly away
from 45◦ to the array. An example of this is shown in inset c) in Figure 5.14.
Here protrusions into the microstructure have continued up to the edge of the
spreading droplet, creating a star-like impact region.

Figure 5.15 shows a section of Figure 5.14 for surfaces with a pillar height of
30 µm in more detail. This surface generates less pronounced protrusions into
the microstructure than for shorter pillars (ℎ = 15 µm). At We = 80, this surface
produces impact regions that are circular in nature, as shown in Figure 5.15 a).
As the We is increased to We = 100, small protrusions into the microstructure
at an angle close to 45◦ form, as shown in Figure 5.15 b). At We > 150 the impact
region returns to a circular-like shape, Figure 5.15 c) and d). The non-monotonic
nature of protrusions into the microstructure as a function of increasing We may
warrant further investigation.

5.4.3 Directionality of Shape

In this section, the directionality of the shape of the impact region is considered.
Previously only broad descriptions of the impact region have been calculated - a
degree of how circular, square or complex the impact region shape is. However,
this does not show the orientation of the impact region relative to the underlying
lattice. For example, a square and a diamond of the same size would give the
same dimensionless area, and the same value of � , but their orientation relative
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Figure 5.15: Dimensionless perimeter as a function of dimensionless area for
the impact region of droplets on surfaces with (□, p = 60 µm, ℎ = 30 µm)
pillars. Labelled examples of the relationship of the impact region shape are
shown as inset images. a) Circular impact region at low We, b) protrusions into
the microstructure are seen at intermediate We, c) a circular impact region is
produced at higher We, and d) small irregular protrusions are seen at very high
We.

to the underlying lattice is di�erent. This is important, as in this study the
relationship between the lattice design and droplet outcomes is of interest.

As discussed in Section 3.4.3.5 a square lattice has 8 fold symmetry. Data for
the impact shape is processed such that an array of 8 values for r� (one in each
segment) at equally spaced values of � is obtained. From this the spread on-axis
to o�-axis can be compared. Data is non-dimensionalized by dividing r� by the
mean radius on-axis (r0). Therefore, all data presented in this section shows an
increase or decrease in the spread relative to the on-axis direction. For example,
a relative spread of 1.5 at a � value of 45◦ means that the impact region spreads
50% more o�-axis than on-axis.
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5.4.3.1 Asymmetry vs Uniformity

The mean of the radius at each � is calculated to describe the shape of the
impact region. The variation in r� across di�erent values of � gives an additional
indication of impact area asymmetry. A low standard deviation describes a shape
in which the radius is similar for all � values, so the shape is symmetric. A high
standard deviation describes a shape in which the radius is di�erent for di�erent
values of � , and the shape is asymmetric.

Another consideration is the repeatability of outcomes, or uniformity.
During this study three repeat droplet impacts were performed for each We.
Previously in this Chapter most graphs have shown data points from each
individual experiment. However, it is possible to quantify the repeatability of
the outcomes on these surfaces. For example, the mean of the radius at a given
value of � over all three repeats (and all eight segments) can be used to describe
the overall shape of droplets for a particular surface and We. The error in this
mean gives the repeatability of the shape. A low error in the mean indicates
a radius which is similar in multiple experiments. A high error in the mean
indicates a radius that changes between experiments, so that the outcomes are
not repeatable.

Examples of the di�erence between uniformity and asymmetry are shown
in Figure 5.16. Figure 5.16 a) shows high uniformity and low asymmetry due to
the low standard deviation of r� between the segments and the low deviation of
the relative spread as a function of angle. Figure 5.16 b) shows high uniformity
with a relatively small standard deviation of r� between the segments, but shows
high asymmetry with a larger relative spread at an angle of 45◦ to the array.
Figure 5.16 c) shows low uniformity as the standard deviation between each
segment is high, but also shows low asymmetry with only 10% more spread
at 45◦. Figure 5.16 d) shows high asymmetry with large relative spread around
27◦ to the array and also shows low uniformity, as the spread varies between
segments and repeat measurements.

5.4.3.2 Image Processing Artefacts

Due to the image resolution of the camera system used in this study, impact
regions on some surfaces tend to consist of a low number of pixels. Some
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Figure 5.16: Uniformity and asymmetry of impact region on square
micropillared surfaces. Relative spread as a function of the angle from axis array
is plotted, for a) p = 40 µm, ℎ = 40 µm, We = 205, b) p = 60 µm, ℎ = 22 µm, We =
180, c) p = 60 µm, ℎ = 30 µm, We = 100 and d) p = 60 µm, ℎ = 15 µm, We = 155.
Inset images show typical impact region shape. Error bars denote the standard
deviation of the relative spread between the segments, i.e. the uniformity of the
shape.
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Figure 5.17: Template circles drawn with the Midpoint circle algorithm.

artefacts are observed in the plotted data and hence an investigation into the
origin of these was conducted. To investigate the e�ect of image resolution,
“perfect” circles were drawn using the Midpoint circle algorithm [113, 114]. The
Midpoint circle algorithm best approximates a circle of diameter d in discrete
pixels by �nding the closest pixel that passes through the circumference of the
circle. Circles of di�erent resolutions were produced with diameters 50 px, 75 px,
100 px and 125 px, matching the range of resolutions observed in experiments
(Figure 5.17). The same processing methods applied to droplet impact images
were performed on these images and the shape was analysed.

Figure 5.18 a) shows the relative length as a function of angle for perfect
circles at increasing resolutions. As the centre origin of the circle is perfect
no uncertainty between segments is observed and hence no error bars are
plotted. However, a uncertainty in the asymmetry is observed as a function
of the diameter of the circle. Increasing the size of the circle reduces the
uncertainty. The magnitude of this is much smaller (± 0.006%) than that observed
for experiments (± 2%) but is worth noting.

It was observed that the most common cause for variation between segments
is from imprecisely identifying the centre of the impact region. The centre of
the perfect circles was shifted by 1 px and reprocessed using the same method.
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Figure 5.18: Relative length as a function of angle for “perfect” circles with
increasing resolution. a) Perfect centre, peaks are observed at angles around 17◦
and 40◦, similar to those seen in experimental results for droplet impact regions.
b) Centre shifted by 1 px introduces ± 1% variation between segments.

Figure 5.18 b) shows the relative length with the variation between segments
plotted as error bars. The error observed (± 1%) matches that of experiments (a
shift of 2 px in the centre gave ± 2%). Therefore this is the most likely reason for
variation in experimental data.

If the centre of the impact region is not identi�ed correctly then when
converting the Cartesian data points to circular polar co-ordinates the shape
becomes more asymmetric than it is in reality. To reduce this error the centre of
the droplet is identi�ed from the images prior to impact. However, if the camera
plane is not correctly aligned with the surface plane then a projection error
occurs. Another source of error is from incorrect illumination. In this study the
shadowgraph technique is used, as such if the light source is not placed directly
in line with the camera an oblique shadow can be cast which could lead to an
o�set in the centre.
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5.4.3.3 Results for Important Surfaces

In this section results for the relative spread as a function of angle are presented
for important surfaces that can be used to identify trends. Previously in this
Chapter, it has been observed that interesting asymmetric impact regions are
more pronounced for drop impacts on square pillars than on circular pillars.
Hence, data for square pillar surfaces are presented here to highlight the most
important trends. To make plots clearer only the mean relative spread is plotted.
General trends for the uniformity are stated.
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Figure 5.19: Relative spread as a function of angle from the array for surfaces
with (□, p = 40 µm, ℎ = 7 µm) pillars. Inset images show typical impact region
shape for labelled We.

In Section 5.3, the impact region on surfaces with (□, p = 40 µm, ℎ = 7 µm) pillars
was found to be bigger than the initial droplet size. It was also shown that the
shape of this region is non-circular. Figure 5.19 shows the relative spread as a
function of angle from the array, in which spread is preferred on-axis, as the
relative spread is less than 1 for all other angles. The lowest relative spread is
seen at an angle of � ≈ 27◦ from the array axis for all We investigated. As the We
increases the relative spread decreases, suggesting that the impact region shape
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becomes more diamond-like. An exact diamond shape would have a relative
spread of 0.7 at 45◦.
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Figure 5.20: Relative spread as a function of angle from the array for surfaces
with (□, p = 40 µm, ℎ = 15 µm) pillars. Inset images show typical impact region
shape for labelled We.

As the height of the pillars is increased to 15 µm the e�ect of preferred
spread on-axis is reduced, and the impact regions are more circular, as shown in
Figure 5.20. For surfaces with a pillar height above 7 µm the impact region size is
similar to the projected area of the droplet. Increasing the We tends to reduce the
asymmetry but the change is small. An increase in the preferred spread o�-axis
is observed at 45◦, but a maximum increase of only 1% is measured and is within
experimental error.

As the height of the pillars is increased to 22 µm the preferred spread on-axis
is reduced even further, as shown in Figure 5.21. Increasing the We has little to
no e�ect on the direction of spread and within experimental error impacts are
circular.

Increasing the pillar height to 50 µm increases the preferred spread at 45◦

to the array axis, as shown in Figure 5.22. At low We up to 4% more spread
o�-axis is observed than on-axis, and hence the impact shape is square-like. A
true square impact region would have 40% more spread o�-axis than on-axis.
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Figure 5.21: Relative spread as a function of angle from the array for surfaces
with (□, p = 40 µm, ℎ = 22 µm) pillars. Inset images show typical impact region
shape for labelled We.

As the We increases the relative spread of the droplet o� axis reduces and the
droplet shape becomes more circular in shape.

60 µm Pitch

As shown in Section 5.3 the impact region on surfaces with a pitch of 60 µm
is larger than the projected area of the initial droplet, and hence �ow through
the microstructure must occur.

For a pillar height of 15 µm the impact region has a complex shape, as shown
in Figure 5.23. At low We (We = 91), the impact shape is mostly square-like with
straight edges up to an angle of 36◦ from the array axis. A large increase in the
relative spread of up to 70% is observed at an angle of 45◦ to the array. This
asymmetry has high uniformity as the spread is observed in each segment of
the array. This outcome was also observed over multiple repeat experiments.

As the We increases (We = 125), the impact region takes the same square-like
shape from on axis to 36◦ from the array. However, no protrusions into the
microstructure are observed and so the relative spread plateaus from 36◦ to
45◦. As the We increases further (We =155, 193), the relative spread increases
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Figure 5.22: Relative spread as a function of angle from the array for surfaces
with (□, p = 40 µm, ℎ = 50 µm) pillars. Inset images show typical impact region
shape for labelled We.

at an angle of 27◦ to the array when compared to lower We. This coincides
with the return of protrusions into the microstructure. These protrusions have
low uniformity, but they are repeatable, as multiple experiments show similar
protrusions.

Increasing the pillar height to 22 µm reduces the asymmetry as shown in
Figure 5.24. All impact regions show a near circular shape between on-axis and
36◦ from the array axis. There is a small increase in the relative spread of up
to 2% when compared to on-axis spread. At some threshold We, an increase
in the relative spread is seen at 45◦ to the array, with up to 40% more spread
o�-axis when compared to on-axis. This threshold We could help to de�ne
the mechanism for the formation of protrusions into the microstructure. These
protrusions have reasonable uniformity as they are seen in multiple segments,
however it was observed that these outcomes were not always repeatable over
multiple experiments.

Increasing the pillar height to 30 µm reduces the asymmetry further as
shown in Figure 5.25. At low We (We = 90), the impact regions show a
small increase in the relative spread as a function of angle from the array.
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Figure 5.23: Relative spread as a function of angle from the array for surfaces
with (□, p = 60 µm, ℎ = 15 µm) pillars. Inset images show typical impact region
shape for labelled We.

1

1.1

1.2

1.3

1.4

10 15 20 25 30 35 40 450 5

210

100

180

140

W
e

Impact Region Images

r θ
 / 

r 0

Array angle - θ 

95126

198 156

1 mm 

Figure 5.24: Relative spread as a function of angle from array for surfaces with
(□, p = 60 µm, ℎ = 22 µm) pillars. Inset images show typical impact region shape
for labelled We.
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Figure 5.25: Relative spread as a function of angle from array for surfaces with
(□, p = 60 µm, ℎ = 30 µm) pillars. Inset images show typical impact region shape
for labelled We.

There was 12% more spread at 45◦ from the array when compared to on-axis
spread. This increase in the relative spread is due to small protrusions into the
microstructure. These protrusions are not uniform and are not repeatable as
they are not always observed over multiple experiments.

As the We increases (We = 125, 156) the impact region shape becomes more
circular with straight edges between on-axis and around 20◦ from the array. As
the We increases further (We = 185) the relative spread on-axis increases. This
makes a diamond-like shape, and there is an increase in on-axis spread of 4%
when compared to o�-axis. This trend suggests that at higher We, protrusions
into the microstructure on-axis may be seen.

5.5 Discussion

5.5.1 Trends - Impact Region Size

Results show that the main design parameter which a�ects surface stability (i.e.
ability to withstand penetration) is the pillar pitch. Surfaces with a pitch of 40 µm
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show the smallest impact region size for all surfaces. The impact region tends
to be larger for circular pillars when compared to square pillars. Increasing the
height of the pillars decreases the size of the impact region. However, above a
threshold height increasing the height had no e�ect on the impact region size.

Surfaces with a pitch of 60 µm show larger impact regions. For pillars with a
height of approximately 15 µm a switch from fully wetting to partially wetting
was seen as the pillar shape was changed from circular to square. This suggests
that square pillars are more stable to decay into the Wenzel state. For all surfaces
with a pitch of 60 µm increasing the height of the pillars decreased the size of
the impact region.

Surfaces with a pitch of 80 µm completely wetted for all We studied. As such
no trend with respect the pillar height can be identi�ed, although it is expected
that for taller pillar heights these surfaces could become semi-wetting.

5.5.2 Modelling of the Impact Region Size

The size of the impact region can be attributed to how stable the Cassie-Baxter
state is to decay. Various theories are available to predict the threshold for
wetting depending on the surface design (Section 2.4.2). In this section, the
trends identi�ed in this Chapter are explained using two approaches. The �rst
approach uses the energy threshold for wetting of a rough surface based on
Quéré et al.’s approach [8]. The second approach adds a transition between
sagging and de-pinning mechanisms, based on the work of Reyssat et al. [73]
and Bartolo et al. [81].

