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Abstract

Surface wetting properties control is crucial to various applications, such as anti-
wetting, self cleaning and heat transfer processes. Design of surface wetting proper-
ties can be achieved by mechanical and chemical methods. The mechanical methods
include surface roughness design, while chemical methods involve changing the in-
trinsic wetting properties of the surface. The intrinsic wetting properties, which can
be characterized by the contact angle on a flat surface, can reach a maximum of
120°. The combination of roughness and chemical treatment can distinctly enlarge
the contact angle range, including wicking (zero contact angle), partial wetting (fi-
nite contact angle) and superhydrophobicity (contact angle larger than 150°). Thus,
a lot of works showing various types of structure design with different wettability
properties can be found in the literature.

Among the various possible micro-structures, conical structures (well-known struc-
tures found in the Lotus leaf) are frequently used due to their unique properties. The
Lotus leaf has a lot of micro-scale tapered bumps and also nano-scale roughness.
Various previous works artificially produce this kind of conical structures and achieve
similar wetting properties. However, a lot of these works use non-regular conical like
structures, while the number of works using patterned conical structured surfaces is
limited. Therefore, it remains unclear how the different conical geometries can affect
the wetting properties of the surface. To bridge this gap, we fabricate patterned coni-
cal micro-structured surfaces with different cones geometry and topography and study
how the static and dynamic wetting properties are affected by the structures. The
conical micro-structures are produced on silicon substrates using photo-lithography
and plasma etching techniques. By varying the fabrication process recipe, different
types of conical structures are fabricated. This thesis presents the study of both static
and dynamic wetting properties for various conical structured surfaces. In addition,
cylindrical pillar structured surfaces are also used for comparison.

It is found that the conical structured surface can be designed to be super-repellent
for intrinsic contact angles larger than 90°. The conical half-apex angle of the cones is
important for suppressing the Cassie-Wenzel transition. This work not only provides
more insights into the effect of conical structures on wetting but also shows that
conical structures can be a good path for achieving superhydrophobicity.

In addition to the previous study of Cassie wetting state on conical structures,
we subsequently investigate how the partial wetting Wenzel droplet shape is affected
by the conical pillars sidewall geometry. We compare truncated cone pillars with
cylindrical pillar surfaces. Previous works show that pillar height /pitch can affect the
liquid droplet final shape. However, we observe that the drop shape on truncated
cones and on cylindrical pillars is different even when they have the same pitch and
height. Besides, the drop shape on these two types of surfaces is also evolving in
a different way as the impact Weber number increases. This work reveals that the
micro-structures side wall topography can influence the final drop shape.

We further investigate conical structures as a means to increase the anti-wetting
properties of surfaces during impact of low surface tension droplets. We fabricate
conical pillars surfaces with re-entrant like side wall roughness all along the side



wall, which looks like a tree-branch topography. Low surface tension drop impact
experiments are conducted on these surfaces and we show that the tree-branch like
structure does improve the anti-wetting performance by exhibiting a higher critical
Weber number (the Weber number starting to show partial rebound), compared with
conical structures without a sidewall roughness. The tree-branch like structures can
reduce the solid-liquid contact and have higher resistance to penetration, and thus
can reach higher anti-wetting performance than other reported rigid surfaces.

Finally, we explore how conical and cylindrical pillar structures behave for water
droplets impacting at different Weber numbers. We show how the liquid residue size
is affected when the droplet impacts above the critical Weber number for conical and
cylindrical pillars. It is shown that the conical pillar surfaces have higher contact
angle and lower hysteresis while the cylindrical pillars show lower contact angle and
higher hysteresis for dense array surfaces. At low Weber number, conical structures
surfaces show less energy dissipation compared with cylindrical structures surfaces.
For the same height and pitch, the cylindrical pillars show a higher critical Weber
number compared with conical pillars due to the large solid-liquid contact at the pillar
top. However, the liquid residue when the Weber number is above the critical Weber
number for the cylindrical case is larger than for the conical pillar case. We propose
that the liquid residue size is affected by the We number, anti-penetration ability and
liquid mobility inside the structures. Liquid mobility within the conical structures is
lower than for the cylindrical ones, which leads to less wetted area due to less open
space inside the structures.

This work not only reveals how the conical geometry can affect the wetting prop-
erties but also shows that conical structured surfaces are a good candidate for anti-
wetting performance enhancement, which can be useful for various applications.
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Chapter 1

Introduction

1.1 Background and motivation

Droplet wetting phenomena are not only widely observed in nature but also fun-
damental to various industry processes [1]. Various applications are related with
droplet wetting properties, for example, self-cleaning surfaces [2, 3, 4, 5], inkjet print-
ing [6, 7, 8, 9], liquid metal printing [10, 11], solder droplet printing [12, 13], microflu-
idics [14, 15, 16], chemical shielding [17, 18, 19], antifouling [20, 21|, anti-fogging
[22, 23, 24] and anti-icing surfaces [25, 26], dropwise condensation [27, 28, 29, 30, 31]
and evaporation [32, 33, 34].

In nature we find various wetting phenomena. For example, a rain drop sitting on
a Lotus leaf displays superhydrophobic conditions, which can be a good way to achieve
anti-wetting applications like self-cleaning, antifouling, antifogging and anti-icing |36,
35]. Rice leaf [37, 38] and butterfly wing [39, 40] display anisotropic wetting properties
which promote directional droplet movement, thus it is useful for applications like
microfluidics and condensation. Desert beetles [41] survive in arid environment with
different wettability patterns on their back, which collect water efficiently. Hence it
unveils strategies for applications like water collection and condensation process. For
an extensive review the reader is referred to [35]. Figure 1-1 shows four types of
special wetting observed from nature [35].

Lessons from natural plants or animals pave the way for artificial fabrication of
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Figure 1-1: Nature can provide solutions for special wetting properties, reprinted
from [35].

surfaces with different wetting properties. By chemical coating, structure design or
both combined, various functional surfaces are produced with desired wetting proper-
ties [1, 35]. However, when it comes to the control of wetting properties, better design
guidelines are still needed. With more and more new reports, the knowledge gap is
being reduced. Unfortunately, the physics behind are still lacking in some fields. For
instance, the role of contact line and contact area on contact angle is under debate
[42], the wetting dynamics around the contact line [43] is illusive, the role of different
forces at different scales on droplet wetting/dewetting dynamics is still unclear [44]
especially for complex fluids, and the role of the structures sidewall topography also

remains to be investigated.

Superhydrophobic surfaces display excellent anti-wetting properties. It is observed
that the micro-nano tapered structures on the Lotus leaf makes the leaf superhy-
drophobic and thus rain drops roll off the surface easily [36]. The structure of the
Lotus leaf is shown in Figure 1-2. In addition to natural conical-like structures, there
are also artificially fabricated conical-like structures [45, 46, 47, 48, 49, 50] showing
similar anti-wetting performance. Either on natural or artificial conical-like struc-
tures, high contact angle and low adhesion properties are shown, which could be a
potential way to achieve better self-cleaning performance. Moreover, the liquid on

cones exhibits directional movement [51, 52, 53, 54, 47, 55|, which therefore benefits

2



applications like condensation/water collection [56, 57, 58]. However, the role of con-
ical microstructures and their topography on wetting properties remains unclear. In
short, the unique properties of cones and the associated applications propel further
development and research in this regard.

This thesis considers surfaces with conical structures and investigates how they
can improve the anti-wetting properties of a surface. To mimic the tapered structures
and study the associated wetting properties, we choose to produce conical structures
and investigate their wetting properties. Natural structures are randomly distributed
as shown in Figure 1-2 and thus the distance between the structures, structures
height and structures sidewall shape can be different on the same surface. This kind
of irregular pattern hinders the investigation of tapered structures geometry on the
surface wetting properties. Therefore, we fabricate patterned conical structures with

a defined geometry to take the study in this field forward.



Figure 1-2: Self cleaning lotus leaf and its structure, tapered bumps are observed
from scanning electron microscope images, reprinted from [36].



1.2 Goal and objectives

The main goal of this work is to study the effect of conical microstructures and their
topography on surface static and dynamic wetting properties.

The objectives are:

e Investigate the effect of conical structured surfaces on wetting properties during
Cassie wetting state conditions (apparent contact angle, contact angle hystere-

sis, superhydrophobicy and low adhesion)

e Investigate the effect of conical structured surfaces on Wenzel state droplet

shape.

e Study of droplet impact behavior for different conical structured surfaces, both
for water and low surface tension fluids, to increase the anti-wetting performance

and reveal the associated physical mechanism.

1.3 Scope

The work here is focused on experimental investigation. The samples produced are
silicon based flat or structured surfaces. Structured surfaces include truncated conical
structured surfaces, conical structured surface and cylindrical pillar surfaces. Wetting
properties like contact angle and contact angle hysteresis and droplet impact dynam-
ics are investigated at ambient conditions, using de-ionized water or ethanol-water

mixture as the liquid phase.

1.4 Structure of the thesis

The thesis has 7 chapters and the main contents of the different chapters are listed

below.

e Chapter 1: Presents the research background, motivation, research goal and

objectives, research scope, theory and state-of-the-art.



e Chapter 2: Presents details of the samples fabrication procedure and experi-

mental set-up.

e Chapter 3: Study of the effect of conical micro-structures on static water drop

wetting properties in Cassie-Baxter state.

e Chapter 4: Study of the effect of structure sidewall and droplet impact inertia

on Wenzel drop shape.

e Chapter 5: Study of drop impact dynamics on various conical structured sur-

faces for low surface tension fluids.

e Chapter 6: Study of water drop impact dynamics on conical structured surfaces

and cylindrical pillar surfaces.

e Chapter 7: Summary and future work.

1.5 Theory and state-of-the-art

Depending on the wetting properties of the solid surface, a water droplet exhibits
different curvature, which is normally described by a parameter called contact angle.
The contact angle is defined as the angle between the triple line tangent and horizontal
axis, which is used as a way to quantify the wetting properties of the surface. Based
on the contact angle, four wetting cases are observed, namely superhyhyophilic case
(hemi-wicking /wicking with 0° contact angle), hydrophilic case (contact angle from 0°
and below 90°), hydrophobic case (contact angle larger than 90°), superhydrophobic
case (contact angle larger than 150°). Contact angle hysteresis is frequently used
as a way to quantify surface adhesion properties, which is defined as the difference
between advancing angle and receding angle. In a tilting experiment, the advancing
angle is the front side contact angle when the liquid front starts to advance and the

receding angle is the rear side contact angle when the liquid starts to recede.
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Figure 1-3: Schematic representation of a drop on a flat surface and a structured
surface. For the latter case, Cassie-Baxter state and Wenzel states are shown. In
reality, a drop on a structured surface could also show a mixed state.

1.5.1 Static wetting on flat surfaces
On an ideal flat, homogeneous solid surface, a liquid drop displays certain contact
angle 0y, which can be described by Young’s equation [59] written as

cos by = Jsv T st (1.1)

v
This well-known equation describes the force balance at the triple line per unit
length. The solid-vapour surface tension gy, solid-liquid surface tension vs; and
liquid-vapour surface tension 7y reach an equilibrium condition with v,y showing a

macroscopic contact angle Oy-.