The change in surface energy due to wetting a single unit cell can be stated
as an energy barrier (ΔE),

ΔE = SE�nal − SEinitial, (5.7)

where SE�nal and SEinitial are the surface energies of a unit cell when wet and
dry respectively. It is assumed that there is no change to the liquid-air interface
as it travels down the pillars. Therefore, the change in surface energy can be
calculated as the surface energy of wetting the side walls (Aps) of the pillars,

ΔE = (SL − SG)Aps . (5.8)
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As discussed in Section 2.3 the roughness factor (r ) is often used to express
the additional surface area of a surface due to roughness. Therefore, the energy
threshold for wetting a single unit cell of a rough surface can be stated as,

ΔE = (SL − SG)(r − 1). (5.9)

Equation (5.9) can be further simpli�ed using Young’s contact angle
(Equation (2.1)),

ΔE = −LG(r − 1)cos�Y . (5.10)

This method was used previously by Quéré et al. [8]. The roughness of periodic
microstructures can be calculated analytically given the design parameters. As
such the roughness of circular pillars (r○) and square pillars (r□) can be de�ned
as

r○ = 1 +

�dℎ

p
2
, (5.11)

and

r□ = 1 +

4dℎ

p
2
. (5.12)

Combining Equation (5.10), Equation (5.11) and Equation (5.12) the energy
barriers for circular pillars (ΔE○) and square pillars (ΔE□) can be calculated,

ΔE○ = −

�dℎ

p
2
LGcos�Y , (5.13)

and

ΔE□ = −

4dℎ

p
2
LGcos�Y . (5.14)

Given that the contact angle for hydrophobic materials is greater than 90◦ the
energy barrier is positive (i.e. takes energy to wet the surface). This approach
is somewhat simpli�ed as it ignores any curvature of the liquid-air interface
and ignores the point at which the interface reaches the bottom of the unit cell.
Nonetheless the application of this method shows particular trends for both
circular and square pillars.
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As the height of the pillars increases the energy required to wet a unit cell
increases and hence the wetted region at a �xed impact energy would reduce,
agreeing with the experimental trends in this Chapter. The theory also predicts
that as the pitch of the surface increases the energy required to wet a unit cell
decreases. As such the impact region size should increase with increasing pitch,
as was also shown in experiments in this Chapter. Given that the energy barrier
is proportional to 1/p2, increasing the height has a smaller e�ect than increasing
the pitch. This agrees with the experimental trends noted in this Chapter, where
50% and 100% increases in pitch produced much greater increases in impact
region size than the corresponding increases in pillar height.

It can also be seen by comparing Equation (5.13) and Equation (5.14) that
the energy required for wetting a surface with square pillars is greater than
for circular pillars of a similar design. For a �xed pitch and pillar width (d) the
corresponding height of pillars depending on shape can be calculated as,

ℎ○ =

4

�

ℎ□. (5.15)

Equation (5.15) shows that for a particular design and impact energy, circular
pillars need to be 1.3 times taller to produce the same resistance to wetting.
This helps to explain why in the experimental data presented surfaces with (○,
p = 60 µm, ℎ = 15 µm) pillars completely wet whereas surfaces with (□, p = 60 µm,
ℎ = 15 µm) pillars are semi-wetting.

Although this theory agrees with the general trends observed it fails to
predict the plateau in the impact region size shown in Figure 5.7. For surfaces
with (□, p = 40 µm) pillars it was shown that above a critical value increasing the
pillar height had little e�ect on the impact region size. To address this, another
model which includes the mechanism for the wetting transition is used.

As discussed in Section 2.4.2, two main mechanisms for decay from the
Cassie-Baxter state to the Wenzel state have been proposed in literature [51, 73,
81]. If the liquid-air interface can remain pinned to the top of the pillars then the
decay will occur due to sagging of the interface. If the interface cannot remain
pinned then the decay occurs through de-pinning and the interface travels down
the pillars.

Previous work has shown that the threshold to transition via the sagging
mechanism can be approximated as a balance between the dynamic impact
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pressure and the Laplace pressure due to the curvature of the liquid-air interface
between posts [51, 73, 81, 89]. This suggests that the pressure for transition (Ps)
scales as,

Ps ∝

LGℎ

(p − d)
2
. (5.16)

The scaling of the threshold pressure (Equation (5.16)) is similar to the
energy calculation for wetting a unit cell. As the height of the pillars increases
the pressure threshold also increases. Therefore, for a given impact pressure
surfaces with taller pillars should have a smaller impact region, as was shown
in the data from this Chapter. The same trend with pillar pitch is seen, where
increasing the pitch of the pillars greatly reduces the pressure threshold.

So far, we have only considered the on-axis inter-pillar distance of the lattice.
The inter-pillar distance across the diagonal of a unit cell is longer. As such,
the radius of curvature for the liquid-air interface is larger. This larger radius
produces a lower Laplace pressure and hence a lower threshold for transition to
the Wenzel state.

The o�-axis inter-pillar distance can be calculated analytically for both
circular (b′

○
) and square (b′

□
) pillars,

b

′

○
=

√

2p
2
− d, (5.17)

and

b

′

□
=

√

2p
2
−

√

2d
2
. (5.18)

The o�-axis distance is larger for surfaces with circular pillars. Substituting
the o�-axis pitch into Equation (5.16) the di�erence in the transition pressure
can be stated as,

Ps□ = 1.15Ps○. (5.19)

Equation (5.19) suggests that the pressure required to transition from the
Cassie-Baxter state to the Wenzel state is greater for square pillars than for
circular pillars, which is a similar trend to the previous model.
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The alternative mechanism for transition, de-pinning, occurs when the
liquid-air interface detaches from the top of the pillars. A theoretical pressure
(Pd ) for this mechanism has been derived in previous work by Bartolo et al. [81],

Pdp =

2�p

1 − �p

|cos �a|
2LG

d

. (5.20)

Here �a is the advancing contact angle of water on the material, and the area
coverage of pillars (�p) is the horizontal surface in contact with the droplet (i.e.
the area of the tops of pillars) divided by to the total horizontal surface. This can
be calculated analytically for both circular (�p○) and square (�p□) pillars,

�p○ =

�d
2

4p
2
, (5.21)

and

�p□ =

d
2

p
2
. (5.22)

Given Equations (5.20) to (5.22) it can be shown that the de-pinning
mechanism is consistent with the same overall trends as the other models. The
transition pressure for square pillars is higher than for circular pillars. However,
the de-pinning model does not scale with the height of the pillars, and this
suggests two regimes. For surfaces with pillar heights under a threshold value, in
which the sagging mechanism causes the transition, increasing the pillar height
increases the threshold pressure and hence reduces the impact region size. Past
this threshold height the de-pinning mechanism dominates. As such, increasing
the height further has no e�ect on the threshold pressure and no change in the
impact region is observed. This is shown schematically in Figure 5.26 alongside
experimental data.
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Figure 5.26: Relationship between the height of pillars and the impact region
size. a) Schematic diagram showing the threshold height ℎt at which the decay
mechanism switches from sagging to de-pinning. b) Experimental data for the
impact region size as a function of pillar height on surfaces with (□, p = 40 µm)
pillars.

Figure 5.26 b) shows experimental data for the impact region size as a
function of pillar height for surfaces with (□, p = 40 µm) pillars. As suggested by
theory, above a critical height increasing the pillar height has no e�ect on the
impact region size. A rough prediction of the threshold height can be calculated
as the point at which the liquid-air interface bends to a semi-circle, such that

ℎt = 0.5b

′

. (5.23)

For the data presented in Figure 5.26 the transition height is calculated as ℎt
= 14.15 µm. This prediction matches the data presented, which suggests a critical
height between 6 µm and 15 µm. For similar surfaces with circular pillars the
threshold height is calculated as ℎt = 18.3 µm. A transition between regimes is
not as clearly identi�ed on circular pillars.

The pressure models presented in this section are somewhat limited. No
consideration is given to the dynamics of the impacting droplet. Future models
should consider the horizontal spread of the droplet. Wetting during the
spreading of the droplet will a�ect the increase of the impact region size
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when �impact > 1. Improved understanding of the motion of the pinned
liquid-air interface through the microstructure is also needed (improving on
work presented in Chapter 4). These considerations could allow for a direct
prediction of the impact region size as a function of the impact pressure.

5.5.3 Trends - Impact Region Shape

The shape of the impact region was studied using multiple methods. Example
images of impact regions on a range of surfaces were presented and qualitative
trends were identi�ed. Quantitative methods for measuring the shape of the
impact region were then used. First, a basic measure of the asymmetry was used
in which the shortest and longest radii of the shape were compared. Secondly,
the perimeter to area ratio of the impact region was compared to values for
common shapes, circles and squares. Finally, the directionality of the shape was
measured as a function of the angle relative to the array axes.

For surfaces in which the impact region is less than or equal to the
projected area of the initial droplet, it was shown that the impact region takes
a circular-like shape. Primarily surfaces with a pitch of 40 µm show this trend.
One exception to this was for short pillars (□, p = 40 µm, ℎ = 7 µm) in which
the impact region spreads further than the initial droplet area, and was slightly
diamond-like. Another exception was for surfaces with (□, p = 40 µm, ℎ = 50 µm)
pillars. At low We on this surface it was shown that the impact region can be
square-like, with up to 4% more spread o�-axis when compared to on-axis.

For surfaces in which the impact region is larger than the initial droplet, it
was shown that the impact region can be highly asymmetric. Multiple examples
of directional spreading (protrusions) into the microstructure were shown.
Protrusions formed at an angle to the array and protrusions on-axis were not
usually observed. Some exceptions were seen at high We on tall pillars for which
a very small on-axis preference was seen, but these results were not repeatable.

Surfaces with (□, p = 60 µm, ℎ = 15 µm) pillars show a complex relationship
between We and the impact region shape. At low We highly uniform, highly
asymmetric shapes are produced with high repeatability between multiple
experiments. As the We is increased these protrusions are removed and the
impact region is almost square. At higher We the protrusions return with a
preferred angle of ≈27◦ but are non-uniform.
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5.5.4 Modelling of the Impact Shape

There are two main stages that are thought to be responsible for the impact
region shape. In the �rst stage, promptly after the impact event, the �ow of
liquid through the microstructure is most important. As suggested by Tsai et
al. [68] gas �ow through a microstructure lattice can have preferred directions
depending on the resistance to �ow. It is therefore likely that �uid �ow will
also follow similar paths. In the later stage of spread, after most of the kinetic
energy is dissipated, the local e�ect of pillar-pillar liquid-air interfaces becomes
important. As discussed by Robson et al. straight pillar-pillar connections
are favoured due to the lower surface energy when compared to diagonal
connections [93]. A combination of the paths of least resistance through the
microstructure and the preferred straight pillar-pillar connections produce the
variety of shapes presented in this Chapter. Three cases which describe partially
wetting surfaces are discussed below.

The �rst case considers surfaces for which resistance to �ow through
the microstructure is high in all directions. These surfaces only wet the area
vertically below the falling drop. This is caused by the sagging and de-pinning
mechanisms under the impacting droplet. This is observed experimentally as an
impact region size less than or equal to the projected area of the initial droplet
(�impact < 1). For these surfaces horizontal �ow through the microstructure
is minimal and hence no directional dependence is observed. The liquid-air
interface remains pinned after the initial wetting process (Section 4.4). This
boundary directly re�ects the shape of the impacting droplet and hence is
circular. This was observed for the experimental data in this Chapter for surfaces
with p = 40 µm.

The second case considers surfaces for which horizontal �ow through
the microstructure does occur (�impact > 1). For these surfaces the directional
dependence of �ow is now important. After impact the �ow follows paths
of least resistance and remains pinned in these directions. For this case the
impact region shape will display high asymmetry. This was observed in the
experimental data as the formation of protrusions into the microstructure. The
direction of these protrusions was mostly observed at 45◦ and 27◦ to the array.
Both the air-�ow space ((p − d)/d) identi�ed by Tsai et al. [68] and the corridor
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area (ℎ(p − d)) identi�ed by Robson et al. [93] predict that the primary path of
least resistance should be on-axis with o�-axis being secondary. This was not
observed in the experiments presented in this Chapter and hence further work to
predict the preferred routes for �uid �ow through the microstructure is needed.
It is possible that the interaction of the escaping gas and the spreading lamella
on top of the pillars produces this e�ect and it is worth future investigation.

The third case considers surfaces in which �ow through the microstructure
and relaxation of pillar-pillar connections are both important. After impact the
�ow follows the directionally dependent paths of least resistance but cannot
remain pinned. Due to this the liquid-air interface continues to move (as
discussed in Section 4.4). This movement preferentially prefers zipping along
diagonal pillar-pillar interfaces. As such the observed shape after relaxation
becomes mostly square-like.

All of these cases have the same dependence on We. As the We increases
so does the available energy and more of the surface becomes wetted. The
increased area of the impact region allows for the directional dependence of
the surface to manifest and hence the observed asymmetry increases with
increasing We. Some exceptions to this were observed for surfaces with (□,
p = 60 µm, ℎ = 15 µm) pillars in which asymmetric spread had a non-montonic
relationship with We.

As discussed in the previous section increasing the pitch of the pillars also
increases �impact. Therefore, directional dependence of the shape of the impact
region should be greater for surfaces with larger pitch. This agrees with the
experimental data presented in this Chapter for surfaces with 40 µm and 60 µm
pitch.

The relaxation of pillar-pillar interfaces is dependent on the pitch (p) and
height (ℎ) of the pillars. An analysis that is similar to the sagging mechanism for
the vertical transition can be applied horizontally through the microstructure.
Increasing the pitch reduces the required force for relaxation and increasing
the height increases this force. However, increasing the height of the pillars
also reduces �impact, which suggests reduced asymmetry in the inner region.
Experimentally, increasing the height increased the We required to produce
an asymmetric impact region. It is predicted if similar �impact is achieved on
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surfaces with di�erent pillar heights, surfaces with taller pillars will display a
more asymmetric impact region spread.

The local a�ect of the pillar shape can be determined by considering the
movement of a single pillar-pillar liquid-air interface. As discussed in the
previous section the straight inter-pillar distance is equal for both circular and
square pillars. Therefore, one would predict that the resistance to relaxation of
straight connections is equal for both designs. However, the diagonal inter-pillar
distance (Equations (5.17) and (5.18)) is greater for circular pillar shapes when
compared to square pillars of a similar design. As discussed in Section 4.4 the
bending of diagonal interfaces leads to the creation of straight-line boundaries.
It would therefore be predicted that if similar �impact is achieved on surfaces
with di�erent pillar shapes, surfaces with circular pillars will demonstrate more
straight lines in the impact region. An example of this is shown in Figure 5.27.

a) 500 µm b) 500 µm

Figure 5.27: Impact region shape with similar �impact = 2.5±0.2 for droplet impact
on surfaces with (p = 60 µm, ℎ = 22 µm) pillars. a) We = 176 on cylindrical pillars.
b) We = 168 on square pillars.

The discussion in this section has explained the general trends observed in
the experimental data in this Chapter. To accurately predict the shape of the
entire impact region further modelling of the three dimensional �ow through
the microstructure would be necessary.
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5.6 Conclusion

In this Chapter, the impact region for droplets on microstructured surfaces
was investigated. Both the size and shape of the impact region were studied
in relation to the surface design and the We of the impact. For all surfaces
it was shown that increasing the We increases the size of the impact region.
Generally it was observed that increasing the height of the pillars reduces the
size of the impact region. Increasing the pitch of the surface increases the size of
the impact region. For all 80 µm pitch surfaces complete wetting of the surface
was observed.