1.5.2 Static wetting on structured surfaces

The ideal case is described by Young’s equation, but the surface in reality is not
ideal. The surface can be chemically heterogeneous or contain random/patterned
micro/nano structures. On a structured surface, the macroscopic contact angle is
related with the microscopic solid-liquid interaction. Two cases are frequently studied,
Wenzel state and Cassie-Baxter state.

In Wenzel state, the liquid penetrates into the structure at the microscopic level

and the intrinsic wetting properties will always be enhanced. Intrinsic hydrophilic
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surfaces will be more hydrophilic, and the intrinsic hydrophobic surfaces will become
more hydrophobic. The roughness factor r is used to describe to what extent the
wettability is enhanced, which is defined as the ratio of actual solid-liquid area to the

projected solid-liquid area. This equation is written as

cos Oy = rcos by (1.2)

Different from the Wenzel state, the Cassie-Baxter state [60] is normally a hy-
drophobic condition with liquid sitting on top of the surface roughness. In this case,
the cosine of the apparent contact angle is a weighted ratio between cosfy on the

solid part and the air part (cos ;.= -1 for air), written as

cosOcp = ficosby — fo (1.3)

The angle ¢ is the apparent contact angle, fi is the actual solid-liquid contact
fraction, fy is the air part fraction. The 6y is the equilibrium contact angle on the
flat surface. There is still debate about the role of droplet contact area and contact
perimeter in predicting the apparent contact angle [42]. Here we use area fraction in
calculating f; and fs, where f; is the solid-liquid contact area divided by the projected
area, and fs is the liquid-air contact area divided by the projected area.

Control of wetting is crucial to various applications, therefore predicting the wet-
ting state has been studied previously in several works [61, 62, 63]. For applications
requiring superhydrophobic conditions, Cassie-Baxter state is needed. However, Wen-
zel state is preferred for applications demanding larger solid-liquid contact. The
equilibrium state can be estimated by comparing the energy state between these two
wetting states. The surface energy includes terms from solid-liquid interface, solid-
vapour interface and liquid-vapour interface. Thus, a critical contact angle [61, 62, 63]
is used when the Cassie state and Wenzel state are equal in energy variation, which

is obtained by equating equation (1.2) and equation (1.3) as

coslc = —fa/ (r — f1) (1.4)

8



Figure 1-4: Conical structures reported in previous work [45, 46, 47, 48, 49, 50].
The different scales of the conical structures can all show high contact angle, as
summarized in [64].

The angle - denotes this critical contact angle. For a given structure and 6y, the
Cassie-Baxter state is favored if the 6y is larger than the 6o, while on the contrary

Wenzel state is favored.

Li et al.’s work [63] has revealed that spontanecous Wenzel to Cassie transition is
achieved when the structure design is in mono-stable Cassie state (when the critical
contact angle is smaller than receding contact angle on the same flat surface). In
reality, there exist extra factors, for example triple-line pinning, which can violate
the critical contact angle analysis. Cassie-Baxter state could be observed even though
Wenzel state is the lower energy state compared with Cassie state, which is due to
the extra pinning resulting in higher energy barrier. Therefore extra energy input is

needed to overcome the barrier.

As mentioned above, the structure design can affect the wetting state distinctly. A
large number of surfaces [65] have been reported to achieve superhydrophobic states,

such as carbon nanotubes [66], re-entrant structures [67] and multi-re-entrant hier-
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archical structures [68], macro-micro roughness structures [69] and conical structures
[70, 71, 72, 47|. In particular, conical micro- and nano-structures have been observed
to show a high contact angle and low hysteresis, for example the cicadae wings cov-
ered by conical protuberances [73] or fabricated surfaces with cone-like structures
[45, 46, 47, 48, 49, 50], as shown in Figure 1-4. Tapered conical structures reduce the
top solid-liquid contact and pinning effect [74, 64], hence they pave a good pathway
for anti-wetting structure design. In addition, the conical design parameters range
from nanometer scale to micrometer scale but all display higher anti-wetting proper-
ties in the literature. However, the governing physics for showing high contact angle
(in the range around 160°-180° [45, 46, 47, 48, 49, 50]) is not clear. In Chapter 3,
we further the research in this part by revealing the dominant factor behind the high

contact angle of conical structured surfaces.

1.5.3 Heterogeneous shape of Wenzel state droplet

A droplet normally adopts a spherical shape from a top view on a flat homogeneous
surface. Non-spherical shapes can be obtained by structure design or chemical het-
erogeneity design. Manipulation of the shape is especially useful to various printing
applications, like inkjet printing [6, 7, 8, 9], liquid metal printing [10, 11], solder
droplet printing [12, 13]. Therefore it is essential to have better understanding of
how the droplet shape is influenced by the different liquid dynamics. In numerous
works, droplet profiles imaged from the side view are presented for Wenzel state sur-
faces, but not all works record the top view image. Previous works have showed that
the drop shape from a top view can be heterogeneous. Various shapes are formed,
which is closely related with the pattern design parameters.

Various drop shapes are observed depending on the conditions of the surface and
droplet itself. It is well-known that surfaces patterned with different wettability
coating manage to create different shapes [75], since chemical heterogeneity would
pin the droplet as the designed shape. On non-isotropic structures, droplet shapes
are distinct heterogeneous, for example the groove type structure [76, 77, 78, 79,

80, 81], where the droplet shape parallel to the grooves is different from the one
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Figure 1-5: Heterogeneous shape on various structured surfaces, reproduced from
[75].

perpendicular to grooves. Free energy and energy barrier models are used to explain
this heterogeneity [76, 77, 78, 79, 80, 81]. The drop final shape is estimated by
minimizing the free energy [76]. However the equilibrium condition is related with
the number of structures below the liquid. Additionally, due to the difference in
energy barrier for the liquid to move in different directions, the drop would form
various shapes. The free energy models mentioned above use equilibrium angle or
define a dynamic contact angle, which needs to be adjusted for dynamic processes
far from equilibrium where the apparent contact angle is affected by the contact line
moving velocity [43]. The free energy based model needs to be further developed by

considering contact line dynamics.

Isotropic structures also affect the wetting shape [82, 83, 75]. The factors re-
ported to affect the drop shape include pattern size [82], structure design parameter
like height/pitch [83], drop surface tension [83], symmetry and spacing of pillar lat-
tice [84], diameter/pitch [75] and concentration of mixture [85, 86]. In addition to

11



free energy and energy barrier models, the physics behind the various factors are
mainly ascribed to how liquid evolves during the spreading process [83, 87, 88, 75].
The heterogeneity in shape is described by the different spreading velocities at the
horizontal direction (parallel to square structure array) and diagonal direction [83]
(diagonal to the square structure array). The velocity is a result from the associated
forces, namely, capillary and viscous forces [83]. Chen et al.’s work has shown that the
droplet shape heterogeneity is affected by the excess driving force and resistance force
induced by micropillars [87]. Apart from the previous two forces, pinning force is also
mentioned to play a role [89, 83, 84]. Raj et al.’s work [75] proposes the advancing
contact angle model, which revealed that the various shapes are due to the different
wetting advancing angles at the horizontal and diagonal directions with respect to

the square structure array.

From the above literature survey, it is shown that both energy based models (free
energy and energy barrier models) and force based models (capillary force, viscous
force, pinning force) are used to analyze the Wenzel drop shape heterogeneity. The
energy model is based on the minimization of the system free energy and thus predicts
the droplet shape at meta-stable and equilibrium states [76]. Though this model is
suitable for analysing droplet shape at both non-equilibrium and equilibrium condi-
tions, the resulting shape is affected by the initial input setting. For example, the
number of pillars below the droplet could affect the final shape [76], droplet dynamics
are affected by input of apparent contact angle or slip coefficient [90], or the way to
deal with the contact line [91, 92|. Additionally, liquid on curved surfaces like cones
exhibits asymmetric local liquid contact line profile [55] which is not equilibrium con-
dition and influences the solid-liquid interaction. The non-monotonous variation of
dynamic apparent contact angle with contact line velocity [43] further dictates extra

effort in modelling of the droplet dynamics.

The force model describes the local force at the contact line thus it describes
both the equilibrium and dynamic condition. When all the associated forces are well
established, the liquid spreading velocity can be estimated and thus the shape is

estimated. For example, the capillary and viscous force model estimates spreading

12



well [93] in the wicking range. But in the finite contact angle range, the capillary
and viscous force model fails as extra forces exist. For example, when pinning force
is distinct, the droplet contact line is pinned locally and thus the droplet stays in
non-equilibrium state [89, 83, 84]. In addition, inertia force plays a distinct role
[94], but there is a lack of such inertia effect study for patterned structured surfaces.
Moreover, liquid flow differences below and above the structures top exist [95, 96],
thus the drop shape is a result of combined effects from the two spreading processes.
At the inertia-capillary regime, the drop shape would be altered due to the difference
of liquid flow above and inside the structures. However, it is difficult to isolate the
contribution of different forces, therefore it remains unclear how the drop shape is
governed in the finite contact angle range. We advance this part in Chapter 4 by
studying the role of inertia force for patterned structured surfaces.

Among the various forces, the change of structure parameters would result in a
change of capillary force, viscous force and also pinning force. Previous works have
reported the effect of different structure design parameters on the drop final shape
but the effect of structure lateral wall shape is lacking. In the literature, groove side
wall shapes [81] are shown to play a role in the shape heterogeneity but the role of
the pillar side wall shape is not studied. The change of structure lateral wall shape is
expected to influence the force terms and thus affect the drop shape. In Chapter 4,
we contribute in this area by investigating experimentally the role of the pillar lateral

wall topography on the droplet shape.

1.5.4 Wetting behavior during drop impact

Drop impact outcome and surface properties

When a drop impacts onto a solid surface, different impact outcomes are observed
for smooth or structured surfaces. In both cases, the outcome can be complete re-
bound/deposition, partial rebound, receding break-up or splashing when Weber num-
ber (this dimensionless number is used to describe the rebound condition, We = ”RW—VZ,

p is density, V is impact velocity, v is surface tension, both droplet radius R and diam-

eter D appear in literature as characteristic length, R is used in this work) is increased

13
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Figure 1-6: Water drop impact on flat hydrophobic silicon surface. At We=2.4, the
impact is in deposition regime. At We=42 and We=162, the impact regime is partial
rebound. The surface has a contact angle of 107° for water droplet.
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Figure 1-7: Impact regime images from Yarin’s work [97].
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[98, 99, 97, 100]. Typical impact outcomes are shown in Figure 1-6 for smooth case

and Figure 1-7 for structured surface.

In Figure 1-6 (a), selected images of a water drop impact are presented when
depositing a drop on a flat surface with contact angle of 107°. Three impact conditions
are presented here. At small Weber number of 2.4, deposition regime is observed.
The droplet undergoes deformation in spreading and retracting process and sits still
after some oscillations. At increased We number, the liquid drop will spread to
larger contact baseline size, as displayed in Figure 1-6 (b) and (c¢). Partial rebound
is observed at We=42 and We=162 on this smooth surface. Complete rebound also
happens on smooth surfaces but it only appears in the small velocity case with narrow
velocity range due to the air film existence below the droplet [101]. In this work,
complete rebound for smooth surface is not observed in the test range, as shown in
Figure 1-6.

Figure 1-7 shows more impact outcomes. At deposition case (first line of Figure
1-7), the droplet stays on the surface without rebound due to high energy dissipation.
Prompt splash (second line of Figure 1-7) case displays small detached droplets at
the liquid lamella front when impacting on the rough surface at higher We number.
Corona splash (third line of Figure 1-7) happens when reducing surface tension and
differs from prompt splash by showing rising liquid lamella. The liquid lamella of
receding break-up case (fourth line of Figure 1-7) breaks into several fingers due to
capillary instability [97]. Partial rebound (fifth line of Figure 1-7) occurs on the rough
surface by showing liquid residue pinned on a surface, while complete rebound (last
line of Figure 1-7) is observed on the rough surface where the whole droplet leaves

the surface.

The solid-liquid contact is more complex for structured surfaces. Figure 1-8
(reprinted from [102]) displays the dimensionless contact baseline (contact baseline
divided by initial droplet diameter) with time for three wettability cases at We=3.9
[102] on smooth surfaces. This plot shows that the dimensionless contact baseline
in the advancing stage falls on a similar curve while the dimensionless contact base-

line in the receding stage deviates for these three cases [102, 103]. However, the
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Figure 1-8: Dimensionless contact baseline (contact baseline divided by initial droplet
diameter) reprinted from [102] for water drop impact at We=3.9 with different wet-
tability on flat surface.

dimensionless contact baseline for different contact angle cases collapses onto similar
curve during the receding stage for structured surface in the literature [104]. On
certain structured surfaces, especially superhydrophobic ones, the liquid can recede
to zero solid-liquid contact not only at low Weber number case [101] but also at
higher We number condition [97]. The surface wetting properties determine whether
there is complete rebound and also how many times the bouncing would happen. It
has been shown that the dynamic contact angle influences the drop impact behavior
[105, 106, 107, 108], as the advancing/receding angle affects liquid movement during
the advancing/receding stage especially, which further results in energy dissipation
difference between different dynamic contact angle cases. Additionally, the wetting
dynamics are altered when the substrate molecular composition is changed though
the equilibrium contact angle is fixed [92]. The type of roughness structure also affects
the impact outcome, which is closely related with the liquid penetration [109, 110]

and local wetting properties. Besides, it is shown that hierarchical structured surfaces
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promote splashing compared with smooth surfaces, micro structured surfaces or nano
structured surfaces [99]. In short, the We number, wettability and roughness all play

a role in the drop impact process.

From an energy balance perspective, the different drop impact outcomes are closely
related with energy transfer difference. During the drop impact process, the energy
balance includes kinetic energy, surface energy, energy dissipation due to viscosity
and gravitational potential energy [111]. Gravity effect is usually not considered as
an important term for drop impact phenomena [97], thus the gravitational potential
energy part is not considered here during the contact process. The droplet at first
spreads, which is driven by kinetic energy. The kinetic energy is transformed into
surface energy and partly lost in viscous dissipation. After maximum spreading, the
droplet starts to recede, where the surface energy stored in droplet deformation drives
the receding. In this stage, part of the surface energy is converted to kinetic energy,
and part lost in viscous dissipation. However, energy dissipation at the contact line is
shown to affect drop impact dynamics as well [112, 113, 114, 115, 116, 117, 44, 118].
In addition to viscous dissipation [119, 120] in the liquid, the energy dissipation in the
air film for low We number cases has been shown to affect the dynamics as well [101].
After take-off, the droplet energy during air flight not only converts to gravitational
potential energy but also converts to oscillatory kinetic energy [121, 122]. In a non-
wetting situation, the effect of viscosity is ignored [123] especially when using low
viscosity liquids. Viscosity of air is also quite small. Therefore viscosity dissipation
during the air flight stage is ignored here.

As shown in Figure 1-7, the deposition regime shows no bouncing and the partial
rebound regime displays liquid residue pinning on the surface, which is against the
anti-wetting purpose. In the literature, the criteria for having a rebound include
that droplet energy (initial energy - dissipation energy) just before rebound should
be larger than a certain droplet energy threshold [119], exceeding the corresponding
receding diameter [120], the receding angle has to be larger than certain value or
saying hysteresis has to be smaller than certain value [105, 106]. Three cases when a

droplet does not rebound or partially rebounds are:
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1) deposition regime. At very low Weber number, the regime is called deposition,
which shows no bouncing as the kinetic energy is too low [97, 124]. In this case,
the droplet is not bouncing due to limited impact energy compared with energy
dissipation (viscous dissipation and energy dissipation at the contact line). However,
the deposition regime is not observed for our superhydrophobic surfaces in the current
work;

2) partial rebound. With increasing impact velocity, droplet bouncing back leaves
part of the liquid behind on the solid surface [97], where part of the liquid transits to
the partial Wenzel or Wenzel state at the impact center;

3) full Wenzel state at high We number. Droplets behave like in the deposition
regime [125] with full droplet no-bouncing, which is due to high adhesion at Wenzel
state.

The second and third categories both exhibit no bouncing, stemming from in-
creased solid-liquid contact which results in distinct energy dissipation (viscous dissi-
pation and energy dissipation at the contact line). In general, the energy dissipation
has to be minimised in order to have a rebound.

Surrounding gas and air film

It is reported that the surrounding gas properties can affect the drop impact
dynamics. For instance, the decreasing of surrounding gas pressure can suppress
splashing [126]. When reducing the air density, the splashing is attenuated [127] as
well. The splashing liquid is found to spread on a thin air film rather than initial
solid-liquid contact [128]. An impacting drop on a solid surface could be deformed as
a dimple due to increased air pressure below the drop before actual contact with the
surface [129, 130, 131, 132, 133, 134]. The air film lubricates the drop producing a
skating like effect, which breaks via spinodal-like mechanism [131]. The existence of
an air film can produce wettability independent bouncing [101].

The evolution of the air film has been visualized by x-ray imaging [132] and high-
speed colour interferometry [133]. The air dimple height is related with the impact
velocity [135] and structure [133]. A micro structured surface has larger dimple height

than a smooth surface [133], where it is proposed that the extra structure creates
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additional pressure build-up due to more resistance for air flow. They also show
that bigger and denser structure leads to larger dimple height. Though an air film
is widely observed at the initial stage of the drop impact, the air film would be
entrapped as a bubble and the liquid contact the structure. It is reported that the
liquid penetrates into the micro structure around the central bubble region [136] at
higher We number and more wetted area is shown with higher pitch design. They
[136] also display that directional splashing is related with the lattice arrangement,
but it is suppressed by reducing the air pressure resulting in less liquid surfing on
air, thus decreasing the spreading lamella size. On nano-rough surfaces, the central
air disk is also observed during drop impact with a band of micro-bubbles forming
around the central air disk [137], where the micro-bubble formation is affected by
the impact velocity, roughness and wettability. In addition to the bubble entrapment
during the initial spreading mentioned above, Chen et al.’s work [138] reports bubble
entrapment, which is formed during recoiling when the existing cylindrical air cavity
is stretched due to asymmetric retraction and finally collapse. This type of bubble

entrapment happens only in certain We number-contact angle range.
Increasing surface bouncing ability

Though an initial air film exists on smooth or structured surfaces, the air film is
entrapped as a bubble around the impacting center when the droplet approaches the
surface. Additionally, the gas inside the structure could be squeezed out when the
liquid penetrates the structure, for instance, due to intrinsic wetting or due to high
impact velocity [109, 110]. It is reported that [109, 110] Cassie-Wenzel transition
happens when the impacting velocity lies above a threshold velocity for structured
surfaces, which leads to distinct energy dissipation and results in partial rebound
or non-bouncing full Wenzel state droplet. In order to have less energy dissipation
during droplet impact, the design of the structures should reduce the solid-liquid
contact area with more gas cushion below, thus less viscous energy dissipation [109]
or energy dissipation at the contact line would occur.

From the gas properties perspective, increasing the gas viscosity is able to increase

the flow resistance which would help to preserve the gas cushion. However, in most
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applications, the gas phase is not under manipulation. In this work, the gas phase is
also fixed to be air. Hence design of the structures is usually used as a strategy. To
reduce the gas depletion, design of the structures on a surface would help either by

increasing the gas flow resistance or improving the anti-penetration ability.

Firstly, the gas flow resistance could be increased to avoid gas drainage. By using
denser or larger pillars, the gas flow resistance is increased resulting in more air
film [133]. The flow resistance is further increased by downscaling of the structures,
as the flow resistance is larger using multiple small channels compared with fewer
larger channels with the same total flow cross section area [133]. Therefore, nano
structures normally have higher flow resistance compared with micro structures. It
is also reported that hollow pillar structures show better anti-wetting performance
during drop impact, as the non-communicating structures keep more air below the
droplet [139]. In addition, hierarchical structures introduce extra roughness, which

in theory also increase the flow resistance.

Secondly, the liquid penetration should be avoided using proper structure design.
A dense array of structures would help to reduce liquid penetration [109, 140, 141,
142, 110, 143], where the capillary force or pinning force is larger to resist penetration.
Furthermore, nano structures (downscaling of the structures) increase the anti-wetting
capillary pressure thus the liquid has more difficulty to penetrate into the cavities
[140, 104, 144]. The shape of the structure top possibly has a pining effect acting
as extra resistance to avoid penetration, for instance sharp edge structure [145] or
re-entrant like structure [146, 67, 147, 148, 19]. The structure sidewall shape plays a
distinct role in liquid penetration [149, 150, 151] as well, which is related with the local
breakthrough pressure (the critical wetting pressure when liquid starts to penetrate
into the cavity). Hierarchical structures improve the anti-penetration ability [125,
152, 153, 68] by a combination of micro and nano structures compared with both
micro structures (where micro structures have low anti-impalement ability) and nano
structures (nano structures have high anti-impalement ability but more solid-liquid
contact spots where triple-line amount is increased). It has been proposed [154]

that the hierarchical structures have nano components and therefore anti-wetting
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capillary pressure is high. Additionally, the micro structures impede the development

and propagation of pressure waves associated with liquid compression [154]. Finally,

hierarchical structures favour mono-stable Cassie state with proper design so that

penetrated liquid (into micro structure) could move upward [63, 96] spontaneously.
Conflict in structure design at the same scale

If the liquid penetration is avoided, there is a higher chance to have a bounce-off
after droplet impact owing to less energy dissipation. To reduce the energy dissipa-
tion at the contact line, lower contact angle hysteresis is desired, which requires a
design with less dense and less pinning structures. Here, optimization of the anti-
impalement ability and the contact angle hysteresis is conflicting at the same scale.
Dense structures or pinning structures top have better anti-impalement ability at the
cost of increasing contact angle hysteresis. Energy dissipation during the drop impact
process is increased and thus the number of bouncings is weakened. From previous
work, the major methods to decouple contact angle hysteresis and anti-impalement
ability consist in reducing the structure scale (nano) and increasing the hierarchical
level [140, 144]. Conical structures shows high contact angle, low hysteresis and high
anti-impalement ability [74, 64], as the conical structures have low solid-liquid contact
and no distinct pinning effect on cones top. In Chapter 6, we study the micro pillar
sidewall shape effect on droplet impact behavior and report that conical pillar sur-
faces pose low hysteresis and high anti-impalement ability once designed in a proper
way. This paves another way of relaxing the conflict between low hysteresis and
anti-impalement capability, in addition to methods like down-scaling of structures or
increasing of the hierarchy level [144].