It was shown that the shape of the pillars a�ects the stability of the
Cassie-Baxter state, as complete decay to the Wenzel state is observed for
surfaces with (○, p = 60 µm, ℎ = 15 µm) pillars whereas surfaces with (□,
p = 60 µm, ℎ = 15 µm) pillars preserve the Cassie-Baxter state. This trend was
explained using a basic model for the energy required to wet a rough surface.
Another model using the transition pressure for wetting showed that above a
critical height, increasing the pillar height does not a�ect the impact region size,
as was shown in experimental data.

For a pitch of 40 µm the impact region size can be less than or equal to the
initial droplet size. It was shown that the impact region shape for these surfaces
has an area to perimeter ratio similar to that of a circle. It was also shown that the
asymmetry of these impacts is small and within experimental error, the impact
shape can be described as circular. An exception to this was observed for short
pillars (ℎ = 7 µm).

For a pitch of 60 µm the impact region area is always larger than the size
of the initial droplet for the range of We and pillar designs studied. For tall
pillars (ℎ = 30 µm), circular impact regions were observed. As the height of
the pillars is reduced the complexity of the impact shape increases. The most
interesting results in this study were observed for surfaces with (□, p = 60 µm,
ℎ = 15 µm) pillars. This surface demonstrates a semi-wetting impact region with
protrusions into the microstructure reaching the outer spread of the droplet.

To improve on this work high-resolution high-magni�cation images of the
impact region could be obtained. This would allow for the role of individual
pillar-pillar pinning of the liquid-air interface to be observed. Also, the lighting
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method could be developed to allow imaging of the impact region prior to the
droplet spreading. A new method for imaging the impact region in the early
stages of droplet impacts would highlight the evolution of the shapes recorded
at maximum spread. Improvements on the model for impact region size and
shape require inclusion of the force under an impacting droplet as it spreads.
The exact relationship for the force under an impacting droplet is still not fully
understood, but recent work has made improvements [125]. Full three-phase
numerical models for the �ow of gas and liquid through microstructures is an
obvious next step within this �eld.

173





Chapter 6

Outer Region

6.1 Introduction

In this Chapter, phenomena outside of the impact region are considered. In
Section 6.2 a qualitative overview of the types of outcomes observed with
respect to the surface design and We is presented. In Section 6.3 the spread
factor of droplets on microstructured surfaces is quantitatively explored and
compared to literature. In Section 6.4 the general shape of the outer region is
measured using multiple methods and the relationship to the surface is explored.
In Section 6.5 �ngers in the outer rim of the droplet are identi�ed using image
processing (Section 3.4.3.4) and the relationship with the microstructure array
is studied. In Section 6.6 a discussion on the overall outcomes is presented
alongside models to predict the relationship with the microstructure design.

As discussed in Section 3.4.3.4, the emergence of �ngers is of interest in
this study. The direction of �nger formation relative to the microstructure
array is of particular interest. The global trend of �ngers as a function of pillar
pitch is shown in Figure 6.1. As with the impact region (Chapter 5) the types
of phenomena observed in the outer region of droplet impacts are controlled
mostly by the pitch of the surface. Therefore, surfaces are primarily grouped by
the microstructure pitch in this Chapter.

Surfaces with a pitch of 40 µm tend to produce the lowest number of �ngers,
which are focused along the axis of the surface microstructure, as shown in
Figure 6.1 a). Surfaces with a pitch of 60 µm tend to produce the highest
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a) p = 40 µm 2 mm b) p = 60 µm 2 mm c) p = 80 µm 2 mm

Figure 6.1: Examples of the outer region of droplet impacts at maximum spread
for three surfaces with di�erent pillar pitch. All surfaces contain (□, ℎ = 22 µm)
pillars. Droplet impacts are conducted at a We of 160±2. a) p = 40 µm produces
single small on-axis �ngers. b) p = 60 µm produces triplet �ngers on-axis. c)
p = 80 µm produces o�-axis �ngers.

number of �ngers when compared to other surfaces and produce “doublets”
and “triplets”. Surfaces with a pitch of 80 µm tend to produce more �ngers than
40 µm pitch surfaces but less than 60 µm pitch surfaces, and �ngers often form
o�-axis. All of these trends are explored in more depth in this Chapter, with
the aim of explaining a mechanism for controlling the spread of a droplet using
the surface geometry. Three experiments at each We were conducted to assess
repeatability. Images shown in this Chapter highlight the best examples of the
observed outcomes. It is noted in the text where outcomes were not qualitatively
repeatable.

It should be noted that water droplet impacts on �at smooth PDMS
produce no �ngers at any We in the range covered by this study, as shown
in Figure 6.2. Droplet shape is very repeatable on �at smooth PDMS and only
shows perturbations in the outer spread shape when colliding with surface
contaminants such as dust.

6.2 Qualitative Overview

In this section, the general trends of the outer region size and shape are covered.
To aid the reader, surfaces are primarily grouped by the pitch of the pillars.
Full page �gures are used to allow visualisation of the e�ect of changing the

176



Outer Region 6.2. Qualitative Overview

88 114 139 168 188
We

Figure 6.2: Droplet pro�le at maximum spread for water droplets impacting on
�at smooth PDMS. Patterning seen in images is due to the underside of the
sample.

pillar height and droplet We at a �xed pillar pitch. The types of �ngers and their
relationship to droplet We and surface geometry are discussed.

The We of impact is divided into three groups, low (We < 120), medium
(120 > We < 160) and high (We >160). For all surfaces investigated in this study
a positive monotonic relationship between the droplet size at maximum spread
and the We was observed. Qualitatively, little di�erence in the size of the droplet
impacts as a function of the pillar pitch is observed.

6.2.1 Circular Pillars

Figure 6.3 shows droplet impacts on surfaces with (○, p = 40 µm) pillars. As
mentioned previously a positive monotonic relationship between the droplet
We and the droplet size is seen. Qualitatively the height of the pillars has little
e�ect on the size of the droplet, however it does have an e�ect on the shape.

At low We no �nger formation is observed regardless of the height of the
pillars. This can be observed in Figure 6.3 by comparing 1a) - 3a). As the We is
increased �nger formation is seen on all surfaces. At high We, �nger formation
can be compared in Figure 6.3 1e) - 3e). The number of �ngers reduces as a
function of an increase in pillar height. Increasing the height of the pillars also
reduces the size of the �ngers observed. Finger formation occurs in all directions
on surfaces with small pillars, but is restricted to on-axis for taller pillars.

Figure 6.4 shows the e�ect of increasing the pitch of the pillars to 60 µm.
Droplet impacts on small pillars (15 µm) completely wet the surface for all We.
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As the We increases some �nger formation is observed and is concentrated
o�-axis, as shown in Figure 6.4 1d). At a pillar height of 22 µm the number of
�ngers seen increases but no clear directional dependence for �nger formation
is observed, as shown in Figure 6.4 2e). For a pillar height of 30 µm the total
number of �ngers is reduced when compared to 22 µm height pillars. The onset
of on-axis �nger formation is seen at lower We when compared to 40 µm pitch
surfaces, as shown in Figure 6.4 3b). Surfaces with (○, p = 40 µm, ℎ = 30 µm)
pillars have a threshold We ≈ 190 where as (○, p = 60 µm, ℎ = 30 µm) have
a threshold We ≈ 118. As the We increases the size of �ngers increases, but
the direction of �ngers remains on-axis. At high We, �ngers on-axis split into
doublets, as shown in Figure 6.4 3e).
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Figure 6.3: Maximum spread shapes for droplets impacting surfaces with (○, p = 40 µm) pillars.
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Figure 6.4: Maximum spread shapes for droplets impacting surfaces with (○, p = 60 µm) pillars.
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Figure 6.5 shows the e�ect of increasing the pitch of the pillars to 80 µm.
As observed for other pitch values, increasing the We increases the area of the
droplet spread. As mentioned previously in Chapter 5, all surfaces with 80 µm
pitch are completely wetted for the range of We used in this study. For pillars
with a height of 15 µm very few �ngers were observed and those that are present
have no apparent directional dependence relative to the underlying array, as
shown in Figure 6.5 1e). For pillars with a height of 22 µm, the number of �ngers
decreases when compared to shorter pillars, but increase in length. At high We
�nger growth predominantly focusses o�-axis to the underlying array, as shown
in Figure 6.5 2d).

The We threshold for �nger formation is reduced as the pillar height is
increased. Small �ngers were observed at low We on-axis for 30 µm pillars,
as shown in Figure 6.5 3a). At medium We, although �ngers are observed they
have low directional order relative to the array axes. As the We increases, �ngers
increase in size and are more ordered relative to the array axes. At high We single
�ngers o�-axis and triplet �ngers on-axis are observed, as shown in Figure 6.5
3e).
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Figure 6.5: Maximum spread shapes for droplets impacting surfaces with (○, p = 80 µm) pillars.
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6.2.2 Square Pillars

In this Section the e�ect of changing the pillar shape to square is shown.
As shown previously in Section 5.2, surfaces with square pillars show a
heightened stability of the Cassie-Baxter state. This is mostly attributed the
greater perimeter of the pillars, and hence an increase in the total surface area
required to be wetted.

Figure 6.6 shows surfaces with (□, p = 40 µm) pillars. Similar trends as those
observed for (○, p = 40 µm) pillars are observed. Increasing the height of the
pillars has little qualitative e�ect on the area of the droplets. At low We all
surfaces show circular spread shape with no �nger formation. For a pillar height
of 15 µm �ngers begin to form at high We. These �ngers are focused primarily
on-axis to the underlying array. However, some additional perturbations in the
outer spread are observed, as shown in Figure 6.6 1e). For a pillar height of
22 µm the threshold We ≈ 133 is reduced when compared to the threshold for
15 µm height pillars, We ≈ 160. Fingers are concentrated on-axis relative to the
underlying array axes, as shown in Figure 6.6 2d). For a pillar height of 30 µm,
�ngers are restricted to the on-axis direction relative to the underlying array. As
for circular pillars, the impact energy required for the onset of �nger formation
is reduced as the pillar height is increased, as seen by comparing Figure 6.6 1d)
& 3c).
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Figure 6.6: Maximum spread shapes for droplets impacting surfaces with (□, p = 40 µm) pillars.
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Figure 6.7 shows drop outcomes on surfaces with (□, p = 60 µm) pillars. For
a pillar height of 15 µm a complex growth of �ngers as a function of impact We
is observed. At low We small protrusions are seen in the outer rim. These are
not large enough to �t the de�nition of �ngers (Section 3.4.3.4), but highlight a
possible mechanism for �nger formation. The impact region at We = 102 spreads
o�-axis relative to the underlying array, up to the edge of the droplet. This edge
appears to pull on the spreading liquid, acting to pin the �uid movement and
creating a protrusion on either side of the pinned front, as shown in Figure 6.7
1a). This mechanism for inducing protrusions is discussed at the end of this
chapter.

At medium We the impact region does not touch the edge of the spreading
droplet, but �nger formation is still observed. These �ngers tend to align on-axis
relative to the underlying array. Unlike circular pillars, square pillars produce
very clear doublet �ngers, as shown in Figure 6.7 1b). At high We the impact
region spreads to the edge of the droplet again and complex �nger formation
is observed, as shown in Figure 6.7 1e). It was observed that �ngers never
form at the rim where the impact region spreads to the edge. This feature of
semi-wetting surfaces is of interest for the control of directional splashing, and
is discussed further in Section 6.6.2.

For a pillar height of 22 µm, �nger formation is observed at low We, agreeing
with the trend noted previously where increasing the height of the pillars
reduces the We threshold for �nger formation. Fingers tend to form on-axis
relative to the underlying array, as shown in Figure 6.7 2b). Doublet and triplet
�ngers are observed on these surfaces, as seen in Figure 6.7 2d).

For a pillar height of 30 µm formation of �ngers is observed at low We,
focused on-axis relative to the underlying array as for 22 µm height pillars, as
shown in Figure 6.7 3b). At medium We doublet �ngers are observed, aligned
on-axis relative to the underlying array. The threshold We for doublet formation
is higher when compared to shorter pillars. At higher We some triplet �ngers
are seen, but the regularity of these �ngers is low, as shown in Figure 6.7 3e).
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Figure 6.7: Maximum spread shapes for droplets impacting surfaces with (□, p = 60 µm) pillars.
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Figure 6.8 shows impacts on surfaces with a pitch of 80 µm. For a pillar height
of 15 µm few �ngers are seen for all We investigated. At high We some �nger
formation is observed, but has no clear directional dependence relative to the
underlying array, as shown in Figure 6.8 1e).

For a pillar height of 22 µm �nger formation is observed at medium We.
These �ngers tend to align o�-axis relative to the underlying array, as shown in
Figure 6.8 2c). For a pillar height of 30 µm �nger formation is observed even at
low We ≈ 95, as shown in Figure 6.8 3a). These �ngers focus on-axis relative to
the array. At medium We �ngers o�-axis become more prominent along with
triplet �ngers on-axis, as shown in Figure 6.8 3c). At high We �nger formation
becomes less ordered relative to the underlying array, as shown in Figure 6.8
3e).
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Figure 6.8: Maximum spread shapes for droplets impacting surfaces with (□, p = 80 µm) pillars.
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6.3 Outer Region Size

The spread factor for droplet impacts has frequently been measured in previous
studies, with the aim of producing a universal law for the scale of spreading
(Section 2.2.2.3 for more details). The spread factor is often measured from
a recording of the droplet from a side view, which allows for the direct
measurement of the diameter of the droplet before and during the impact. This
method is mainly used due to its simplicity and the availability of models that
predict the spreading factor. The two-dimensional spreading factor (�) can thus
be de�ned as

� =

Dmax

D0

, (6.1)

whereDmax is the diameter of the droplet at maximum spread andD0 is the initial
diameter of the droplet. This is the most commonly used measurement of the
spread factor and in most situations it is appropriate to use due to the symmetry
of droplet impacts.

In this study the shape of droplets at maximum spread is not always
symmetric. As such the spread factor of the droplet changes depending on the
orientation of the droplet relative to the view of a side-on camera. Therefore,
a new measure for the spread factor is used and called the area spread factor.
This measurement uses recordings of the droplet viewed parallel to the droplet
trajectory prior to impact, as in the images in the previous section. From these
the area of the droplet can be measured. The area spread factor (�Area) can thus
be de�ned as,

�Area =
AMax

Ad

, (6.2)

where AMax is the area of the droplet at maximum spread and Ad is the initial
area of the droplet. To aid comparison between this study and previous studies
the area spread factor is converted to a length spread factor (�outer) by converting
the area at maximum spread to the diameter of an equivalent circle. Therefore,

�outer =

√

AMax

Ad

. (6.3)
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Figure 6.9: Spread factor as a function of the We of droplets impacting on
surfaces with circular pillars. The black dotted line denotes a �t to all data using
Equation (6.4). Pillar pitch a) 40 µm, b) 60 µm, c) 80 µm. The red dotted line
denotes a similar �t to experimental data for spreading on �at PDMS.

As discussed in Chapter 2, two common models for the spread factor on
�at surfaces predict a power law between the spread factor and the We of the
droplet. A general form of these models can be expressed as,

�outer = �We , (6.4)

where � and  are constants �tted to experimental data. The model of Clanet et
al. predicts values of � and  of 1 and 0.25 respectively [40]. The other common
model by Collings et al. shown in Equation (2.12) predicts values of � and  of
1 and 0.5 respectively [41].

6.3.1 Circular Pillars

Figure 6.9 a) shows the spread factor as a function of We for surfaces with
circular pillars with a pitch of 40 µm. All pillar heights investigated produce a
similar trend. A �t to all data is shown as a dotted black line using Equation (6.4)
and gives a value of  = 0.30. There is no clear e�ect on the spread factor due to
the height of the pillars. As shown in Chapter 5, the impact region for surfaces
with a pitch of 40 µm tends to be on the same scale as the initial droplet. The
size of the impact region changes only slightly as a result of changing the pillar
height, so it can be argued that there is little change in the energy consumed in
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Pitch (µm) Height (µm) � 

40 15.0 0.605 0.341
40 22.0 0.740 0.297
40 30.0 0.766 0.290
60 15.0 0.660 0.320
60 22.0 0.663 0.322
60 30.0 0.691 0.304
80 15.0 0.592 0.351
80 22.0 0.745 0.288
80 30.0 0.743 0.286

Table 6.1: Spread factor �tting parameters for droplet impacts on surfaces with
circular pillars.

the initial impact across di�erent height pillars. Most �uid �ow on these surfaces
is over the top of the pillars, and hence only the pillar coverage will produce
friction to spreading. The pillar coverage does not change with pillar height, as
such increasing the pillar height will have no e�ect.

Figure 6.9 b) shows the spread factor as a function of We for surfaces with a
pitch of 60 µm. A similar  value ( = 0.30) to 40 µm pitch surfaces is observed.
Surfaces with 60 µm also have the same relationship to  with increasing pillar
height, even though more wetting occurs on these surfaces.

Figure 6.9 c) shows the spread factor as a function of We for surfaces with
a pitch of 80 µm. A �t to all data using Equation (6.4) is used and gives a value
of =0.29. For short (15 µm) pillars, �uid spreads further for a given We when
compared to taller pillars (30 µm). As shown in Chapter 5 all surfaces with a
pitch of 80 µm are completely wetting, therefore friction to �ow is dependent
on the surface roughness. As the pillar height increases so does the roughness
and hence the friction to �ow increases. If the initial energy of the droplet is
constant droplets will spread less for taller pillars, if completely wetting.

Table 6.1 summarizes the �tting parameters for individual surfaces. For
surfaces with the same pitch the �tting parameter  reduces slightly as the
height of the pillars increases. All surfaces have a  value closer to the Clanet
model than the Collings model, but none match the value  = 0.25. A larger 
factor results in a greater change in the spread factor for an increase in We when
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compared to a smaller  factor.

6.3.2 Square Pillars
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Figure 6.10: Spread factor as a function of the We of droplets impacting on
surfaces with square pillars. The black dotted line denotes a �t to all data using
Equation (6.4). Pillar pitch a) 40 µm, b) 60 µm, c) 80 µm. The red dotted line
denotes a similar �t to experimental data for spreading on �at PDMS.

Pitch (µm) Height (µm) � 

40 7 0.896 0.265
40 15 0.953 0.256
40 22 0.944 0.256
40 30 0.957 0.256
40 50 0.893 0.266
60 15 0.960 0.255
60 22 0.830 0.283
60 30 0.792 0.298
80 15 0.939 0.258
80 22 0.972 0.242
80 30 1.026 0.230

Table 6.2: Spread factor �tting factors for droplet impacts on surfaces with
square pillars.

192



Outer Region 6.4. Outer Region Shape

Figure 6.10 shows the spread factor as a function of the We of droplets impacting
on square pillared surfaces. All surfaces with square pillars show a closer match
to �at PDMS than circular pillars.

Figure 6.10 a) shows the spread factor as a function of We for surfaces with
a pitch of 40 µm. All pillar heights with 40 µm pitch produced a similar trend.
A �t to all data is shown and gives a value of  = 0.25 which agrees with the
Clanet et al. model. As shown previously for circular pillars there is little change
in the spread factor as the height of the pillars is changed. This supports the
explanation from Section 6.3.1.

Figure 6.10 b) shows the spread factor as a function of We for surfaces with
a pitch of 60 µm. An increase in  ( = 0.28) is found as compared to 40 µm pitch
surfaces. Changing the height of the pillars has little e�ect on the spread factor
of the droplet. For pillars with a height of 15 µm, there is less spreading when
compared to taller pillars. As shown in Chapter 5 surfaces with (□, p = 60 µm,
ℎ = 15 µm) pillars produce a complex impact region. On these surfaces the
impact region is semi-wetting which spreads to the edge of the droplet and can
pin the motion of the �uid. As the pillar height is increased the impact region
reduces and does not spread far enough to touch the spreading rim. This height
dependence is re�ected in the �tted values of  in Table 6.2.

Figure 6.10 c) shows the spread factor as a function of We for surfaces with a
pitch of 80 µm. A similar  ( = 0.24) value, compared to 40 µm pitch surfaces, is
found. With square pillars increasing the height of the pillars reduces the spread
factor, which is the same relationship as with circular pillars.

Table 6.2 summaries the �tting parameters for individual surfaces. The 

factor for square pillars is closer to the value of 0.25 predicted by Clanet et al.
when compared to the results for circular pillars. The  value also changes less
as the pillar height is increased.

6.4 Outer Region Shape

In this Section the shape of droplets at maximum spread is analysed using a
method similar to that introduced for the impact region in Section 5.4.2. The
dimensionless area of a given shape can be compared to the dimensionless
perimeter. This comparison gives an indication of how complex a shape is, given
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Figure 6.11: Dimensionless shape of droplets at maximum spread on surfaces
with (□, p = 40 µm) pillars. The pillar heights are a) 15 µm, b) 22 µm, and c)
30 µm. The red dashed line denotes the perimeter of a circle for a given area.
The blue dashed line denotes divergence from circular spread.

that the smallest perimeter for a given area is that of a circle. This method does
not quantify directionality or symmetry in shapes.

Surfaces with circular pillars show similar global trends as those for square
pillars, however the trends are more pronounced on square pillars. Hence, only
data for square pillars is presented. Data for circular pillars is available in
Appendix B.

Figure 6.11 shows the dimensionless perimeter of droplet impacts at
maximum spread as a function of the dimensionless droplet area for surfaces
with (□, p = 40 µm) pillars. At low We, all surfaces produce impact shapes
with the dimensionless perimeter aligning with that of a circle, as de�ned in
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Equation (5.5). As the We increases, droplets on all surfaces diverge from circular
spreading around We ≈ 140.

Figure 6.11 a) and b) both show a clear relationship between the
dimensionless area and dimensionless perimeter after the onset of non-circular
spread. As the droplet increases in size the perimeter becomes more complex,
as expected.

Figure 6.11 c) shows a more variable positive correlation between the
dimensionless area and dimensionless perimeter. After the onset of asymmetry
the area of the droplet rapidly increases with increasing We. As the We increases
further the rate reduces and this can be attributed to the loss of energy in
creating the complex perimeter of the droplet. It is unclear why this is only
observed for surfaces with a pillar height of 30 µm.

Figure 6.12 shows the dimensionless perimeter as a function of droplet
dimensionless area for a pitch of 60 µm. As for 40 µm pitch surfaces, impacts
at low We produce circular impact shapes and the same relationship between
We and dimensionless perimeter is observed. Surfaces with a pitch of 60 µm
produce greater asymmetry than droplets on 40 µm pitch surfaces, shown by a
greater increase in the dimensionless perimeter.

For a pillar height of 15 µm the divergence from circular spread is gradual
until Amax/Ad = 11, at which point it rapidly increases, as shown in Figure 6.12
a).

For a pillar height of 22 µm the divergence from circular spread occurs at
a higher dimensionless area. The increase in the dimensionless perimeter as a
function of dimensionless area is lower compared to shorter pillars, as shown in
Figure 6.12 b). For a pillar height of 30 µm the divergence from circular spread
occurs at Amax/Ad = 10. The change is also less abrupt when compared with
shorter pillars, as shown in Figure 6.12 c). This suggests that increasing the pillar
height makes it harder to produce complex perimeters.

Figure 6.13 shows the dimensionless perimeter as a function of the droplet
dimensionless area for a pitch of 80 µm. The same relationship between the We
and dimensionless perimeter is observed. As the height of the pillars is increased
the onset value of Amax/Ad for non-circular spread is reduced. For a pillar height
of 30 µm the onset of non-circular spread occurs at the lowest We observed in
this study, as shown in Figure 6.13 c) and Table 6.3.
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Figure 6.12: Dimensionless shape of droplets at maximum spread on surfaces
with (□, p = 60 µm) pillars. The pillar heights are a) 15 µm, b) 22 µm, and c)
30 µm. The red dashed line denotes the perimeter of a circle for a given area.
The blue dashed line denotes divergence from circular spread.

Table 6.3 shows the critical values of the dimensionless area and We for the
onset of non-circular droplet spread for all surfaces with square pillars. There
is no universal dimensionless area at which droplets become non-circular in
spread. Using volume conservation, the thickness of the droplet at maximum
spread is approximately proportional to the area of the droplet at maximum
spread. One could assume that a critical thickness of the droplet is required
for the emergence of non-circular spread, due to surface tension e�ects, but
evidence suggests that is not the case. Also, there is no universal threshold We
for the onset of non-circular spread, although a relationship with the surface
design is highlighted in Table 6.3. As the pillar height is increased, for a �xed
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Figure 6.13: Dimensionless shape of droplets at maximum spread on surfaces
with (□, p = 80 µm) pillars. The pillar heights are a) 15 µm, b) 22 µm, and c)
30 µm. The red dashed line denotes the perimeter of a circle for a given area.
The blue dashed line denotes divergence from circular spread.

pitch, the critical We for the formation of non-circular spread is decreased. One
exception to this rule was observed for surfaces with (□, p = 60 µm, ℎ = 15 µm)
pillars as they produce non-circular spread at low We.

6.5 Fingers

In this Section, an overview of the types of �ngers observed at maximum spread
is presented. The formation of “doublet” and “triplet” �ngers is of particular
interest. Relationships between the surface microstructure design and the type
of �ngers are identi�ed.
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Pitch (µm) Height (µm) Onset (Amax/Ad ) We
40 15 11 137
40 22 11 124
40 30 10 109
60 15 9 93
60 22 10.2 103
60 30 10 98
80 15 10.5 119
80 22 9.5 103
80 30 <8 <77

Table 6.3: Critical dimensionless area and We for the onset of non-circular
droplet spread on surfaces with square pillars.

6.5.1 Doublets

Fingers can form with symmetric order relative to the underlying array axis.
On surfaces with 60 µm pitch doublets are commonly observed. Figure 6.14
shows examples of doublets on surfaces with (□, p = 60 µm). In this case
on-axis doublets are shown, where a pair of �ngers have symmetry relative to
the on-axis direction of the underlying array. Each �nger points in the radial
direction from the centre of the impact, following the motion of the spreading
droplet. This suggests that the underlying pillar array does not control the
direction of spread, but does in�uence the point of �nger nucleation.

For a pillar height of 15 µm a large separation angle (�d = 28.8◦) is measured
between the two �ngers and the centre of the impacting droplet. This angle
is symmetric about the on-axis direction of the underlying array, as shown in
Figure 6.14 a). The direction of each �nger is denoted by a red dashed line. The
central impact region on this surface is large and has very straight edges at 90◦

angle to the on-axis direction.
For a pillar height of 30 µm a smaller separation angle (�d = 19.8◦) is observed

between the two �ngers and the centre of the impacting droplet. This angle is
also symmetrical about the array axis, as shown in Figure 6.14 b). The direction
of spread of each �nger aligns with the radial direction of spread (shown as a
red dashed line) and the central region is more circular.
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a) h = 15 µm

θd

1 mm b) h = 30 µm

θd

1 mm

Figure 6.14: Examples of doublet �ngers in the outer spread of impacting
droplets on surfaces with (□, p = 60 µm) pillars. Both samples show �nger
formation along the radial direction from the initial droplet impact location,
as indicated by red dashed lines. Blue arrows denote the on-axis direction of
the pillar array. These experiments were conducted at a similar We of 124±2. a)
Pillar height of 15 µm with a large separating angle (�d = 28.8◦). b) Pillar height
of 30 µm with a small separating angle (�d = 19.8◦).

As �d tends to zero one would expect a circular impact region and for the
doublet to collapse to a single �nger. This is the case for surfaces with a pitch
of 40 µm, as shown previously in Figure 6.3.

6.5.2 Triplets

At higher We on the same surfaces (□, p = 60 µm) triplet �ngers are observed
in the outer spread of droplets. These �ngers tend to spread on-axis relative to
the underlying array and consist of a central �nger spreading on-axis and one
�nger either side of the central �nger. The central �nger tends to be longer than
the �ngers either side. The separation angle of the triplet (�t ) is de�ned as the
angle between the direction of spread of the two outermost �ngers. Examples
are shown in Figure 6.15.
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a) h = 15 µm

θt

1 mm b) h = 22 µm

θt

1 mm c) h = 30 µm

θt

1 mm

Figure 6.15: Examples of triplet �ngers in the outer spread of impacting droplets
on surfaces with (□, p = 60 µm) pillars. All images show �nger formation along
the radial direction from the initial droplet impact location, as indicated by red
dashed lines. Blue arrows denote the on-axis direction of the pillar array. a) We
= 180 on a pillar height of 15 µm produces a small separating angle (�t = 20.5◦).
b) We = 160 on a pillar height of 22 µm produces a large separating angle (�t
= 35◦). c) We = 174 on a pillar height of 30 µm produces a medium separating
angle (�t = 30◦).

For a pillar height of 15 µm the separation angle of the triplet is small (�t =
20.5◦), resulting in tightly packed �nger formation, as shown in Figure 6.15 a).
The central �nger in these triplets is often much bigger than the outer �ngers.
For a pillar height of 22 µm the separation angle of the triplet is large (�t = 35◦),
resulting in a loosely bound �nger formation, as shown in Figure 6.15 b). The
central �nger in these triplets is of similar size to the other �ngers. For a pillar
height of 30 µm the separation angle of the triplet is lower than for medium
pillars but greater than for small pillars (�t = 30◦), as shown in Figure 6.15 c).