Cassie-Wenzel transition during impact

As mentioned above, in order to get a complete rebound, the surface has to avoid
Cassie-Wenzel transition. Previously, the state of energy is compared to show if
Cassie-Baxter state or Wenzel state is favored but for a static case only. Here, the
impact process is a dynamic process. Thus a force balance model is usually used.
Experimental observations have revealed that the wetting transition (transition from

bouncing droplet to partial rebound after impact) happens when the impact velocity
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Figure 1-9: Drop impact wetting transition, touching the bottom case and local
depinning when local contact angle reaches the advancing angle.

reaches a certain value. It is proposed that transition happens when the liquid either
touches the cavity bottom or reaches the local advancing contact angle [110, 143, 155]
thus depinning occurs where the liquid could move downward partially or fully to the
structure bottom. At either condition, the critical condition is reached when the
wetting pressure is equal to the anti-wetting pressure, as demonstrated in Figure 1-9.
In previous work, a model equating the dynamic pressure and the Laplace pressure
as critical condition [143] is reported for touching the bottom case. The dynamic
pressure Py, = 0.5pV? is the wetting pressure, the Laplace pressure P = %’ is the
anti-wetting pressure. At the critical condition, the anti-wetting pressure is also called
breakthrough pressure. In the case of depinning condition, the liquid might not touch
the bottom but still show transition due to the depinning of local triple line when
reaching the advancing angle.

The critical condition is then derived when the dynamic pressure is equal to the
anti-wetting breakthrough pressure. Here, as we have no detail information about the
drop curvature, the local Laplace pressure is unknown. But the anti-wetting ability is
from the capillary force, thus the anti-wetting pressure could also be obtained when
we know the solid-liquid contact geometry. The anti-wetting pressure Pr, is known
when we assume the dynamic pressure induced force balances with the capillary force
at the triple line, which is further named Py at the critical depinning condition.
Taking the case of cylindrical pillars as an example, equation (1.5) shows the force

balance (similar to the classical Jurin’s law [156]), written as
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PL A+ 2mrpypy cos (64) =0 (1.5)

The rp is the pillar radius and the angle 64 is the advancing contact angle. The
wetting force from the drop impact is the product of the liquid pressure P and the
acting area A. The capillary force acting around the pillar perimeter 27rp is acting
to resist the liquid penetration. The contact area becomes A = P? — 772, when
considering the droplet on a unit cell. Here P is the pillar pitch distance. Using
this contact area in equation (1.5), the breakthrough pressure Py is obtained when

P, = Py, which is written as

—2mryyry cos 4

Py, =
P? — 7,

(1.6)

To enhance the structure resistance to penetration, the anti-wetting pressure can
be increased by using a smaller pitch or a larger pillar radius, which results in higher

contact angle hysteresis as discussed in the previous section.
Liquid residue after penetration

As discussed previously, the drop impact wetting pressure could overcome the anti-
wetting pressure leading to liquid penetration. The breakthrough pressure equation
(1.6) shows that the higher pitch and smaller pillar size cases have less anti-penetration
ability, which possibly results in more liquid residue. After penetration, liquid residue
pins on the surface if spontaneous upward movement is lacking. Several factors affect
the residue size. In the literature, it is shown that the liquid residue size is increased
when the surface tension is decreased [153] or when the impact velocity is increased
[104]. In a lattice Boltzmann simulation work [157], the impact velocity effect is
reported as well. Reprinted drop impact images from simulation [157] are shown in
Figure 1-10. They [157] proposed that the energy dissipation is strong when liquid
is withdrawn from the post thus the number of impaled posts affect the impact
outcome, which implies that the actual solid-liquid contact during the impact process
is important for liquid residue size. However, the penetrated liquid moves away

from the structure [96] for mono-stable Cassie surface as it initiates Wenzel-Cassie
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transition spontaneously. But such mono-stable Cassie surfaces still show partial
rebound when below a certain temperature owing to condensation effect [96], as shown
in Figure 1-11. The lower the temperature the larger the wetted area inside the
structure. This work indicates that not only the actual solid-liquid contact matters
but also the local solid-liquid adhesion property. Additionally, it is observed that
liquid flows both above the structures and also in between the structures [95], which
influences the impact outcome. At higher Weber number, they [95] observed that
liquid flow inside the grooves dominates, while the flow above the structures dominates
at low Weber number. Consequently, the actual solid-liquid contact is complex above
and below the structure top, where the flow below the structure top is closely related
with the structures sidewall shape. Despite the above mentioned factors influencing
the solid-liquid contact size, the role of structures sidewall shape on the liquid residue
size has not been studied. The change of sidewall shape can possibly change the solid-
liquid contact and thus affect the anti-impalement ability. In addition, the different
sidewall shapes have different open lateral space which affects liquid/gas movement
in lateral direction. Therefore it is necessary to study the role of sidewall shape. We
investigate further the role of sidewall shape on the anti-penetration performance and

the liquid residue properties in Chapter 6.
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Figure 1-10: Drop impact process from simulations, images reprinted from Hyvaluoma
et al.’s work [157]. The liquid partially pins to the surface when the impact velocity
is higher.
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Figure 1-11: Drop impact process for mono-stable Cassie surface, images reprinted
from Shi et al.’s work [96].
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1.5.5 Droplet bouncing in hydrophilic case

In addition to We number, wettability and roughness also affect the impact behavior.
The general outcome can be similar to the one described previously when the surface
tension is reduced to the hydrophilic range. Nevertheless, the liquid tends to wet more
the surface resulting in gas drainage. Therefore, it is far more difficult to avoid wetting
of low surface tension droplets. The most frequently used structure to keep a low
surface tension droplet in superhydrophobic state is re-entrant like structures [146, 67,
147,148, 19|. The re-entrant like structures have a special top to pin the liquid in order
to avoid penetration. However, due to the complex fabrication process of re-entrant
structures, modified re-entrant surfaces are produced [68, 158, 17, 159, 160, 161, 162].
The modified re-entrant structures are normally not regular like patterned re-entrant
structures and the regular cases have complex fabrication process. Therefore, various
works adopted simpler ways to produce re-entrant like structures. Other types of
nano structures or combination of micro/nano structures have also been reported to
show superhydrophobic state for lower surface tension liquids [104, 163, 125, 153, 164].
However, producing a rigid surface capable of repelling lower surface tension liquid

impacting at high velocity remains a challenge.

Nano-structures have been used in the literature to achieve better repelling ca-
pabilities of a surface by further enhancing the resistance to liquid impalement. In
Deng et al.’s work [104], the nano-scale fractal-like silica network surface shows criti-
cal Weber number (complete rebound to partial rebound transition) around 4 to 40,
for ethanol-water mixtures with v of 26-72 mN/m. Though the nano-scale structures
increase the anti-wetting pressure here, the critical Weber number is not high. They
suggest that deeper impalement of liquid inside the nano-network leads to pinning of
the impaled liquid at higher We number. In addition to nano structures, several later
works adopted micro-nano hierarchical structures to further enhance the repelling
property [163, 153, 125], as it is suggested that the micro/nano scale structures can
reduce the solid-liquid contact area density but still pose the high anti-wetting pres-

sure. Apart from structure optimization methods, Wong [165] uses surface chemistry
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Figure 1-12: Proposed multi-layer sidewall roughness structure in the literature [150,
149].

enhancement to reach super-liquid repellency. This work suggests that liquid pene-
tration resistance is increased by a dense functionalized vertical network of fluoroalkyl

on nanoparticles.

The previous mentioned works have revealed that optimization of the structures
has to pose both high anti-wetting ability to resist impalement and also low solid-
liquid contact area to have as small pining as possible. The reported rigid nano or
micro/nano structured surfaces exhibits bouncing of low surface tension drops but
stay in Weber number range around 100 or below, which is still some distance to
application requirements (applications like inkjet printing [6, 7, 8, 9] and liquid metal
printing [10, 11] are involved with higher We number and also lower surface tension
liquids). There are several ways to further enhance the anti-wetting ability. Firstly,
increased hierarchical level could improve the performance [152]. They suggest that
the solid-liquid contact fraction is further reduced by increasing the hierarchical level
and also the anti-wetting capillary pressure is increased due to the down-scaling of
the structures. Additionally, multi-layer sidewall roughness has been proposed to be
a satisfactory pathway [150, 149]. The structure proposed is shown in Figure 1-12. In
Pan et al.’s [68] work, they present non-wetting of pentane at Weber number of 250
using multi-re-entrant hierarchical structured woven fabric surfaces. This denotes that
an increased level of re-entrant structures is useful for superrepellency of lower surface

tension drops at higher Weber number, which might be working for rigid substrates as
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well. However, studies using random micro/nano structures are not sufficient to make
a conclusion concerning the role of the individual geometry properties, such as pitch
and side wall roughness, and how much each of these are responsible for the observed
wetting surface properties. In Chapter 5, we contribute to reveal the role of sidewall
roughness by studying low surface tension droplet impact on patterned micro conical
structures with sidewall roughness. This type of hierarchical structures advance the
anti-wetting performance by showing higher critical Weber number, compared with

literature works using similar experimental settings.
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Chapter 2

Sample fabrication and experiment

set-up

In this work, various silicon based pillar structured surfaces are used in the static and
dynamic wetting research. The general fabrication process developed in this work
for the conical and cylindrical pillars is introduced in this chapter, where Figure 2-1

summarizes the fabrication steps in a schematic way.

2.1 General silicon structured surface fabrication pro-

cess

Pre-treatment process:

The original 4 inch silicon wafer is at first cleaned by solvents in order to remove
dust particle or solvent dissolving dirty things. The silicon wafer is rinsed in solvent,
acetone, ethanol, 2-propanol, and de-ionized water in order. Then we dry the wafer
by Ns gas flow. Later, O, plasma from a plasma cleaner is further used to clean the
wafer.

Coating of photoresist:
In this step, we coat the photoresist onto the clean wafer. In our work, we use

negative photoresist Mr-DWL5 following the general process suggested by the resist
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Figure 2-1: Schematic of silicon structured surface fabrication, taking cone production
as an example.
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provider. The clean wafer is at first baked on a hotplate around 180 °C for 5 minutes.
Next we put the wafer on a spin coating device and inject resist in the center of
the wafer. We spread the resist uniformly on the wafer by rotating the wafer using
3000 rpm for 30 seconds. When spincoating is finished, the coated wafer has to be
pre-baked, with 5 minutes at 50 °C' , 5 minutes at 90 °C' and then 5 minutes at 50
°C' again.

Photo-lithography:

The sample from the previous step is then put on a maskless aligner MLA150
(Heidelberg Instruments), in order to expose the pattern we want to use as etching
mask. For the mask design, we draw a array of circles with certain pitch and diameter
in a GDS file, which can be read by the MLA150 system. We use a laser beam of
405 nm to expose the design resist region at 200-300 m.J/cm?. After the laser beam
exposure, the sample is post-baked at 90 °C' for 5 minutes, and another 5 minutes
at 50 °C on a hotplate. As we use negative resist, the pattern exposed will be left
after putting the sample in a developer, called Mr-dev 600 for around 5 minutes.
Isopropanol, de-ionized water, and N, gas are used in order to clean and dry the
sample. The resist pattern we plan to have is then ready. We use a microscope
to check if the developed samples show the desired shape and geometry. This is
important step as the resist pattern quality affects the etching quality later.

Plasma etching:

In this step, we will etch the wafer and thus produce the various structures. A
lot of work is devoted to the process receipt exploration and optimization for this
important and also the most challenging step. Oxford Cryo ICP-RIE dry etching
device is utilized to do plasma etching with SFg/Oy and CHF3 as etching gas. In this
etching device, we etch into the silicon and thus produce either conical or cylindrical
pillar structures. By changing the etching recipe, we achieve control of the pillar
height and side wall shape. In theory, the etching gas flow rate, etching temperature,
chamber pressure, etching power and etching time all affect the height and shape.
From practical etching experience, we found that changing the SFg/0Oy gas flow is

the easiest way to adjust the shape. Changing the etching time is the easiest way
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to control the structure height. The chamber pressure influences the shape and the
height but the change of pressure frequently reduces stability of the etching power. In
several of the etching processes, the etching power is out of tolerance and the device
stops the etching process when trying to adjust the pressure. The etching power
alters the etch rate distinctly therefore in most cases we use fixed power in a recipe,
because a small change of power can have large influence. In short, we normally fix
the pressure, the etching power and the temperature and change the gas flow ratio to
investigate the recipe for controlling the structures shape. Once the recipe is found,
the height can be controlled by the etching time. After finishing the etching, we
have the structure we want and then we use O, and CHF3 plasma and to remove the
remaining resist or other dirty substances. The conical structures before and after
removing the resist are shown in Figure 2-2.

Silane treatment:

Silane (Trichloro(1H,1H,2H,2H-perfluorooctyl)silane, Sigma-Aldrich) treatment (us-

ing vacuum silanization tool) is done for 3 hours or overnight to change the intrinsic

wetting properties and make the sample superhydrophobic.

2.2 Challenge of fabrication

Plasma etching is flexible to produce different types of pillars. However, the device
in hand shows large uncertainty even when we use the same etching recipe, especially
when etching at different days.

One of the reasons behind this might be the unstable issue of the device itself.
In particular, the chamber pressure and etching power could be unstable sometimes,
which will affect the quality of etching. As shown in Figure 2-3, the structure quality
is different even using the same etching recipe at the same etching day. Another
possible reason is the chamber environment. The device is used by various users
and thus there might exist effect from previous user’s etching recipe. In addition,
the chamber becomes quite dirty after certain time of use. As we are not allowed

to change the device itself. Consequently, we try to reduce the latter two problems
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by using a chamber cleaning recipe and a pre-conditioning recipe before our actual
etching. The chamber cleaning recipe is used to clean the chamber, while the pre-
conditioning process is used to bring the device to certain etching condition. However,
this is based on practical experience, more research is needed to study how to improve
the etching stability.

As mentioned above, repeatability is one of the main challenges. However, for
lower aspect ratio pillars the repeatability is satisfying but it is much worse when
producing high aspect ratio pillars, especially high aspect ratio conical pillars. Even
if we assume the device is in good conditions during etching, we still have difficulty
in determining the etching time in an accurate way. As shown in Figure 2-4, if the
etching time is not enough, the pillar top will not be sharp when we plan to have
cones. With too much etching time, the structures are destroyed to some extent,
and black silicon forms randomly. Black silicon is the micro or nano scale random
roughness forming after reaching a maximum etching depth. To estimate the required
etching time roughly, we need to prepare several wafers with resist mask and use the

initial one or two etching results as estimation reference.
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Figure 2-2: In (A), it shows the SEM image of cone before removing resist. In (B),
the same surface is shown after removing the resist. The sample is with pitch 8 um.
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Figure 2-3: Different quality produced using the same etching receipt and etched
at the same day. In (A) , it shows the SEM image of cones in a satisfactory conical
shape. In (B), the surface has a lot of heterogeneous and broken parts, where unstable
pressure or power is observed during etching.
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Figure 2-4: Different etching quality using the same etching recipe but different etch-
ing time. In (A) , it shows the SEM image of cones without sharp top, which means
the etching is not enough. In (B), etching time is longer but there is a lot black silicon
forming, which means the etching is too long.
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Figure 2-5: OneAttension meter used for contact angle and tilting experiment.

2.3 Experiment set up

2.3.1 Contact angle and tilting experiment

Contact angle for various samples is measured using an optical tensiometer from
Biolin Scientific at ambient conditions, as shown in Figure.2-5. The device is at
first calibrated using a calibration ball. After calibration, we deposit a droplet with
volume 3-11 ul gently on one location of the sample and record the process while the
stage is tilted. The whole process is recorded and analyzed using the device software.
The static contact angle data can be obtained when the stage is not tilted, while the
sliding angle, advancing angle and receding angle can be obtained when the droplet
starts to slide. The contact angle hysteresis is the difference between the advancing

and receding angles.
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Next, we repeat the previous experiment on another sample location. We will

repeat at least three times to get an average and dispersion of data. The average

>

value 7 is calculated using Z = =—. The standard deviation S, is used to estimate

(:-7)* )12,

the uncertainty, where S, = () ey
=1

2.3.2 Drop impact experiment

The droplet impact process is recorded using a high speed imaging system. The
experimental setup is shown in Figure 2-6. A syringe is used to dispense a liquid
droplet (with volume around 3-10 pl) at a given height above the tested surface. The
droplet impact process is recorded using a Photron Fastcam SA3 camera at ambient
conditions. In most experiments, 500 frames per second is chosen to have enough
window of view to observe the droplet bouncing process. The impact velocity is

adjusted by varying the distance of the syringe to the surface.

Syringe
-PC E,
[ ]

v — LED
I Sample —

Sample stage

T

High speed camera

Figure 2-6: Ilustration of high-speed imaging set up used for drop impact experiment.

Before starting the impact experiment, we do the calibration by using a calibration
ball. Next, we choose an initial needle to surface distance and record the droplet
impact for one surface. We repeat at least 3 times at different locations of the surface.

After testing one surface, we test different samples at the same distance and also
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repeat at least 3 times. We go to another syringe-surface distance and repeat the
process again. For critical conditions showing wetting transition, we adjust the needle-
to-surface distance in small distance interval, in order to find the condition that starts
to show partial rebound for a certain surface. Once the critical distance is found, we
repeat at least three times on different locations of the sample to further confirm that

the same performance is observed.

From the drop impact experiment, we get the drop radius and drop velocity from
the recorded images. We calculate the Weber number (We = %‘/2) based on the
measured drop surface tension, calculated drop radius and drop velocity. Therefore,
we need to estimate the uncertainty of surface tension, radius, velocity and Weber
number for each measurement. The data is from image processing and thus we
start with the calibration process. The pixel distance (actual distance per pixel)
is calculated by using a known size calibration ball (4 mm in diameter). For each
measurement we have 2 pixels uncertainty for the calibration ball diameter. Taking
one case as an example, the ball diameter is 220 & 2 pixels, which results in pixel
distance of 18.2 + 0.2 um/pixel. When measuring the droplet radius, the error is
from the uncertainty of the droplet size in pixels and also error of pixel distance from
the calibration. Taking one case of water as an example, we have around 1 pixel
error for drop radius thus the drop radius is R = 62 + 1 pixels. Combining the error
from pixel distance as shown above from calibration process using root-sum-square
(RSS) method [166], the radius is R = 1.11 £ 0.02 mm. The droplet velocity is
calculated by measuring the displacement distance divided by the time difference.
By neglecting the error of time, the error of velocity is from distance. For example,
at deposition height of 10 mm, the distance traveled in 0.002 s is 44 &+ 2 pixels before
impact. Combining the pixel distance from calibration with 2 pixels displacement
error here using RSS method, the velocity is around V = 0.40 + 0.01 m/s. The
drop surface tension of water is 72 £ 1 mN/m as measured by the pendent drop

method. The error of Weber number can be calculated based on error propagation

2 2 2
as (bwe = \/<”W£) 6% + (@) 6% + (‘713/2) 62, this part of error is also named B

as shown below), which results in around 0.1 - 5 error for the range of We numbers

41



considered in this work (We = 2.4 - 218), the resulting relative error varied between
2% to 5%. When repeating the same type of experiment, there will be random error
generated. The standard deviation can be used to quantify this random error but it

has to be corrected due to limited sampling size. We use student distribution for this,

where Py = £t 5%, here t is value of student distribution which is related with number
of sampling and confidence level. With a minimum of 3 repeated experiments, 90%
confidence level, t=2.92, thus the random error of the Weber number is in the range of
0.2-17. Combining the error from the previous image processing (B) and the random

part (P), the total error (dy. = v B? + P?) of the Weber number is in range of 0.2-19
(We range of 2.4 - 218), and the resulting relative error varied between 3% and 10%.
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Figure 2-7: Keyence microscope used for drop shape top view imaging.

2.3.3 Top view drop shape imaging experiment

We use a Keyence microscope to record the drop shape from top view, which is shown
in Figure 2-7. An ethanol-water mixture or pure ethanol droplet is deposited onto the
test surfaces at ambient condition. The droplet diameter size is in the range of 1.7
mm to 1.9 mm. In addition, we also change the distance between the syringe and the
surface. The surface on a x-y moving stage is at first placed below the syringe. After
depositing a droplet, the sample is moved immediately below Keyence microscope
lens and the drop shape is recorded. In this experiment, the main uncertainty is the
deposition height. The deposition height is adjusted by hand and quantified using a
centimeter ruler. We assumed that the deposition height has around a maximum of

0.5 cm uncertainty.
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Chapter 3

Effect of conical micro-pillars on

static wetting properties

Brief Summary

In this chapter, we present a study of the effect of conical mciro-pillars on static
wetting properties. We produce different conical pillar surfaces and measure the
apparent contact angle. It is found that the conical structured surface can show
superhydrophobic state for cases with intrinsic contact angle larger than 90°. Besides,
we vary the droplet surface tension and measure the contact angle to study the Cassie-
Wenzel transition. The results show that the transition from Cassie to Wenzel state
is controlled by the conical pillar apex angle. This work contributes to understanding
of the effect of conical micro-pillars on static wetting properties and also shows how

design of conical structures can be beneficial for reaching super-repellent surfaces.

45



Conical micro-structures as a route for
achieving super-repellency in surfaces with
intrinsic hydrophobic properties

Cite as: Appl. Phys. Lett. 115, 053703 (2019); https://doi.org/10.1063/1.5096776
Submitted: 19 March 2019 . Accepted: 12 July 2019 . Published Online: 01 August 2019

® & ®

View Online Export Citation CrossMark

W. Ding, M. Fernandino, and C. A. Dorao

("]
e
Q
i)
ad
Q
—l
(7]
L
7))
>
L
a ¥
O
.9
Q
Q
<

Applied Physics Letters

Publishing

Appl. Phys. Lett. 115, 053703 (2019); https://doi.org/10.1063/1.5096776 15, 053703

© 2019 Author(s).