This trend is inconsistent with the trend noted for doublets. However, two
di�erent regimes are observed in the case of triplets. For short pillars (ℎ = 15 µm),
the impact region spreads and reaches the outer spread of the droplet. This
spread acts to pin the outer �uid and restricts the location of �nger formation.
This impact region shape depends on the preferred directions of the spread of
�uid through the microstructure. This con�nes the �nger formation to a smaller
separation angle than expected based on the relative height of the pillars. For
medium height pillars (ℎ = 22 µm) the impact region does not touch the edge of
the spreading droplet. The separation angle of the triplet is not restricted, and
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hence increases. As the height of pillars is increased to 30 µm the separation
angle decreases as observed for doublets. This supports the hypothesis that an
increase in the height of the pillars generally acts to focus the direction of �nger
formation.

6.5.3 Threshold and Direction

In this Section, the energy threshold for the emergence of �ngers is studied
as a function of the surface design. Of interest is the critical We required to
induce �nger formation in the outer spread of drop impacts. Also of interest
is the ordering of �ngers relative to the underlying pillar array. As highlighted
in Section 6.2, droplet impacts on microstructured surfaces can produce �ngers
with symmetry arranged relative to the underlying array axes.

Phase plots are presented to explore the landscape of �nger formation
relating to the pillar properties (height, pitch, shape), We and angle from array
axes. All angular data presented in this section is taken relative to the nearest
lattice axes. For example, an angle of 20◦ refers to 20◦ from the nearest row or
column of pillars (similar to the method used in Section 5.4.3). The number of
�ngers and size of �ngers as a function of angle from the array is of interest.

As previously, surfaces are grouped by pillar pitch due to the similar
phenomena seen at a �xed pitch. Angular data presented has been binned into
5◦ segments to simplify presentation. On all surfaces it was found that as We is
increased the number of �ngers produced at maximum spread increased.

6.5.3.1 Circular Pillars

As highlighted qualitatively in Section 6.2.1, surfaces with circular pillars
produce less ordered �ngers than for square pillars. A general understanding
of �nger formation emergence as a function of We on (○, p = 40 µm) pillars can
be gained from Figure 6.16 a). As the height of the pillars is increased the total
number of �ngers is reduced for the same We and the threshold We for �nger
formation increases. For a pillar height of 15 µm the impact region is bigger
than the initial droplet size. This suggests that �ow through the microstructure
takes place, and therefore one would expect more �ngers to form as a result
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of increased gas �ow through the microstructure. Taller pillars show impact
regions smaller than the initial droplet, and hence show fewer �ngers.

An example of a droplet impact on a surface with (○, p = 40 µm, ℎ = 15 µm)
pillars at We = 196 can be seen in Figure 6.16 b). Many �ngers are formed in the
outer spread of the droplet with no discernible orientation relative to the array.
This is shown quantitatively in Figure 6.16 d). Fingers form above the critical
value We > 150 but form over a broad range of angles.

Increasing the height of the pillars acts to reduce the number of �ngers and
size of �ngers, but increases the ordering, as shown in Figure 6.16 c). Although
the protrusions in the outer rim do not meet the minimum requirement for a
�nger by the de�nition used, they show possible �nger formation above the
range of We used. As such both Figure 6.16 f) & i) contain no data, but are
included for systematic comparison with other results.

Comparing Figure 6.16 d) & e) it can be seen that increasing the height
of the pillars concentrates �nger formation to set angles, seen as an increase
in the number of �ngers at 22.5-27◦. Increasing the height of the pillars also
decreases the length of the �ngers, as shown by comparing Figure 6.16 g) &
h). Interestingly angles which produce the greatest number of �ngers do not
produce the biggest �ngers.

Increasing the pitch to 60 µm increases the total number of �ngers observed
for pillar heights 22 µm & 30 µm when compared to surfaces with 40 µm pitch,
as shown in Figure 6.17 a). Surfaces with a pillar height of 15 µm produce
fewer �ngers than similar surfaces with 40 µm pitch. This is attributed to the
completely wetting nature of this surface, in line with 80 µm pitch surfaces.

An example of a droplet impact on a surface with (○, p = 60 µm, ℎ = 15 µm)
pillars at We = 177 can be seen in Figure 6.17 b). As with other short pillared
surfaces the range of angles for �nger formation is large. The threshold for �nger
formation We = 175 is higher when compared to surfaces with a pitch of 40 µm.
This surface shows �nger formation between 42.5◦ - 45◦, as shown in Figure 6.17
d). Fingers that form on this surface have small relative length, as shown in
Figure 6.17 g).

Increasing the pillar height increases the number of �ngers, as shown in
Figure 6.17 c). This contradicts the trend noted for 40 µm pitch surfaces, and is
attributed to the change from a completely wetting to a semi-wetting surface.
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Figure 6.16: Finger formation trends for surfaces with (○, p = 40 µm) pillars. a)
Number of �ngers as a function of We. b) Example impact on a pillar height of
15 µm at a We of 196. c) Example impact on a pillar height of 30 µm at a We of
190. Number of �ngers as a function of We and array angle, for pillar heights of
d) 15 µm, e) 22 µm and f) 30 µm. Relative length of �ngers as a function of We
and array angle, for pillar heights of g) 15 µm, h) 22 µm and i) 30 µm. Highlighted
sections in plots refer to data from the example images.
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Figure 6.17: Finger formation trends for surfaces with (○, p = 60 µm) pillars. a)
Number of �ngers as a function of We. b) Example impact on a pillar height of
15 µm at a We of 177. c) Example impact on a pillar height of 30 µm at a We of
175. Number of �ngers as a function of We and array angle, for pillar heights of
d) 15 µm, e) 22 µm and f) 30 µm. Relative length of �ngers as a function of We
and array angle, for pillar heights of g) 15 µm, h) 22 µm and i) 30 µm. Highlighted
sections in plots refer to data from the example images.
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No clear angular dependence is seen, although some key angles are identi�ed
as shown in Figure 6.17 e). Finger length is increased as compared to shorter
pillars of a similar design, shown in Figure 6.17 h). This surface shows more in
common with a surface with (○, p = 40 µm, ℎ = 15 µm) pillars and suggests �nger
formation is partly controlled by the wettability of the surface.

Increasing the height to 30 µm decreases the total number of �ngers. The
angular dependence of �ngers increases, and �ngers are more concentrated
on-axis (0◦-2.5◦), as shown in Figure 6.17 f). As shown in Figure 6.17 i) the length
of �ngers also reduces. This trend is the same as that identi�ed for 40 µm pitch
surfaces.

Increasing the pitch to 80 µm decreases the threshold We to 120 for �nger
formation, but no clear trend of threshold with pillar height was seen. As shown
previously in Section 5.2, all surfaces with a pitch of 80 µm are completely
wetting.

An example of a droplet impact on a surface with (○, p = 80 µm, ℎ = 15 µm)
pillars at a We of 164 can be seen in Figure 6.18 b). This surface shows the highest
number of �ngers for all short circular pillars, but �ngers tend to be very short,
as shown in Figure 6.18 g). Finger formation is spread across all angles and takes
no obvious ordering relative to the array, as shown in Figure 6.18 d).

Increasing the height of the pillars to 30 µm reduces the total number of
�ngers at the same We, an example of which is shown in Figure 6.18 c). Finger
formation is concentrated to select angles, 0◦ and 45◦ being the most prominent,
as shown in Figure 6.18 f).

For 80 µm pitch surfaces, increasing the height of the pillars increases the
relative length of the �ngers, as shown by comparing Figure 6.18 g), h) and
i). This contradicts the trend noted for 40 µm surfaces in which increasing the
height of the pillars reduces the length of the �ngers. This di�erence is attributed
to the wetting nature of 80 µm surfaces.

6.5.3.2 Square Pillars

In this section the e�ect of changing the pillar shape to square is presented.
Surfaces with 40 µm pitch tend to produce the fewest total number of �ngers,

which is more obvious for square pillars, as shown in Figure 6.19 a). A clear
example of the We threshold for �nger formation can be seen by a comparison
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Figure 6.18: Finger formation trends for surfaces with (○, p = 80 µm) pillars. a)
Number of �ngers as a function of We. b) Example impact on a pillar height of
15 µm at a We of 164. c) Example impact on at a We of 150. Number of �ngers as
a function of We and array angle, for pillar heights of d) 15 µm, e) 22 µm and f)
30 µm. Relative length of �ngers as a function of We and array angle, for pillar
heights of g) 15 µm, h) 22 µm and i) 30 µm. Highlighted sections in plots refer
to data from the example images.
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Figure 6.19: Finger formation trends for surfaces with (□, p = 40 µm) pillars. a)
Number of �ngers as a function of We. b) Example impact on a pillar height of
15 µm at a We of 136. c) c) Example impact on the same surface at a We of 150.
Number of �ngers as a function of We and array angle, for pillar heights of d)
15 µm, e) 22 µm and f) 30 µm. Relative length of �ngers as a function of We and
array angle, for pillar heights of g) 15 µm, h) 22 µm and i) 30 µm. Highlighted
sections in plots refer to data from the example images.
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of the two example impacts shown in Figure 6.19 b) & c). These examples show
droplet impacts on the same sample with (□, p = 40 µm, ℎ = 22 µm) pillars with
increasing We. An increase in We = 14 gives the additional energy for �nger
formation. This extra energy increases the outer spread factor by 7% and the
inner spread factor by 5%. This demonstrates the sensitivity of �nger formation
to the energy of the droplet.

Increasing the height of the pillars reduces the threshold We for �nger
formation. These surfaces also show the clearest example of controlling the
angle dependence of �nger formation. As the height of the pillars is increased
all �nger formation is concentrated to an angle between 0◦ - 2.5◦, as seen
by a comparison between Figure 6.19 d), e) and f). It was also observed that
increasing the height of the pillars had no e�ect on the length of the �ngers on
these surfaces. This contradicts the trends noted for circular pillars in which all
surfaces show either a positive or negative relationship.

Surfaces with a pitch of 60 µm show the highest total number of �ngers, as
shown in Figure 6.20 a). No clear trend between the threshold We and pillar
height was observed. An example of a droplet impact on a surface with (□,
p = 60 µm, ℎ = 15 µm) pillars at We = 180 can be seen in Figure 6.20 b). The
threshold We = 90 is reduced in comparison to circular pillars of a similar design.
As discussed in Chapter 5 square pillars of this design show a semi-wetting
nature, where as circular pillars are completely wetted. Although this example
shows that there is symmetry for �nger formation, over multiple experiments
it was found that this is not a repeatable outcome, as shown in Figure 6.20 d).
The length of �ngers shows little angular dependence, as shown Figure 6.20 g).

Increasing the height of the pillars to 22 µm produces a similar number of
�ngers at the same We. The angular dependence of the �ngers is increased, with
more �nger formation on-axis as shown in Figure 6.20 e). Finger length also
shows more dependence on the angle, and increasing the height of the pillars
decreases the length of the �ngers, as seen by comparing Figure 6.20 g), h) and
i).

By increasing the pitch to 80 µm it was seen that the We threshold for �nger
formation had a negative correlation with the height of the pillars, as shown in
Figure 6.21 a). This trend is clearer for square pillars when compared to circular
pillars of a similar design. This trend can be seen by a comparison of the two

208



Outer Region 6.5. Fingers

a) We

20

0

5 N
um

be
r o

f F
in

ge
rs

10

15

80 100 120 140 160 180 200

15

20

25

30

h 
- µ

m

e) We

8

0

2 N
um

be
r o

f F
in

ge
rs

4

6

A
rr

ay
 a

ng
le

 - 
θ 

80 100 120 140 160 180 200

0

5

10

15

20

25

30

35

40

45

d) We

8

0

2 N
um

be
r o

f F
in

ge
rs

4

6

A
rr

ay
 a

ng
le

 - 
θ 

80 100 120 140 160 180

0

5

10

15

20

25

30

35

40

45

) We

8

0

2 N
um

be
r o

f F
in

ge
rs

4

6

A
rr

ay
 a

ng
le

 - 
θ 

80 100 120 140 160 180

0

5

10

15

20

25

30

35

40

45

h) We

1.4

1

1.1 Re
la

tiv
e 

Fi
ng

er
 le

ng
th

1.2

1.3

A
rr

ay
 a

ng
le

 - 
θ 

80 100 120 140 160 180 200

0

5

10

15

20

25

30

35

40

45

i) We

1.4

1

1.1 Re
la

tiv
e 

Fi
ng

er
 le

ng
th

1.2

1.3

A
rr

ay
 a

ng
le

 - 
θ 

80 100 120 140 160 180

0

5

10

15

20

25

30

35

40

45

g) We

1.4

1

1.1 Re
la

tiv
e 

Fi
ng

er
 le

ng
th

1.2

1.3

A
rr

ay
 a

ng
le

 - 
θ 

80 100 120 140 160 180

0

5

10

15

20

25

30

35

40

45
b)

b)

b)

c)

c)

c)

h = 15 µm h = 22 µm  h = 30 µm

Number of Fingers

Finger Length

2 mmb) h = 15 µm 2 mmc) h = 22 µm

Figure 6.20: Finger formation trends for surfaces with (□, p = 60 µm) pillars. a)
Number of �ngers as a function of We. b) Example impact on a pillar height of
15 µm at a We of 180. c) Example impact at the same We on a pillar height of
22 µm. Number of �ngers as a function of We and array angle, for pillar heights
of d) 15 µm, e) 22 µm and f) 30 µm. Relative length of �ngers as a function of We
and array angle, for pillar heights of g) 15 µm, h) 22 µm and i) 30 µm. Highlighted
sections in plots refer to data from the example images.
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Figure 6.21: Finger formation trends for surfaces with (□, p = 80 µm) pillars. a)
Number of �ngers as a function of We. b) Example impact on a pillar height of
22 µm at a We of 80. c) Example impact at the same We on a pillar height of
30 µm. Number of �ngers as a function of We and array angle, for pillar heights
of d) 15 µm, e) 22 µm and f) 30 µm. Relative length of �ngers as a function of We
and array angle, for pillar heights of g) 15 µm, h) 22 µm and i) 30 µm. Highlighted
sections in plots refer to data from the example images.
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example impacts shown in Figure 6.21 b) & c). Both impacts are recorded at the
same We. By increasing the pillar height from 22 µm to 30 µm a clear transition
for �nger formation can be observed. This demonstrates the sensitivity to pillar
height for the formation of �ngers, and shows that �ngers can be produced even
at very low We.

Increasing the height increases the angular order of �nger formation, in
which a preference to o�-axis �nger formation is observed, as shown by
comparison of Figure 6.21 d), e) & f). Increasing the height also increases the
relative length of the �ngers, which supports the trend noted for circular pillars
of a similar design.

6.6 Discussion

For all surfaces studied, increasing the We increased the spread factor of the
droplet. A general form of the energy conservation model for the prediction of
the spread factor was �tted to data to compare with literature. It was shown
that for all surfaces studied the presence of the microstructure acts to reduce
the spread of the droplet when compared to �at PDMS. It was observed that
circular pillars have a smaller spread factor when compared to square pillars.
This is attributed to the lower stability of these surfaces, in which greater surface
wetting constitutes a reduction in the available energy to spread. It was also
observed that for semi-wetting surfaces increasing the height of the pillars had
little e�ect on the spread factor. This suggests that the �uid �ow over the tops
of the pillars is the main mechanism for energy loss during spread on these
surfaces. For fully wetting surfaces is was shown that as the roughness of the
surface increased (i.e. pillar height) the spread factor reduced. This is attributed
to the loss of energy due to �ow through the entire microstructure which scales
with the height of the pillars. Square pillars were shown to approximately match
the spread model of Clanet et al.

It was also found that on all surfaces increasing the We increased the number
of �ngers observed at maximum spread. This could be attributed to thinning of
the droplet, but as shown in Section 6.4, asymmetric shapes can be produced at
di�erent amounts of spread on di�erent surfaces. It was shown that increasing
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the height of pillars acts to increase the order of the �ngers relative to the
microstructure array.

Surfaces with 40 µm pitch tend to produce fewer �ngers when compared to
other surfaces. 40 µm pitch surfaces with circular pillars produce more �ngers
than square pillars, which can be attributed to the lower stability to wetting
under droplet impacts. Finger formation is preferred on-axis relative to the
underlying array axis. The one exception to this rule is for surfaces with (○,
p = 40 µm, ℎ = 15 µm) pillars. This is attributed to the low stability to decay
to the Wenzel state, and hence has more in common with surfaces with 80 µm
pitch.

Surfaces with 60 µm pitch tend to produce more �ngers when compared to
other surfaces. Surfaces with square pillars show a lower threshold We for the
formation of �ngers than for similarly designed circular pillars. This is possibly
due to the increased focusing of gas �ow through the microstructure when
compared to circular pillars. On these surfaces both doublet and triplet �ngers
are observed, depending on the We. A special case for �nger formation was
observed for surfaces with (□, p = 60 µm, ℎ = 15 µm) pillars, in which the impact
region spreads and touches the outer edge of the spreading droplet. When the
outer edge of the droplet is connected to the impact region no �nger formation is
observed. This region of the rim is locally pinned to the microstructure, which
restricts the movement of the �uid. However, liquid which spreads on-top of
the pillars is not pinned and can produce �ngers. Hence, the spacing between
“anti-�nger” (pinned) rim locations acts to order the available locations for
�ngers.

Surfaces with 80 µm pitch tend to produce more �ngers than 40 µm pitch
but less than 60 µm pitch. 80 µm pitch surfaces with square pillars show a
lower threshold We for the formation of �ngers than surfaces with similarly
designed circular pillars. These surfaces are completely wetting and show �nger
formation with less ordering. Increasing the height of pillars on completely
wetting surfaces acts to increase the number and ordering of �nger formation.
Most notable is the increase in number of o�-axis �ngers relative to the
underlying array, when compared to mixed state surfaces.

A relationship between the pillar height and the number of �ngers has been
identi�ed. For surfaces in which partial wetting is observed, an increase in the
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height of the pillars acts to reduce the total number of �ngers and increase the
order of the �ngers. This is attributed to both the increased stability of the
surface to wetting and to a re�nement of the directions in which gas escapes
through the microstructure. For surfaces in which complete wetting is seen, an
increase in the height of the pillars acts to increase the total number of �ngers.

6.6.1 Model for Gas Flow

In previous work by Robson et at. the directionality of �nger formation was
approached using an analogy with pipe �ow [93]. In that model the channels
through the microstructure are considered as closed pipes in which gas can
escape. In this section is an expansion of that work aiming to explain the global
trends in �nger formation that were identi�ed in this Chapter is discussed.

For all surfaces it was shown that increasing the We of the impact increases
the number and size of �ngers. It was also shown that no universal spread
factor threshold for �nger formation was observed. Therefore it is suggested
that �nger formation is dominated by the velocity of the gas escaping through
the microstructure. An increase in the velocity of the impacting droplet leads to
an increase in the velocity of the gas escaping, and hence increases prominence
of �ngers. The velocity of the gas is also coupled to the breadth of escape paths.
This is perhaps obvious as droplets on �at smooth PDMS do not produce �ngers
for the same impact parameters. The gas has to be con�ned to select directions
and the di�erence between gas velocities in di�erent directions nucleates �nger
formation. Therefore, a surface with high gas velocity in all directions might
produce fewer �ngers than a surface with low average gas velocity con�ned to
select paths.

The velocity of gas escaping through the microstructure is dependent on
many factors. The mean laminar �ow velocity (vg) through a pipe is used as an
approximation and can be expressed analytically as,

vg =

1

4�g

ΔP

Δx

Area, (6.5)

where �g is the viscosity of the gas, ΔP is the pressure drop over a distance Δx
and Area is the area of the pipe. This model ignores the e�ect of the open upper
surface of the microstructure and treats the corridors through which gas escapes
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as closed pipes. Since Δx and � are constant, their in�uence on �nger formation
is ignored as a �rst approximation. For simplicity the on-axis corridor area is
used, and so the area for gas �ow can be stated as,

Corridor Area = (p − d)ℎ. (6.6)

In the case of the on-axis corridor the area for both circular and square pillars
is the same.

A �rst model assumes that the pressure drop is independent of the surface
and only relates to the droplet conditions. As discussed in Section 2.4.2 a
dynamic pressure from the impacting droplet (Pb) can be approximated as,

Pb =

�V
2

i

2

as stated in Equation (2.26). Combining Equation (6.5), Equation (6.6) and
Equation (2.26), the mean velocity of the gas (vg) escaping through the
microstructure can be approximated as,

vg ∝

�V
2

i

2

(p − d)ℎ. (6.7)

From Equation (6.7) some broad trends can be identi�ed. Firstly, increasing
the velocity of the droplet increases the velocity of the gas. This is expected and
matches the trends identi�ed in this Chapter. Secondly, increasing the pitch of
the surface increases the velocity of the gas. As shown in this Chapter surfaces
with greater pitch tend to produce a higher total number of �ngers and longer
�ngers. Finally, increasing the height of the pillars increases the velocity of the
gas. This would suggest that increasing the pillar height increases the number
of �ngers. However, this was only observed on 80 µm pitch surfaces.

To improve this model the e�ect of the surface on the pressure drop
is included. A simplistic approach is to subtract the threshold pressure for
transition into the Wenzel state from the impact pressure to �nd the excess
pressure under the droplet. In this case, gas �ow through the microstructure
is linked to the wetting of the surface. Using the sagging model for transition
(Section 2.4.2), the pressure drop can be stated as,
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ΔP ∝

�V
2

i

2

−

LGℎ

(p − d)
2
. (6.8)

Equation (6.8) shows that increasing the velocity of the droplet increases the
pressure drop and hence the gas velocity. It is also shown that as the height of
the pillars increases so does the pressure required to wet the surface and hence
the total pressure drop reduces. This leads to a reduction in the velocity of the
gas, hence a reduction in the number and size of �ngers. This trend supports
the data presented for 40 µm and 60 µm pitch surfaces but does not explain the
trend seen for 80 µm pitch surfaces.

6.6.2 Semi-wetting Surfaces

In this study, a particularly interesting surface has been identi�ed. Surfaces with
(□, p = 60 µm, ℎ = 15 µm) pillars are semi-wetting. This semi-wetting nature
allows for the impact region to spread to the outer rim of the droplet. As the
impact region is con�ned to preferred routes this can shape the outer spread
of the droplet. Fluid that reaches the edge of the rim acts to pin the rim and
suppress �nger formation, an example of which is shown in Figure 6.22 a).

Figure 6.22 b) shows a comparison between the relative spread of the outer
and impact regions of a semi-wetting droplet impact. The relative spread is
calculated as,

�outer =
router

min(router)
(6.9)

�impact =
rimpact

min(rimpact)
(6.10)

where router is the radius of the outer region, min(router) is the minimum radius
of the outer region, rimpact is the radius of the impact region and min(rimpact) is
the minimum radius of the impact region. The formation of �ngers in the outer
spread of the droplet is inversely correlated with the maximum spread of the
impact region, demonstrating that for directions in which �uid �ow through
the microstructure is preferred, �nger formation is suppressed.

Figure 6.23 shows the relationship between the outer and impact region
shape for all experiments that exhibited a semi-wetting nature. The relative
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Figure 6.22: Examples of the relationship between outer and inner shape for a
droplet impacting a surface with (□, p = 60 µm, ℎ = 15 µm) pillars at a We of 175.
a) Relative outer (red) and inner (blue) radii as a function of the angle from the
underlying array. b) Image of maximum spread pro�le.

spread of the impact region of each experiment is grouped into eight discrete
bins of width 0.10. The corresponding values for the outer region are plotted for
each bin as a box plot. As shown, the relative spread in the outer shape of the
droplet is reduced as the relative spread of the impact region increases. It is also
observed that the variability of relative spread in the outer shape is reduced as
the impact region spread increases. Therefore, �ngers may or may not form in
directions of low impact region spreading, but they never form in directions of
high impact spreading.

An example of a semi-wetting droplet impact in which the inner impact
region reaches the outer spread of the droplet is shown in Figure 6.23 a). A
zoomed image of two anti-�ngers, in which �nger formation is stopped but
�nger formation inbetween these regions is possible, is shown in Figure 6.23
b). It is thought that the �uid spread at the rim acts to pin the rim to the
microstructure. This stops the rim from undergoing �nger formation, and hence
no �ngers are seen.
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Figure 6.23: Relative spread of the outer region for all semi-wetting droplet
impacts as a function of the relative spread of the impact region.

6.7 Triangular lattice

Some investigations were conducted into the e�ect of the type of lattice of the
pillars. Figure 6.24 shows examples of droplets at maximum spread for surfaces
with (○, p = 80 µm) pillars. Unlike previous examples these pillars are arranged
in an equilateral triangular lattice instead of a square lattice and here p is the
side length of the unit triangle forming the lattice. As for the other surfaces, an
increase in the We increases the size of the droplet at maximum spread. As for
droplets on square lattices with 80 µm pitch, droplets on the triangular arrays
decay into the Wenzel state over the range of We in this study. Similar trends as
those noted for square arrays are observed. The threshold We for the formation
of �ngers depends on the pillar height, as seen by comparing rows 2 and 3 in
Figure 6.24.

Fingers tend to form along the principal array axis in Figure 6.24, as was
the case for square lattices, e.g. comparing Figure 6.8 3a) with Figure 6.24 3a).
For surfaces with a triangular lattice, �ngers with sixfold symmetry are often
observed. A similar relationship between the height of pillars and the number
and ordering of �ngers is observed, as was shown for square lattice surfaces. As
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the height of pillars is increased the total number of �ngers reduces but their
length increases. The shape of the lattice wasn’t a primary focus of this study,
however this example shows that the global trends observed in this study can
be extended to other designs. Further work on the study of lattice designs and
the e�ect on �nger formation is warranted in the future.
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Figure 6.24: Maximum spread shapes for droplets impacting surfaces with (○, p = 80 µm) pillars in a triangular lattice.
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6.8 Conclusion

In this Chapter the outer region of droplet impacts on microstructured surfaces
was studied. Both the size and shape of the outer region was measured in
relation to the surface design and the We of the droplet. For all surfaces it was
shown that increasing the We increases the size of the outer region.

General qualitative trends were identi�ed with the use of images at
maximum spread. The e�ect of changing the pillar height and We at a �xed pitch
was presented. The area spread factor was measured and compared to literature
models by conversion to a length spread factor. For all surfaces studied it was
shown that adding microstructures reduced the spread factor when compared to
�at smooth PDMS. Square pillars had a closer spread factor to �at PDMS when
compared to circular pillars. For all surfaces with 40 µm and 60 µm pitch only
a slight e�ect of increasing the pillar height on the spread factor was observed.
This is attributed to the �uid �ow spreading mostly on top of the pillars. Hence,
resistance to �ow is only a�ected by pillar coverage and increasing the height
has no e�ect. For surfaces with 80 µm pitch increasing the height reduced the
spread factor. This was attributed to the roughness factor as the entire droplet
wets the surface. Therefore, increasing the height increases the roughness and
hence increases the resistance to spread.

Key examples of the types of �ngers formed were identi�ed, with focus on
doublets and triplets. It was shown that the separation angle of both doublets
and triplets is reduced as the height of the pillars increases. This focusing
e�ect due to the height of the pillars is attributed to the re�nement of the
directions of gas �ow through the microstructure. One exception to this rule
was identi�ed for surfaces in which the impact region reaches the outer spread
of the droplet. Pinning of the spreading rim suppresses �nger formation and
reduces the separation angle of triplets.

A basic model for the relationship of the velocity of gas through the
microstructure as a function of the droplet velocity and the surface design was
presented. General scaling suggests that as the pitch of the surface increases
the surface becomes easier to wet. This produces a larger pressure drop which is
expelled through a larger corridor area leading to a higher velocity of gas. It was
also suggested that increasing the height of the pillars makes the surface harder
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to wet, hence reducing the pressure drop. This reduction in the pressure drop
o�sets the increase in the corridor area, and hence a reduction in the number
and size of the �ngers is observed.
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Chapter 7

Droplet Impact Near a Ridge

This work was achieved alongside collaboration with the University of
Canterbury, New Zealand. The experimental work and model presented
below were developed by the author. The 2D multiphase Lattice-Boltzmann
simulations for comparison were conducted by Prof M. Sellier and Dr H.
Rashidian [126].

7.1 Introduction

In Chapters 4 to 6 droplet impacts on micropillared surfaces were presented,
suggesting a possible method for controlling droplet impacts. Another method
that has been explored in literature is the interaction of a droplet with surfaces
which feature a ridge. Previous work has shown that in nature surfaces often
have ridge-like structures [127]. These structures are thought to help control
the spreading of droplets. The process of droplets directly impacting ridge-like
structures has been studied previously as a way to reduce the contact time
of a bouncing droplet [63]. Ridge structures of varying length scales (height
and width 100 µm - 1 mm) were previously studied and it was shown that the
relative contact time is independent of the ridge size [128]. Additional work
for droplets impacting multi-ridged structures of a similar scale to the droplet
has demonstrated di�erent outcome regimes depending on the impact location
relative to the surface features [129]. Reducing the ridge size returns the surface
to a somewhat “classic” microstructured superhydrophobic surface, although
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new modes of droplet shaping are observed [130]. Other work on rolling droplets
surmounting ridges of di�erent shapes has shown that the energy lost in
surmounting a ridge is dependent on a ratio of the surface perimeter of the
ridge to the �uid’s capillary length [131].