46



Applied Physics Letters ARTICLE scitation.orgfjournal/apl

Conical micro-structures as a route for achieving
super-repellency in surfaces with intrinsic
hydrophobic properties

Cite as: Appl. Phys. Lett. 115, 053703 (2019); doi: 10.1063/1.5096776 @ 1 @
Submitted: 19 March 2019 - Accepted: 12 July 2019 - |
published Online: '| August 2019 View Online Export Citation CrossMark

W. Ding, M. Fernandino,” and C. A. Dorao

AFFILIATIONS

Department of Energy and Process Engineering, Norwegian University of Science and Technology Trondheim 7491, Norway

2Electronic mail: maria fernandino@ntnu.no

ABSTRACT

Hydrophobic surfaces like Lotus leaves show amazing self-cleaning properties with the apparent water contact angle above 150° and contact
angle hysteresis below 10°. Thus, at low inclination angles, millimeter drops can roll-off easily. This effect can be a consequence of the air
trapped below the drop, which allows the droplet to reach a superhydrophobic Cassie-Baxter state. However, the superhydrophobic state can
be accompanied by very different adhesive properties due to the pinning of the droplet to the microstructures, implying that even in a hydro-
phobic or superhydrophobic state, the droplet might not roll-off easily. A superhydrophobic state with minimum adhesion to the surface has
been the pursuit in many applications where a super-repellent state is highly desired. Many microstructures have been shown to be able to
reach a superhydrophobic state, but only a few have been shown to be capable of achieving a super-repellent state without the help of more
complex hierarchical structures. Here, we show that conical structures provide a template for designing super-repellent surfaces where the
wetting characteristics look to be invariant in the microscale range. The conical structures can maintain a super-repellent state for all intrinsic
contact angles larger than 90°, and the transition from the Cassie-Baxter to the Wenzel state is controlled by the apex angle of the conical
structures. This finding advances the understanding of why conical structures can show a superhydrophobic state, which will be beneficial
for the design of super-repellent surfaces with a wider intrinsic contact angle range.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5096776

A large number of surfaces’ have been suggested as possible states. In the Wenzel state, the liquid wets the surface completely and
routes for achieving superhydrophobic surfaces with low adhesive the apparent contact angle 0}, is given by the modified Young’s equa-
properties and for controlling the motion of the droplets, such as car- tion cos 0}, = rcos0,, with r being the roughness factor defined as the
bon nanotubes,” re-entrant structures’ and multi-re-entrant hierarchi- ratio of the actual area of a rough surface to the geometrically pro-
cal structures,'’ macro-micro-roughness structures,’' and conical jected area and 0, being the equilibrium contact angle on the flat sur-
structures.”'” " In particular, conical micro- and nanostructures have face. As r is always greater than unity, the surface roughness enhances
been observed to show low adhesive properties, for example, the cicada the hydrophobicity of a hydrophobic surface. In the Cassie-Baxter
wings covered by conical protuberances’ or fabricated surfaces with state, air intrudes into the hydrophobic solid-liquid interface, and
conelike structures.” >**'* Figure 1 shows some examples of the men- thus, the droplet is lying over an interface composed of part solid and
tioned conical structures and their wetting properties. Remarkably, part air. The apparent contact angle 0 is given by cos 0y = ficos 0,
although the conical structures have a base diameter in the range of + frcos 0,'® where f; is defined as the total area of the solid under the
52 nm to 78 um, the apparent contact angle and other wetting proper- drop per unit projected area under the drop, 0, is the equilibrium con-
ties remain similar. These amazing self-repellent wetting properties of ~ tact angle on a smooth surface of material 1, and f; is defined as f; but
the conical structures are the motivation for the work presented here. for air and 0, = 180°."

We investigate how wetting properties of conical structures are For understanding the wetting properties of the conical structures
affected by the geometrical properties of the structure. A surface with and their favorability to each state, the stability criterion can be written
conical structures can experience two different behaviors that mini- ascosOc = —f>/(r — f1),'""* which is the angle obtained when equat-
mize its overall free energy, namely, the Wenzel or the Cassie-Baxter ing the Wenzel and Cassie-Baxter equations. This implies that if

Appl. Phys. Lett. 115, 053703 (2019); doi: 10.1063/1.5096776 115, 053703-1
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independent of the scale of the structure.

Oc < 0, the droplet will favor the Cassie-Baxter state. The maximum
theoretical contact angle on a flat surface is about 120° which can be
achieved by lowering the surface energy and corresponds to the lowest
surface energy value yet recorded of 6 mJ m~2 for a surface with a reg-
ularly aligned closest-hexagonal-packed -CF3 group.'” Figure 2(a)
shows the influence of the half apex angle of the conical structures f8
and the penetration of the liquid into the structures ¢ in the wetting
state. This implies that conical structures with a half apex angle larger
than 20° might favor the Wenzel state. The apparent contact angle 0
corresponding to the Cassie-Baxter model can be determined assum-
ing the given penetration of the liquid into the structures as shown in

(a)
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FIG. 2. Wetting characteristics of conical structures. (a) lllustration of the influence
of the half apex angle of the cones on the stability criterion limiting the Cassie-
Baxter and Wenzel states. (b) Effect of the half apex angle of the cones and the
equilibrium contact angle on the apparent contact angle. This result suggests that
surfaces with a small half apex angle of the cones will show superhydrophobic
behavior. (c) and (d) show the effect of the pitch on the liquid penetration on the
structure.

Fig. 2(b). This shows that cones with a high aspect ratio favor a super-
hydrophobic state as 0, — 90°. But this estimation depends on the
penetration of the liquid into the structures which needs to be deter-
mined. Considering a force balance between the surface force and the
liquid pressure, it is possible to determine the liquid penetration as a
function of 0~f and the diameter base of the cones or pitch for milli-
meter size drops. As shown in Figs. 2(c) and 2(d), the conical struc-
tures are capable of supporting a drop even for relatively high pitches,
corresponding to microsized cones. However, for nanosized cones, the
penetration of the liquid is minimized, and thus, the adhesion force
can be reduced to its minimum. This property can be hindered by the
transition from the Cassie-Baxter to the Wenzel state, which can occur
either spontaneously or induced by external stimuli. Figure 3 shows in
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FIG. 3. Effect of the half apex angle on the transition from the Cassie-Baxter to
Wenzel states in the Kao diagram. Sharp conical structures can suppress the
Wenzel state in the 3rd quadrant of the Kao diagram.
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the Kao diagram the effect of the apex angle on the apparent
contact angle under equilibrium conditions. As the apex angle goes to
zero, the transition from the Cassie-Baxter to Wenzel states moves to
lower equilibrium contact angles, suppressing the Wenzel state in the
negative quadrant corresponding to cos ), < 0. Therefore, conical
structures can allow a superhydrophobic state and low adhesion for
liquid with 0, > 90° for low half apex angles. The transition from the
Cassie-Baxter to Wenzel states induced by external stimuli has been
observed under evaporation;’"” vibration,”* bouncing of droplet,y"’)“
and pressing.” In spite of the substantial research in this area, the
quantification of the capability of the surface for controlling the occur-
rence of the wetting transition remains challenging and the analysis
needs to take into account the time scale of the transition which can
be characterized by a rapid adiabatic or slow nonadiabatic one.”* Due
to the level of complexity of the problem, in this case, we assume the
situation of the wetting transition triggered by the impact of a falling
droplet. The transition can be assumed to be triggered when the
dynamic pressure p; = 1/2pV?* overcomes the Laplace pressure p;,
=2 y/R, with R being the radius of curvature of the liquid when it
touches the bottom of the surface.” Alternatively, it is possible to con-
sider that at the transition condition, the liquid interface should sus-
tain its advancing contact angle. Then, the pressure force supported by
one conical structure f = 27r;y cos(0, — f5) should be counterbal-
ance by the force exerted by the dynamic pressure f; = 1/2pV? P,
Therefore, the transition will occur for impact velocities higher than
V. > [2mr1y cos(0a — B)/(1/2p P2)]"/2, where r, = P $/2. Hence,
the critical velocity increases as the pitch parameter P decreases as
V. oc P71/2, and the critical velocity reaches an optimum as the half
apex angle of the cones tends to zero. The previous results suggest that
low pitch conical structures with a small half apex angle provide a
route for achieving super-repellency on surfaces with intrinsic hydro-
phobic properties.

Inspired by the discussed wetting properties of conical structures,
a series of surfaces with microconical structures have been fabricated.
The cones were designed to have spacing or pitch, P, equal to the
diameter of the base of the cones. The fabricated cones have pitches of
3, 5, 8 and 10 um and heights of 12 and 20 um which result in half
apex angles from 4° to 23°. The surfaces are rendered hydrophobic by
vapor deposition of 1H,1H,2H,2H-Perfluorooctyl-trichlorosilane.

On a flat silicon, this treatment provides an equilibrium contact angle
of 107° =+ 3', a contact angle hysteresis of 32°  2°, and a tilting angle
of 33° = 2°.

Figure 4(a) shows some examples of the conical structures using
a Scanning Electron Microscope FEI SEM APREO. As an abbreviation
rule, C refers to the cone, P is the pitch, and H is the height so that
CP3HI2 is a surface with cones with a pitch of 3 um and a height of
12 um. All the surfaces show an apparent contact angle ranging from
172° to 175° for water droplets of 5.4 to 7 ul. Furthermore, all the sur-
faces show a low contact angle hysteresis of 5° to 8° and a tilting angle
smaller than 1°, as depicted in Fig. 4(b). The values of the contact
angle are higher than the ones reported in the literature. Figure 1 and
this can be due to the accuracy of triple-line detection.

The contact angle hysteresis of the fabricated microcones is quite
similar to the one corresponding to nanocones,” showing that the
geometrical property of the cones is valid in the micro and nanosize
range. The sliding test for some of the surfaces is shown in Fig. 5 for
the plain surface and two surfaces with microcones. The low sliding
angle suggests that the droplet is in a Cassie state. For all the tested
surfaces with microcones, no effect on the sliding angle to the degree
of accuracy of the instrument has been observed.

In order to investigate the effect of the equilibrium contact angle
on the apparent contact angle, as presented in Fig. 3, in Fig. 4(b), the

Plain Si CP3H20,

FIG. 5. The sequence illustrates the substantial reduction in the adhesion force on
the surface with conical structures CP3H20 compared to the plain Si surface.
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FIG. 6. The measured critical velocity for conical structures with a height of 12 um and different half apex angles is presented and compared with the model of the critical

velocity for different penetration parameters ¢.

apparent contact angle was varied by mixing water and isopropanol at
different percentages which changes the surface tension of the liquid.
The equilibrium contact angle was evaluated on a plain surface with
equivalent treatment compared to the conical structures. The conical
structure CP3H20 shows a superhydrophobic state even at an equilib-
rium contact angle of 86°. It is also possible to observe that the appar-
ent contact angle in the metastable Cassie-Baxter state has also been
enhanced by reducing the half apex angle in the structures. Finally, in
Fig. 6, the robustness of the surface for avoiding the transition from
the Cassie-Baxter to Wenzel states under impacting droplets is pre-
sented. In this case, droplets of 2.2 = 0.1 mm impact a conical surface
CP3H12 at different velocities. The velocity, at which a transition from
the Cassie-Baxter to Wenzel states is observed, is defined as the critical
velocity. The model for different penetration parameters ¢ is included
in the plot showing a comparable trend with the experiments. A maxi-
mum critical velocity of 2.3 = 0.2 m/s has been achieved for the sam-
ple corresponding to conical surface CP3H12. It can be noticed that
experiments performed with pillar structures have shown lower critical
velocities of about 1.1m/s for pillar structures of 5um in diameter,
7 um in pitch, and 10 um in height for droplets of 1 mm in diameter.”®
For the case of droplets of 1 mm in diameter impacting pillar struc-
tures of diameter 22 yum, pitch 50 ym, and height 9 um, critical veloci-
ties of about 0.8 m/s have been observed.”” A possible alternative for
increasing the critical velocity is by increasing the number of tiers of
roughness of the surface.”