In real-life processes involving rain or spraying (for example), a droplet is
likely to impact a surface at some distance from a surface feature. A droplet
impacting on a smooth surface will spread to form a thin lamella (Section 2.2).
What happens when the lamella spreads into a surface feature, such as a
ridge? Relatively few works have addressed this issue. Josserand et al. [132]
used a somewhat simple but e�ective method to produce surfaces with ridge
features of multiple thicknesses using layers of tape. Droplets were impacted
at varying distances from the ridges with a �xed We. They demonstrated that
the dimensionless distance of a droplet from the ridge controls the angle of
the lamella as it surmounts the ridge. The angle of ejection of the lamella as it
surmounts the ridge is directly linked to the likelihood of breakup and splashing.

In this chapter an investigation into the energetics of a spreading droplet
approaching a single ridge is presented. Figure 7.1 shows a schematic
representation of the experiment. A droplet of diameter D0 impacts a surface
with a velocity Vi at a distance Dr from a single micrometre-scale surface ridge.
Dr is de�ned as the distance from the front edge of the ridge to the centre of the
droplet in the horizontal x direction.

x axis

Dr

D0

Vi

y 
ax

is

Figure 7.1: Schematic representation of a droplet impacting on a surface near a
single ridge.
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7.2 Methods

Vertical drop impacts were recorded from a horizontal line of sight using a
Photron SA5 grayscale high speed camera (Photron Inc, USA) and a Nikkor 105
mm macro lens (Nikon, USA). A shadowgraphy illumination method was used
to reduce the exposure time and hence produce sharp contrasting images (see
Section 3.3).

Due to the necessity of recording the entire droplet impact while being able
to identify the ridge position, the fabricated ridge was slightly larger than the
pillars presented in Chapters 4 to 6. This allowed repeatable identi�cation of the
ridge edge at a magni�cation which captured the entire droplet. A PDMS surface
containing a single ridge of height 54 µm and width 41 µm was produced using
the same soft lithography methods discussed in Section 3.2.

Optical pro�lometry (Contour GT-K, Bruker, USA) was used to measure
the geometry of the ridge. A 3D scan of the ridge is shown in Figure 7.2 a)
and seems to suggest that the ridge walls are slightly slopped. The slope of
the ridge is calculated at 84.9◦, which is close to the manufacturer’s stated
limit for the optical pro�ler (87◦ maximum slope angle [104]). A comparison
of the quality of the ridge was made via inspection using a high magni�cation
optical setup (Figure 7.2 b). The ridge width was measured at 41.2 ± 0.8 µm,
where the uncertainty is determined by the limitations of the optical pro�ler’s
magni�cation.

Water droplets were produced using a blunt 90◦ stainless steel gauge 24
needle (Cadence Science, USA), fed by a syringe pump (NE-1000, New Era Pump
Systems Inc, USA) using the pendant droplet method. For more information on
the production of millimetre scale droplets see Section 3.3.2. The needle was
mounted to a custom built three-dimensional positioning system. This allowed
for the positioning of the droplet relative to the ridge with micrometre precision.
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54 µm

b)
41.2 µm

a)

Figure 7.2: Inspection methods used to verify the quality of the PDMS ridge.
a) Optical pro�lometry measurements of the height and width of the ridge.
b) Optical image of the ridge pro�le, obtained using an In�nity K2 DistaMax
(In�nity photo-optical, USA) microscopic lens.

Image processing methods were used to extract the trajectory of the droplet
prior to impact, enabling the calculation of D0, Vi , and Dr with high precision.
The methods used are similar to those presented previously (see Section 3.4). The
calculation ofVi was achieved using a 1st order polynomial �t to the trajectory of
the droplet parallel to the y axis (see Section 3.4.3.2). As discussed in Section 3.3.2
droplets are not perfectly spherical at impact, therefore a rotational symmetry
method was used to calculate D0, the diameter of a sphere of equivalent volume
(see Section 3.4.3.1). Droplet velocity and hence We were altered by controlling
the height of release of the droplet, producing a We range of 25 to 350.

Dr was calculated by presenting the user with the �rst frame of the video.
Manual identi�cation of the front edge of the ridge was achieved using the
in-built Matlab command [x,y] = getpts(img). This command allows the
user to select a point within an image and return the co-ordinates of this point
as an array. Using the bounding box method, the centre of the droplet was
identi�ed (Section 3.4.2). The di�erence between the ridge and the droplet centre
along the x axis was taken as Dr .

To investigate a range of experiments Dr was normalized relative to the size
of the droplet (D0). Two restrictions to the experiments were applied. First, the
spreading lamella must reach the ridge. Therefore, the distance Dr must be less
than half of the maximum spread diameter for the droplet (as a function of We).
Any experiments in which the spreading lamella does not touch the ridge were
ignored. The other requirement is that Dr /D0 must be greater than 0.5. This
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requirement states that the edge of the droplet cannot impact directly on the
ridge prior to spreading.

A 2D multiphase Lattice-Boltzmann model for the simulation of this
experimental con�guration was used for comparison with experimental results
[126]. This approach was used so that all three phases (solid, liquid and gas) can
be modelled simultaneously, which often is not possible using other modelling
methods.

7.3 Results and Discussion

7.3.1 Classi�cation of Outcomes

Analysis of the types of outcomes was focused on the point of maximum spread.
In this study the maximum spread is de�ned as the moment the horizontal
spread of the lamella is at maximum, immediately prior to retraction. This point
is chosen to allow for comparison between outcomes, and to apply an energy
conservation model for droplet spread.

Three basic outcomes were observed and are de�ned as follows. The �rst
outcome identi�ed is pinning, in which the spreading lamella reaches the ridge
but does not touch the other side of the ridge. This is visually seen as either
the lamella stopping at the ridge or traversing the ridge but retracting before
wetting the surface. A schematic representation of the pinning outcome is
shown in Figure 7.3 a). The second outcome identi�ed is wetting, in which
the spreading lamella reaches and surmounts the ridge, wetting the other side.
A schematic representation of the wetting outcome is shown in Figure 7.3 b).
In some experiments, the wetting occurs during the retraction phase of the
droplet. These experiments are not classi�ed as wetting, but as pinning. The
�nal outcome identi�ed is splashing, in which the spreading lamella reaches the
ridge, surmounts it and undergoes break up. A schematic representation of this
outcome is shown in Figure 7.3 c). For an experiment to be classi�ed as splashing
the break up has to occur during the spreading phase. Some experiments
demonstrate break up during the lamella retraction, but this outcome is not
considered in this study. The same de�nitions for the outcomes were used when
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a) Pinning b) Wetting c) Splashing

Figure 7.3: Schematic representation of the three main outcomes of a spreading
lamella hitting a micrometre scale ridge.

analysing the point of maximum spread of the lamella in the Lattice-Boltzmann
simulations.

Four stages during the droplet impact were identi�ed as being important.
Using these stages, results from experiments and simulations could be
compared. The �rst stage is the moment of impact with the surface, denoted
as �t = 0. The second stage is during droplet spread, the time of which can
be somewhat arbitrary for comparisons. The third stage is the point (or closest
point) at which the spreading lamella touches the ridge. Finally there is the stage
of maximum spread, from which the outcome is de�ned. Lattice-Boltzmann
simulations use a time step (ts) and not real world time (s), as such direct
comparisons at set times is not possible.

Comparisons between experiments and simulations are shown in Figures 7.4
to 7.6 for each of the four stages. These �gures show pinning, wetting
and splashing outcomes respectively. Qualitatively there is general agreement
between experiments and simulations during the drop impact events. However,
some di�erences were identi�ed. For example, simulations at the maximum
spreading stage often fail to reproduce the free surface perturbations that are
observed in experiments. It is also observed that the thickness of the spreading
lamella is greater for simulations than in experiments. The splashing angle
observed for simulations is often lower than for experiments (Figure 7.6). It is
also noted that the ejected droplets from splashing are larger in simulations than
for experiments.
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∂t = 0 ts ∂t = 0 ms

∂t = 0.66 ms

∂t = 1.33 ms

∂t = 3 ms

Surface Ridge Surface Ridge

∂t = 200 ts

∂t = 800 ts

∂t = 1300 ts

Figure 7.4: Side-by-side comparison of simulations (left) and experimental
(right) results for the pinning outcome, both obtained for Dr

D0

= 1.48 and We =
144. In the photographs, the red dashed line indicates the position of the ridge,
and labels indicate the time following impact.
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∂t = 0 ts ∂t = 0 ms

∂t = 0.33 ms

∂t = 0.66 ms

∂t = 3.8 ms

Surface Ridge Surface Ridge

∂t = 200 ts

∂t = 400 ts

∂t = 1800 ts

Figure 7.5: Side-by-side comparison of simulation (left) and experimental (right)
results for the wetting outcome, both obtained for Dr

D0

= 0.91 and We = 142. In the
photographs, the red dashed line indicates the position of the ridge, and labels
indicate the time following impact.
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∂t = 0 ts ∂t = 0 ms

∂t = 0.33 ms

∂t = 0.66 ms

∂t = 2.6 ms

Surface Ridge Surface Ridge

∂t = 200 ts

∂t = 400 ts

∂t = 1200 ts

Figure 7.6: Side-by-side comparison of simulation (left) and experimental (right)
results for the splashing outcome, both obtained for Dr

D0

= 0.86 and We = 237. In
the photographs, the red dashed line indicates the position of the ridge, and
labels indicate the time following impact.

7.3.2 Energy Approach for Analysing Transitions

As discussed in Section 2.2.2.3 a spreading droplet can be simpli�ed as a
system undergoing conversion of kinetic energy to a change in surface energy.
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Therefore, the type of outcome observed is dependent on this energy balance
at the moment the droplet meets the ridge. A simple energy balance model is
presented below that can be used to predict the dependence of the transitions
between outcomes as a function of We and Dr

D0

.
The model presented is similar to those discussed in Section 2.2.2.3 and

takes inspiration from previous work [30, 41]. The change in shape of the
droplet is used to calculate the change in surface energy during spread. This
is equated to the impacting kinetic energy and assuming conservation of mass,
the maximum spread of the droplet can be predicted. This method is limited
as some assumptions are made. The �rst is that no energy is lost to viscous
dissipation (known to be signi�cant in drop spreading [57]). Secondly, the shape
of the droplet at maximum spread is modelled as a rectangle (2D) and cylindrical
disk (3D) for simpli�cation. Finally, only the liquid-air surface tension is used for
the contact between all surfaces, such that solid surface interactions are ignored.
This model does however include the initial surface energy of the droplet, which
was neglected in Collings et al.’s model [41]. Collings et al.’s model (Dmax/D0 ≈

We0.5) is commonly used in literature for predicting the size of a spreading
droplet [13]. This approach was used to make both 2D and 3D models, from
which comparisons to both experimental and simulation results can be made.

The kinetic energy and surface energy prior to impact are equated to the
sum of these energies when the droplet is at maximum spread. If a 2D droplet of
density � (unit kg m−2) and surface tension  (unit J m−1) spreads to its maximum,
forming a rectangle of height H and length Dmax, this energy balance gives,

1

2

�V
2

(

�
(

D0

2 )

2

)

+ �D0 = KEf + 2 (H + Dmax), (7.1)

where KEf is the �nal kinetic energy, which is zero at maximum spread. Using
volume conservation due to incompressibility (HDmax = �D

2

0
/4), we then �nd,
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0
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0

2Dmax
+ 2Dmax − �D0

)
, (7.2)

or using the de�nition of the Weber number from Equation (2.2),

We = 16Dmax

�D0

+

4D0

Dmax
− 8. (7.3)
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It is assumed that the transitions between outcomes will occur at some
diameter smaller than Dmax, such that 2Dr = NDmax where 0 < N ≤ 1. Using
the constant N allows for a simple �t to the experimental and simulated data.
Using this relation with Equation (7.3), the 2D model for values of We at which
transitions occur is,

We = 32Dr

N�D0

+

2ND0

Dr

− 8. (7.4)

In 3D, if the drop at maximum spread forms a cylindrical disc of height H
and diameter Dmax, the energy balance is:
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= KEf + �
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2

max
2 )

. (7.5)

As in the 2D case, the point of maximum spread is considered (KEf = 0),
using conservation of volume due to incompressibility (�H (Dmax/2)

2
= �D

3

0
/6)

and assuming that a transition occurs at 2Dr = MDmax for some constant M
where 0 < M ≤ 1. Following Equation (7.5), the 3D model for transition values
of We is,

We = 24D
2

r

M
2
D
2

0

+

4MD0

Dr

− 12. (7.6)

7.3.3 Phase Portrait of Outcomes

Simulations matching the experiments were carried out over the range 25 < We
< 350, and for impact points such that 0.5 ≤

Dr

D0

≤ 2. As mentioned earlier the
requirement that the droplet �rst spreads before reaching the ridge limits 0.5
≤

Dr

D0

. A phase portrait of the experimental and simulated outcomes is shown
in Figure 7.7. The theoretical transitions between outcomes are plotted using
the previously derived equations for 2D (Equation (7.4)) and 3D (Equation (7.6)).
Lines are �tted using a least squares method to calculate the best value ofM . For
the simulations, a similar method was used to �nd N , although Equation (7.4)
was modi�ed to,

We = 32Dr

N�D0

+

2ND0

Dr

− 8 − S. (7.7)
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Figure 7.7: Phase portrait of the three main outcomes for a spreading lamella
reaching a single micrometre-scale ridge. Data point colour denotes the
outcomes, pinning (red), wetting (blue) and splashing (green). Shape denotes
type of data, Lattice-Boltzmann simulation (square) and experimental (circular).

Inclusion of the constant parameter S is necessary because the simple 2D model
(Equation (7.4)) does not correctly model impacts at low We. Dashed lines
indicate transitions from pinning to wetting (P-W) outcomes in both simulations
(2D) and experimental results (3D). Solid lines show transitions from wetting to
splash (W-S) outcomes.

The boundary between the pinning and wetting outcomes (P-W) for
experiments, as shown in Figure 7.7, follows an intuitive trend. Droplets that
impact closer to ridge are more likely to wet. The energy required to surmount
the ridge is reduced as the distance from the ridge (Dr ) decreases. The theoretical
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transition plotted using the 3D model (Equation (7.6), M = 0.45) gives a good
description of the experimental transition. This predicts that the transition
occurs when the droplet impacts slightly less than half of the distance to
theoretical maximum spread from the ridge.

Although the simulations are based in 2D, qualitative agreement with the
simulated transition of the pinning-wetting boundary is observed. Due to the
limitations of the simulations direct comparisons cannot be made. This is in
part due to the di�erence in how the spreading droplet meets the ridge. A 2D
droplet will impact the ridge along a line, whereas in 3D the droplet touches the
ridge with a single point. A �t using the 2D model (Equation (7.7), N = 0.022 S
= 272) was made, which does describe the data over a limited range of We.