Our results show that conical structures are capable of achieving
super-hydrophobic conditions for microsized features. In particular,
the apex angle of cones and the intrinsic contact angle are the domi-
nant parameters when designing the surfaces. Reducing the pitch
between the cones contributes to enhancing the robustness of the sur-
face, while reducing the apex angle of the cones allows us to suppress
the Wenzel state for hydrophobic materials.

See the supplementary material for the details of the experiments
and fabrication process.

The Research Council of Norway is acknowledged for the
support to the Norwegian Micro- and Nano-Fabrication Facility,
NotFab (No. 245963/F50).
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I. SAMPLE FABRICATION AND CHARACTERISATION
A. Sample fabrication

First, the silicon wafer was rinsed in solvent, acetone,
ethanol, isopropanol and deionized water. The wafer was
then dried with No. The samples were then coated with
negative photoresist Mr-dwl-5 at 3000 rpm for 30 seconds
and the samples were prebaked. Next, a given pattern
was directly exposed on the photoresist by using a mask
aligner MLA150 (Heidelberg Instruments) with a light
source at 405nm. The silicon wafers were patterned with
a square arrangement of circles, each circle with diameter
of 1 micro meter and pitch of 3 um, 5um, 8um and 10 um
in each sample respectively. The samples were developed
using developer Mr dev 600. An Oxford Cryo ICP-RIE
dry etching device was utilized to do plasma etching with
SF/02 and CHF3. A silane (Trichloro(1H,1H,2H,2H-
perfluorooctyl)silane,Sigma-Aldrich) treatment (using
vacuum silination tool) was performed for 3 hours to
make the samples superhydrophobic. A schematic rep-
resentation of the production process is shown in FIG
1.

Six samples with conical structures were produced
from three different etching conditions. As shown in
FIG 2, the conical structures produced here are closely
packed, meaning that the base diameter is nearly the
same as the pitch (center to center distance, design value
for the four region is 3, 5, 8, 10 um). Sample B is not so
densely packed but the base diameter is close to the pitch.
It is worth mentioning that the 3 pm pitch samples not
only have conical pillars but they also have a truncated
cone hole in between the pillars. In FIG 2, samples A, C
and F are all produced using the same recipe (SFg/O2-
85/16 sccm, pressure 50 mTorr, 10 minutes, Oz plasma
10 min, then CHF3 5 minutes). For sample B a dif-
ferent recipe was used (SFg/02-85/16 sccm, pressure 20
mTorr, 10 minutes, Oz plasma 10 min, and CHF3 5 min-
utes). The parameters for sample D and E are the same
(SFg/02-85/16 scem, pressure 30 mTorr, 14 minutes, Og
plasma 10 min, and CHF3 5 minutes). For all etching
processes and recipes, the temperature was -50°C. All
samples were subject to a process of Oy plasma cleaning

2)Electronic mail: maria.fernandino@ntnu.no.
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Fig. S. 1: Schematic representation of fabrication of
conical pillars.

(40 O scem, pressure 20 mTorr, 15 minutes) to remove
any remaining photoresist. The smooth hydrophobic sil-
icon surface was treated with a CHF3 plasma for 5 min
and silane for 3 hours, so that all samples had the same
surface conditions.



B. SEM characterisation

SEM of conical pillars In FIG2, the scanning electron
microscope (SEM) images are presented. A FEI SEM
APREO was used to characterize the conical pillar sur-
face. Four of the samples have height around 12 pm
(namely samples A, B, C and F) and two samples have
a height of 20 um (samples D and E).

Il. CHARACTERIZATION OF SURFACES WETTING
PROPERTIES

A. Wetting property with pure water

Contact angle was measured at ambient conditions
using an optical tensiometer from Biolin Scientific. A
droplet of deionized water with diameter 5.4-7 ul was de-
posited on one location of the sample. The sample was
tilted continuously while the whole process was recorded
by a camera, until the droplet would start sliding. The
same procedure was then repeated on another point of
the sample. It is worth mentioning that the droplet size
used for the smooth hydrophobic silicon surface was much
larger, namely 15-17 ul, since hysteresis is larger for this
sample and the droplet would not slide below a certain
size. All the process was repeated at least three times
and average values over all the runs are reported. The
wetting data for pure water is summarized in TABLE I,
in which 64 is the advancing contact angle, 6 is the re-
ceding contact angle, ar is the tilting angle when droplet
slides and 0% is the static contact angle.

Table S. I: Contact angle on conical structures with
pure water

[ Or
177 £ 1°|169 + 3°
177 £ 3°[170 £ 1°
176 + 2°[171 £ 1°
175 + 2°]165 + 3°
177 + 2°[172 + 3°
177 £1°|172 £ 1°
129 + 4°| 96 + 2°

04-0r
8+ 3°
7+ 2°
5+ 3°
9 +5°
5+ 3°
5+ 1°
32 + 3°

ar [

0.5 +0.4°[174 + 3°
0.5+ 0.1°[173 £ 1°
0.8 + 0.1°[175 + 2°
1.2 £0.7°(172 £ 1°
0.4 +£0.1°[174 + 1°
0.5+ 0.1°[175 + 1°

33 +2° [107 + 3°

Sample
CP3H12
CP5H12
CP8H12

CP10H12
CP3H20
CP5H20

Si smooth

B. Wetting property with isopropanol-water mixture

In order to change the wetting angle without modifying
the surface, the static contact angle was further tested us-
ing mixture of isopropanol (2-Propanol for analysis EM-
SURE ® ACS, ISO, Reag. Ph Eur) and deionized water.

Test process: isopropanol and water were mixed in
a certain ratio and the liquid mixture surface tension
was measuring using an optical tensiometer from Biolin
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Scientific with the pendent drop method. The mixture
was the used to measure the static contact angle on
both a flat silicon surface and the surfaces with conical
structures.

Two types of mixtures were used here:

Mixture 1: 5 ml isopropanol and 45 ml water with
surface tension 46 + 4 mN/m and contact angle on
smooth hydrophobic surface of 86+ 6°.

Mixture 2: 10 ml isopropanol and 30 ml water with
surface tension 35 + 4 mN/m and contact angle on
smooth hydrophobic surface of 61+3°. The results for
the static contact angle on conical structures are listed
in TABLE IL.

Results for mixture 1 show that conical pillars can
result in a superhydrophobic state even for equilibrium
contact angle of 6, = 86 & 6° on a smooth surface with
the same intrinsic wetting properties. This shows that
the Wenzel state is suppressed by the conical structures.
The static contact angle of mixture 2 is lower, but it is
still in hydrophobic condition, which is a meta-stable
state.

Table S. II: Contact angle on conical structures with
isopropanol-water mixtures

Sample |6} of mixture 1|0} of mixture 2
CP3H12 171 + 1° 113 + 6°
CP5H12 171 + 2° 111 £ 5°
CP8H12 167 + 4° 115 + 8°
CP10H12 167 + 3° 114 + 4°
CP3H20 174 + 2° 126 + 3°
CP5H20 166 + 2° 114 + 8°

Si smooth 6, 86 £ 6° 61 £+ 3°

C. Contact angle and droplet volume

The contact angle as a function of droplet volume is
shown in FIG.3. The results here indicate that the con-
tact angle is quite stable in the measured volume range
for the cone CP3H12.



Fig. S. 3: Contact angle as a function of droplet volume.

A-CP3H12 B-CP5H12 C-CP8H12

D-CP3H20 E-CP5H20 F-CP10H12

Fig. S. 2: SEM images of conical pillars.
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Fig. S. 4: Schematic of cone geometry.
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The angle 6% is the apparent contact angle, f is the
actual solid-liquid contact fraction, fs is the solid-air frac-
tion; The 6. is the equilibrium contact angle on flat sur-

face;
The stability criterion is got by equating Cassie-Baxter
SUMMARY OF WETTING MODEL USED equation and Wenzel equationz.
Cassie-Baxter model':
cosfc = —faf (r— f1) (S2)
The angle 6 is the critical contact angle, r is roughness
cos@y = ficosb. — fa (s1) factor, which means the product of total surface area
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dividing the projected surface area. Based on conical
structure geometry, as shown in FIG.4, these data can be
calculated assuming certain penetration depth fraction ¢.
The S is half apex angle.

22
=" o (S3)
_
= (s (54)
mR? mR? .
T:17W+7P25in(ﬁ) (S5)
rL =R (6)

Force balance: the capillary force is balanced with the
liquid pressure force.This force balance equation can re-
late the penetration fraction ¢ with the angle (6. — ).

uvA _ 2mrpyLy cos (0. — B) = 0 (S7)
e

In the above equation, the vy is liquid-vapor surface
tension, 7z, is the wetted radius, R, is the interface cur-
vature, as this is unknown but the curvature assumed be
similar in all surfaces as the droplet is deposited on the
surface gently, thus in the calculation, constant interface
curvature is used; The liquid pressure acting area A is:

A=P2—qr? (S8)
The breakthrough pressure Ppy: when the liquid reach

the bottom, r;,=R, R is the base radius, which is half of

pitch. The angle 04 is the advancing contact angle.

PrLA+27mrpyLy cos (64— B) =0 (S9)

—nPyLy cos (04 — )

P, =
bk P2 _P2r/4

(S10)
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4

The robustness? A* is defined as the ratio of break-
through pressure Py, and reference pressure P..;. The
P,cs is the liquid pressure with capillary length ., as
radius.

Pk
A= s11
Pref ( )
2
Prot = % (S12)
cop

The contact angle data from experiment is plotted to-
gether with the modeling curve in FIG.5.

Static contact angle [°]

120
0 5 10 15 20 25 30 35 40 45

Half Apex angle [°]

Fig. S. 5: Contact angle from experiment and model.

ID. Quéré, “Wetting and Roughness,” Annual Review of Materials
Research 38, 71-99 (2008).

2A. Tuteja, W. Choi, J. M. Mabry, G. H. McKinley, and R. E. Co-
hen, “Robust omniphobic surfaces.” Proceedings of the National
Academy of Sciences of the United States of America 105, 18200~
5 (2008).
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Chapter 4

Effect of micro-structures side wall
and droplet impact velocity on

Wenzel state droplet shape

Brief Summary

In this chapter, we investigate the effect of pillar lateral wall and droplet impact
velocity on Wenzel state droplet shape. We produce various truncated cone surfaces
and cylindrical pillar surfaces with the same top size, pitch and height but different
lateral wall shape, namely conical shape or cylindrical shape. The change of lateral
wall leads to change of the droplet shape using the same type of droplet. In addition,
the droplet shape is also changed when increasing the Weber number, and the evolu-
tion of the droplet shape with the Weber number for truncated cone and cylindrical
pillars is also different. This work advances the understanding of partial wetting drop
shape, where the effect of the structure lateral wall shape and droplet deposition in-

ertia is reported. The finding is meaningful and useful to various printing applications.

This chapter is under preparation and will be submitted to an international journal

later.
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Anisotropic wetting and final shape of droplets
impacting on micropillars with non-vertical lateral

walls
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Department of Energy and Process Engineering, Norwegian University of Science and

Technology, 7491 Trondheim, Norway.