The transition between wetting and splash outcomes (W-S) was also
identi�ed but is not as clear. A �t using the 3D model (M = 0.27) suggests that the
transition occurs when the droplet impacts at a distance of 27% of the theoretical
maximum spread from the ridge. The simulation data suggests a non-monotonic
trend for the wetting-splash transition. This was highlighted previously by
Josserand et al. [132] at �xed We = 514 although the work presented in this study
expands on that to investigate a range of We. Droplets that impact very close to
the ridge will promptly wet the surface and will not splash. At a distance further
from the ridge the droplet can undergo thinning which increases the chance
of splashing. The non-monotonic nature of the wetting-splash transition was
not observed in our experiments, although it might be observed in experiments
closer to Dr

D0

= 0.5 or at higher We.
As mentioned previously, the model ignores the surface energy of the

solid-liquid interface. A comparison may be made with the Collings et al. model
[41] which includes the contact angle. Both models give Dmax/D0 ≈ We0.5 to �rst
order. As shown in Figure 7.8 the general trend predicted by the two models
is similar. The 3D model in this study (Equation (7.6)) shows good agreement
with the Collings et al. model for a contact angle of 88◦. At low We the droplet’s
kinetic energy is small in comparison to the initial surface energy. This explains
the observed di�erence between the models in the intercept with the vertical
axis.
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Figure 7.8: The maximum spreading diameter (Dmax) following a droplet impact
on a solid surface normalized by the initial drop diameter (D0) as a function
of We. Collings et al.’s model [41] is plotted as blue lines for contact angles
ranging from 40◦ (light blue) to 180◦ (dark blue). The red line corresponds to
Equation (7.6) with 2Dr = MDmax. The green line corresponds to Collings et al.’s
model with for a contact angle of 88◦.

7.4 Conclusions

In this Chapter the interaction of a spreading droplet with a single surface
ridge was presented. Experiments using high speed photography to record
water droplets impacting at a range of distances (Dr ) from the ridge were
conducted. The moment of maximum spread was identi�ed, from which three
main outcomes were de�ned as pinning, wetting and splashing. To expand on
previous work [132] a range of We were investigated.

An energy conservation model was presented using inspiration from
previous work [30, 41]. Both the model presented and the model of Collings
et al. [41] give Dr

D0

∝ We0.5 to �rst order. It was shown that a prediction for the
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experimental transition between pinning-wetting and wetting-splash could be
made. Using a single �tting parameter it was shown that the pinning-wetting
transition occurs when the droplet impacts at a distance from the ridge of around
47% of the theoretical maximum spread. Similarly a transition at 27% of this
distance was observed for the wetting-splash.

Comparison of the outcomes was made to a 2D multiphase
Lattice-Boltzmann model. Qualitative agreement with simulations for the
types of outcomes was observed. Improvement of simulations to include a gas
density closer to that of the experiment (currently 100 times smaller) is possible.
Extending the simulations to 3D would also allow for more direct comparisons
with the experimental results. Alternatively experiments conducted with
axisymmetric ridges in which the entire droplet front impacts simultaneously
could be a worthy investigation.
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Chapter 8

Summary

8.1 Conclusion

This Thesis has presented a body of work focused on the study of water
droplets impacting microstructured surfaces. The primary motivation for this
work was to identify new phenomena that had not been previously explored
systematically. Relationships between surface design parameters and observed
outcomes were made. Progress within this �eld will allow for the creation of
novel materials that can aid in the passive control of �uids.

Literature covering previous work on droplet interactions with surfaces
was presented in Chapter 2. The main stages of droplet impacts on solid
surfaces were covered. An outline of the types of outcomes generally observed
for droplet impacts was given. The ability to use surface structure to induce
superhydrophobic states was demonstrated. Important literature concerning the
stability of superhydrophobic surfaces to wetting was also covered. Previous
work on the emergence of asymmetric droplet shapes during droplet spread
on microstructured surfaces was explored. The need for a systematic study of
surface design and its a�ects on droplet shape was highlighted.

An experimental work�ow was documented in Chapter 3 which allowed
for the systematic study of droplet impact events. Methods for the production
of high quality microstructured surfaces were described. Multiple inspection
methods were used to characterise the quality of surfaces. These surface
production and inspection methods could be transferred to other �elds. The
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creation of a specialised high speed photography system was presented.
Improvement of lighting techniques and sample alignment were highlighted
as important sources of experimental precision. A reliable automatic image
processing and analysis tool was created and demonstrated. This tool allowed
for the study of over 800 videos on 23 di�erent surface designs.

Data relating to several early stage phenomena were presented in Chapter 4.
Four main zones for the formation of microbubbles within the impact region
were identi�ed. General trends for the scale of these zones in relation to the
surface design and impact conditions were covered. Both the local and global
directional dependence of microbubble formation were discussed. Jets which
form within the �rst 100 µs of droplet impacts were highlighted as possible
nucleation points for disturbances in the spreading rim, which were further
described in Chapter 6. Jet breakup and ejected droplets were imaged and
identi�ed. The movement of the liquid-air interface within the microstructure
was also discussed. A zipping motion with preferred movement at 45◦ to the
lattice was identi�ed a possible mechanism. A basic model for the motion of the
liquid-air interface was presented.

The size and shape of the impact region was discussed in Chapter 5. This
region was identi�ed as being of interest due to the emergence of directional
wetting of the microstructure. An overview of the types of impact region
shapes was discussed qualitatively. The size of the impact region was measured
quantitatively and shown to depend heavily on the pitch of the microstructure.
The shape of the impact region was measured using multiple methods, and
trends were established in relation to surface design. Protrusions into the
microstructure at 45◦ to the array were observed on multiple surfaces but were
more prominent on surfaces with (□, p = 60 µm) pillars. A basic model for the
size and shape of the impact region was given. The importance of the pillar
shape, height and pitch were identi�ed.

The outer region of the droplet was analysed in Chapter 6. This region
was identi�ed as being of particular interest as the shapes observed at
maximum spread generally determine the overall outcome of the impact event.
A qualitative overview of the types of droplet shapes was presented. The size of
the outer region was measured quantitatively and compared to literature. The
shape of the outer region was measured using multiple methods. It was shown
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that there is no universal value of We or relative spread which determines the
formation of complex droplet shapes. Symmetrical �ngers in the outer spread
were identi�ed and the dependence of their spacing on the pillar height was
determined. The direction and size of �ngers in relation to the pillar array was
investigated. A basic gas �ow model was presented as a possible explanation for
the trends identi�ed. Pinning of the outer region was linked to the ease of liquid
�ow through the microstructure, and was shown to be correlated with areas in
which �ngers do not form.

Globally it was shown that increasing the pitch of micropillars reduces the
stability of the microstructure to wetting. This reduction in stability increases
the driving pressure available for gas �ow under an impacting droplet. Increase
in the gas �ow increases the observed number and size of �ngers. Increasing
the height of the pillars was shown to a�ect the properties of the �ngers but
is dependent on the wetting state. For partially wetting surfaces, in which
increasing the height measurably reduces the impact region, the number and
size of the �ngers are reduced. For surfaces in which complete wetting was
observed and hence a change in height had no measurable a�ect on the stability
of the surface, the number and size of the �ngers increased. For all surfaces,
increasing the pillar height acted to focus �ngers in particular directions. This
is attributed to focussing of the gas �ow. As a general trend, increasing the pitch
shifts the �nger formation direction towards 45◦ relative to the pillar array.

The interaction of a spreading droplet with a single ridged microstructure
was explored in Chapter 7. Experimental work was conducted and a comparison
to a 2D multiphase Lattice-Boltzmann model was made. Three main outcomes
at maximum spread (pinning, wetting and splashing) were identi�ed as being
of interest. The dimensionless distance from the ridge and We were highlighted
as the main controlling parameters. A basic energy conservation model was
produced and used to identify the transitions between the outcomes. It was
shown that a transition between wetting and pinning generally occurs when the
droplet spreads to 45% of the theoretical maximum spread. A similar transition
was demonstrated for wetting and splashing at 27% of the theoretical maximum
spread.
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8.2 Future Work

This work suggests a large range of possible future areas for research. To further
investigate the physical reasons for the emergence of the identi�ed trends some
important steps are required.

Firstly, the need for a full 3D multiphase model of droplets impacting
microstructures is clear. The interaction between gas, �uid and solid is
computationally complex to solve. Fluid dynamics based approaches have
previously highlighted important scaling parameters for droplets impacting
smooth surfaces [57]. However, these methods often make the assumption of
incompressibility. Experimental research has shown that the compression of the
gas under the droplet is of great importance [54, 118]. There has been other work
on simulating gas �ows around an impacting droplet, but using simpli�ed 2D
models [133]. For droplet impacts on microstructures, a large range of length
scales are important, from millimetre to micrometre. Recent hybrid modelling
methods that couple large scale �uid properties and small length scale molecular
dynamics show possible promise in this �eld [134].

Secondly, new experimental methods are required for imaging droplet
impacts. Shadowgraphy methods used in this study allow for high coupling
e�ciency of light to high speed cameras. This allows for the recording of droplet
impacts at high frame rates while retaining detail. However, this technique
removes the ability to study some aspects of the early stage of droplet impacts
due to the shadow. New techniques using high speed colour interferometry will
allow recording of the liquid-air interface in 3D as the wetting process occurs
[54, 118]. Improvements to the frame rate of confocal microscopy could allow
direct imaging of the pinned liquid-air interface on the microstructure features
[78]. Use of Schlieren imaging methods would allow the imaging of gas �ow.
However, Schlieren methods often require adjustment of the density of the
surrounding gas [133]. New digital focusing Schlieren methods have possible
bene�ts for imaging gas �ow in these systems [135]. Advances in computing
and imaging methods should allow 3D structured light reconstruction at high
frame rates [136]. This will facilitate the reconstitution of droplet spread in
3D, allowing for more in depth analysis of the droplet shape. Visual hull
reconstruction methods could also allow a similar outcome [137]. Use of high
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speed X-ray methods would allow imaging of the cross section of the spreading
droplet [138].

Apart from further fundamental studies into drop impacts, the applications
of surface patterning in industry should also be explored. This work has
demonstrated that by using surface patterning drop outcomes can be controlled
(e.g. shape and breakup). Many manufacturing processes involve the deposition
of liquids onto surfaces (e.g. inkjet printing). Understanding the role of the
surface roughness can allow for the improvement of these methods. Many
primary industries rely on the use of spraying technologies. Methods developed
in this study could be extended to naturally rough materials (e.g. plants, soils) in
order to improve industry methods. New materials based on surface patterning
could also be explored for the passive control of water (e.g. fog collection or
water repellency).

Since the work conducted by A. M. Worthington, our fascination with
droplets and splashes has only grown. Scientists are no less �xated by these
phenomena today than they were a hundred years ago. The interaction of
multiple phases, multiple length scales and multiple time scales continues to
make this �eld rich in research opportunity. Maybe in another a hundred years
the journey started by Worthington will be complete, but until then there is
much to be explored.
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Appendix A

Sample Scans

Cylindrical Pillars - Square Lattice

Design - µm Measured - µm Scan

Shape ℎ p d ℎ p d RRMS r Image

Circle 15 40 20 16.0 39.7 20.8 6.29 1.56 40 µm16 µm

Circle 22 40 20 23.0 39.5 23.4 10.27 2.28 40 µm23 µm

Circle 30 40 20 29.6 39.9 26.5 13.84 3.00 40 µm29.6 µm

Circle 15 60 20 15.8 59.5 19.7 4.74 1.30 60 µm15.8 µm
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Design - µm Measured - µm Scan

Shape ℎ p d ℎ p d RRMS r Image

Circle 22 60 20 24.1 59.2 25.4 8.74 1.56 60 µm24.1 µm

Circle 30 60 20 29.8 59.3 26.6 11.35 1.81 60 µm29.8 µm

Circle 15 80 20 15.5 79.5 21.1 3.72 1.17 80 µm15.5 µm

Circle 22 80 20 22.7 79.1 24.9 6.43 1.33 80 µm22.7 µm

Circle 30 80 20 29.5 79.8 26.4 8.65 1.54 80 µm29.5 µm

Table A.1: 3D scans of cylindrical pillars arranged in a square lattice
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Sample Scans

Square Pillars - Square Lattice

Design - µm Measured - µm Scan

Shape ℎ p d ℎ p d RRMS r Image

Square 6 40 20 6.8 39.5 24.4 3.08 1.32 40 µm6.8 µm

Square 15 40 20 15.2 39.3 26.9 7.06 1.76 40 µm15.2 µm

Square 22 40 20 21.8 39.5 26.7 10.36 2.35 40 µm21.8 µm

Square 30 40 20 29.0 39.5 24.5 13.44 2.78 40 µm29 µm

Square 50 40 20 49.5 39.9 24.2 20.66 4.64 40 µm49.5 µm

Square 15 60 20 15.6 58.7 24.9 5.84 1.41 60 µm15.6 µm
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Sample Scans

Design - µm Measured - µm Scan

Shape ℎ p d ℎ p d RRMS r Image

Square 22 60 20 22.3 58.6 26.4 8.77 1.64 60 µm22.3 µm

Square 30 60 20 30.0 58.8 22.9 10.60 1.73 60 µm30 µm

Square 15 80 20 15.6 79.1 26.6 4.81 1.24 80 µm15.6 µm

Square 22 80 20 22.6 79.1 26.2 6.94 1.36 80 µm22.6 µm

Square 30 80 20 30.3 78.9 23.2 8.41 1.46 80 µm30.3 µm

Table A.2: 3D scans of square pillars arranged in a square lattice
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Sample Scans

Cylindrical Pillars - Triangular Lattice

Design - µm Measured - µm Scan

Shape ℎ p d ℎ p d RRMS r Image

Circle 15 80 20 13.6 78.8 21.7 3.33 1.15 80 µm13.6 µm

Circle 22 80 20 20.4 78.2 22.1 5.14 1.25 80 µm20.4 µm

Circle 30 80 20 30.0 39.5 22.7 7.67 1.36 80 µm30 µm

Table A.3: 3D scans of cylindrical pillars arranged in a triangular lattice
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Appendix B

Outer Region Shape - Circular
Pillars
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Figure B.1: Dimensionless shape of droplets at maximum spread on surfaces
with (○, p = 40 µm) pillars. The pillar heights are a) 15 µm, b) 22 µm, and c)
30 µm. The red dashed line denotes the perimeter of a circle for a given area.
The blue dashed line denotes divergence from circular spread.
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Figure B.2: Dimensionless shape of droplets at maximum spread on surfaces
with (○, p = 60 µm) pillars. The pillar heights are a) 15 µm, b) 22 µm, and c)
30 µm. The red dashed line denotes the perimeter of a circle for a given area.
The blue dashed line denotes divergence from circular spread.
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Figure B.3: Dimensionless shape of droplets at maximum spread on surfaces
with (○, p = 80 µm) pillars. The pillar heights are a) 15 µm, b) 22 µm, and c)
30 µm. The red dashed line denotes the perimeter of a circle for a given area.
The blue dashed line denotes divergence from circular spread.
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