E-mail: maria.fernandino@ntnu.no
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Abstract

Control of droplet shape during impact on a solid surface is of relevance for several
practical applications such as inkjet printing technologies. Although several studies
have reported factors affecting the final droplet shape, understanding of the liquid
spreading process is still lacking. In this work, droplets of different velocity are de-
posited on conical and cylindrical pillar surfaces. It is shown that for structures of the
same height and pitch, the shape of the lateral wall of the micro-structures affects the
droplet shape. In addition, at higher deposition velocity, the initial polygonal/square
shape of the droplets evolves into a more circular shape. The change of shape due to
the lateral wall of the structures is the result of the solid-liquid contact both above and
below the structures and the way in which the liquid is able to move in between the

structures for different passage area.

58

This article is awaiting publication and is not included in NTNU Open



82



Chapter 5

Effect of microstructures sidewall
topography on low surface tension

drop impact

Brief Summary

In this chapter, we study the effect of conical structures sidewall topography on
drop impact performance with varying surface tension. We produce conical surfaces
with smooth sidewall and conical surfaces with re-entrant like lateral wall rough-
ness. The latter structure looks like a tree-branch topography. By recording the drop
impact process, we show that the conical structures mimicking a tree-branch like to-
pography show enhanced anti-wetting ability. The critical Weber number showing
partial rebound is higher for surfaces with sidewall roughness. Similar re-entrant like
structures have been reported in literature either in modeling work or experimental
work using random structures but no patterned base structures. Here we bridge the
gap by using patterned structures with multi-layer re-entrant like sidewall roughness

and reveal its effect.

This chapter is an article under preparation. It will be submitted to an interna-

tional journal after some revisions, sometime during 2021.
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Under Preparation

Improving superamphiphobicity by mimicking tree-branch

topography

Wenwu Ding, Carlos Alberto Dorao, and Maria Fernandino*
Department of Energy and Process Engineering.
Norwegian University of Science and Technology

7491 Trondheim, Norway.

Abstract

When a droplet impacts a surface below a certain velocity, the droplet can bounce off completely
from the structured surface. However, above such velocity a fraction of the droplet will pin on
the surface. Surfaces capable of repelling water droplets are ubiquitous in nature or have been
artificially fabricated. However, as the surface tension of the liquid is reduced, the capability
of the surface to remain non-wetting gets hindered. Despite progress in previous research, the
understanding and development of superamphiphobic surfaces for impacting of low surface tension
droplets remains elusive. Here we show that conical microstructures mimicking tree-branches
provide a surface topology capable of absorbing the force exerted by the droplet during the impact
which prevents the droplet from pinning on the surface at higher impact velocities. Our study has
significance for understanding the liquid interaction mechanism with the surface during the impact

process and for the associated surface design considerations.

* maria.fernandino@ntnu.no.

84

This article is awaiting publication and is not included in NTNU Open



Chapter 6

Effect of conical micro-pillars on

water drop impact

Brief Summary

In this chapter, we study the role of conical micro-pillars on water drop impact
behavior. We characterize the wetting properties and drop impact process. With the
same pitch and height, the conical surfaces show higher contact angle, lower hystere-
sis, smaller receding time and higher number of bouncing, as compared to cylindrical
pillars surfaces. But the critical Weber number is lower for conical case. However,
the clean rebound at high Weber number can be achieved by optimization of the
conical geometry. The drop residue size after impact is smaller for conical pillars
when above the critical Weber number. We further record ethanol droplet behavior
on the conical and cylindrical pillar surfaces with the same pitch and height, of which
the results show that liquid inside cones is pinned while the liquid inside cylindrical
case can move slowly. This behavior shows that the liquid mobility inside the cones
is lower, thus impacting water droplets might wet less conical structures. This work
shows that design of conical structures can help to maintain high contact angle, low
hysteresis, high critical Weber number and smaller liquid residue size, which is a good

pathway for achieving super-repellent performance.
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This chapter is an article under preparation. It will be submitted to an interna-

tional journal after some revisions, sometime during 2021.
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Under Preparation

Effect of pillar side wall shape on water drop impact behavior

Wenwu Ding, Carlos Alberto Dorao, and Maria Fernandino*
Department of Energy and Process Engineering.
Norwegian University of Science and Technology

7491 Trondheim, Norway.

Abstract

Superhydrophobic surfaces are attractive due to their excellent water repellent performance. This
can be achieved by designing the surface with nano- and micro-sized structures. A Cassie state
droplet on such a superhydrophobic surface can show very high contact angle and low contact angle
hysteresis with proper design. However, a transition from Cassie to Wenzel state occurs when a
droplet impacts on the surface at high velocity. To achieve higher resistance to liquid impalement
at the same scale, a dense array of structures or structures with pinning at the structures top
are typically used, but with the sacrifice of increased contact angle hysteresis, which can lead to
higher energy dissipation and lower number of droplet bouncings. In this work, micro-scale conical
structures are adopted to achieve both low hysteresis and high anti-wetting ability. Comparing
conical and cylindrical pillar structures with the same pitch and height, it is found that cylindrical
pillars exhibit higher critical We number but at the same time result in larger contact angle
hysteresis and larger liquid residue size when above a critical Weber number. By further reducing
the apex angle of the conical structures, the anti-wetting ability of conical surfaces is improved.
Therefore, a proper design of conical structures can maintain large contact angle, low hysteresis,
strong resistance to impalement and higher number of bouncings. Even after penetration, the
liquid residue size is small. In addition, the critical Weber number for the conical structures in this
work is higher than for micro-patterned pillar surfaces found in the literature for the same pitch

range, implying that we improve the anti-wetting performance further at the same structure scale.

* maria.fernandino@ntnu.no.
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Chapter 7

Summary and outlook

7.1 Summary

The major contributions from this work are summarized below:

e Reveal the effect of conical geometry on surface static wetting properties, of

which the cone apex angle is shown to play a major role.

e Report the effect of structures sidewall topography on Wenzel droplet shape at

various impact velocities.

e Reveal the effect of sidewall roughness on low surface tension droplet impact be-
havior, which experimentally shows that the multi-layer re-entrant like sidewall

roughness can enhance the anti-wetting performance.

e Reveal the effect of structures sidewall shape on water drop impact behavior.
Conical surfaces have lower resistance to penetration but they show less wetted
area when above a critical Weber number. Proper design of conical geometry
can maintain high contact angle, low hysteresis, high number of bouncings and
less liquid residue size, which means that conical structures are a nice candidate

for anti-wetting purposes.

e Further develop and adapt the general lithography and etching recipe for pro-

ducing conical structures [49] to fabricate various conical surfaces with both
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smooth cones and cones with re-entrant like sidewall roughness.

In Chapter 3, we study how the conical geometry of microstructures can affect the
static wetting properties of the surface. In this part, we use a force based model to re-
late conical geometry and its liquid penetration fraction, which is further related with
the contact angle. It was revealed that the surface would be super-repellent for intrin-
sic contact angles larger than 90°. The conical half-apex angle plays an important
role in suppressing the Cassie-Wenzel transition. This work provides more insight
into conical microstructures effect on wetting properties. Furthermore, the results
illustrate the prominent role of conical structures in achieving superhydrophobicity.

In Chapter 4, we investigate the role of microstructures sidewall shape in partial
wetting drop pattern. To achieve this, we compare truncated conical pillars and
cylindrical pillar surfaces and record from the top view to see how the drop shape
evolves on these surfaces. In addition to pillar height/pitch and surface tension that
have been shown to affect the droplet shape in previous work, we observe that the
drop shape on truncated conical and cylindrical pillar surfaces is different even though
they have the same pitch and height. Additionally, the drop shape at different impact
Weber numbers is also evolving in different ways for truncated conical and cylindrical
pillars. Based on the current results, it is concluded that the microstructures sidewall
topography can play an important role in partial wetting drop shape.

In chapter 5, the effect of conical micro-pillars lateral wall topography on the
surface anti-wetting properties is presented. In the literature, re-entrant shape like
structures present Cassie state droplets for a wide range of surface tensions. It is
reported that multi-layer re-entrant structures can further improve the anti-wetting
performance in soft materials [68]. However, a partial Wenzel or Wenzel state droplet
is still observed when the impact Weber number is increased. We fabricate tree-
branch like conical structured surfaces and conduct drop impact experiments on these
surfaces. It is shown that the tree-branch like structure does improve the anti-wetting
performance by exhibiting a higher critical Weber number, compared with the smooth
sidewall conical structures surfaces. The tree-branch like structures are able to reduce

the solid-liquid contact but have higher resistance to penetration. As a result, this
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type of topography enhances anti-wetting performance.

In Chapter 6, we study the effect of pillar sidewall shape on water drop impact
dynamics at different Weber numbers. We further explore how the liquid residue
size is affected, when the impact We lies above the critical Weber number for conical
and cylindrical pillars. The conical micro-structured surfaces have higher contact
angle and lower hysteresis whereas the cylindrical pillar case displays lower contact
angle and higher hysteresis for the surfaces with small pitch arrays. At the same
low Weber number We ~2.8, the bouncing height on conical structures is larger and
with shorter receding time, which suggests that there is less energy loss in the case of
conical structures. When the cylindrical and conical pillars have the same height and
pitch, the conical pillars show lower critical Weber number as compared to cylindrical
pillars. However, the liquid residue area on conical pillars (when the impact Weber
number is above the critical value) is much smaller than for the cylindrical pillars
case. This implies that the conical surfaces have less adhesion and wetted structure
area. We found that this liquid residue size is affected by the We number, structure
anti-penetration ability and liquid flow mobility inside the structure. Higher impact
We number (when above the critical We number) means higher impact energy thus
more liquid residue area can be observed. Stronger anti-penetration ability leads to
less penetration and therefore less liquid residue area. Comparing an ethanol drop
spreading on conical and cylindrical pillar surfaces with the same pitch and height,
we observe that the liquid mobility within the cones is lower. We propose that the
less liquid residue on the conical pillars case is partially due to the less wetted area
owing to less open space within the cones. Along with decreased liquid residue size at
high We number, the less energy dissipation for conical structures at low We number
range further demonstrates the advantages of conical pillars shape in anti-wetting

properties.
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7.2 Outlook

From Chapter 3 to Chapter 6, we investigate the wetting properties of different struc-
tured surfaces with a focus on the effect of structures sidewall topography, in partic-
ular for conical pillars. However, there are still various things to be explored.

One possible future step is the direct imaging of the liquid-vapor interface on
structured surfaces. This liquid-vapor interface can possibly be visualized by either
environmental scanning electron microscope imaging [167, 168, 169], con-focal micro-
scope imaging [170], or probably advanced neutron radiography[171] or X-ray imaging
[172, 173, 174]. By direct imaging of the liquid-vapor interface on conical structures,
the theoretic model can be further validated. For example, the actual liquid pene-
tration depth and the liquid-vapor curvature there, which can deepen the physical
understanding of the wetting phenomena.

Second, the conical structured surfaces here have high contact angle, low hysteresis
and also favor Cassie wetting state with proper design, which makes them a good
candidate for dewetting purposes in evaporation process. More work is thereby needed
to study further how the structure sidewall shape plays a role in this dewetting process.

Third, the conical structured surfaces were shown to be a good candidate for
condensation or fog collection process [56, 57, 58| as they favour certain directional
droplet movement. Previously, this directional movement is explained to be driven by
Laplace pressure gradient [51, 56, 57, 58]. But it is recently found that the Laplace
pressure gradient is not the major player, rather it is the mismatch between the
equilibrium contact angle and apparent contact angle which dominates the flow [55].
Therefore, it would be interesting to investigate how different conical pillars can affect

the condensation or fog liquid movement dynamics further.
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