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1. Introduction 

Superhydrophobicity means high water contact angle (WCA > 150°), low 
contact angle hysteresis (small difference in advancing and receding contact 
angles) and easy roll-off (sliding angle of a few degrees) [1]–[8]. The phenom-
enon is inspired from nature with variety of applications. Lotus leaves (Ne-
lumbo nucifera) are the most famous examples of superhydrophobic surfaces 
in nature for self-cleaning purposes [9]. Water droplets are rolling around and 
picking up dust particles and bounce away from the surface. Many other leaves 
also have similar micro- and nanostructured surfaces that repel water. Figure 1 
shows photo of a plant in Otaniemi campus of Aalto University in Finland on a 
rainy day. Water droplets are rolling from the surface without wetting it. Non-
wetting surfaces with high contact angle and high contact angle hysteresis also 
exist in nature. The famous example of these surfaces is the petal of Rosa mon-
tana which has bigger micro and nanostructures compared with Lotus and 
consequently with higher adhesion to water [4]. Water droplet can enter the 
large spaces between the large microstructures, but not inside the nanofolds. 
Droplets adhere to Rose petal surface and do not roll off.  

 

 

Figure 1. Photo of water droplets rolling on a leaf (Hoshian et al. unpublished) 

Insects such as scorpionflies and cicadas also take advantage of the super-
hydrophobicity of their wings to reduce the dust contamination and improve 
their flight capability. Antireflective and antifogging properties are also ob-
served in fly and moth eyes such as Cameraria ohridella. Water striders are 
able to walk on the water surface due to the superhydrophobic legs. Water har-
vesting is also possible due to superhydrophobic properties with gradient wet-
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tability. Plants such as Alchemilla mollis, Echeveria, Lupin regalis and Eu-
phorbia have non-wetting leaves but with highly hydrophilic central zones. 
The combination of non-wetting and wetting zones produces water sticky sur-
faces like the rose leaf. Water droplets are trapped in the sticky sites and when 
they reach a critical size they can roll off to the stem. Namib Desert beetles 
Stenocara are also able to collect water in the same manner. Shark skin has 
very unique surface structures, small dermal tooth-like elements termed plac-
oid scales or denticles that can reduce the skin drag [9], [10].   

Most of the examples from nature can be mimicked for engineering applica-
tions to improve the human quality of lime. Some examples are:  

-Self-cleaning materials such as textiles, solar cells, building windows [11]–
[15];  

-Anti-reflection and anti-fogging windows and eyeglasses [16]–[18]; 
-Anti-biofouling and drag reduction for both marine and aerospace indus-

tries [19]–[24];  
-Anti-icing or de-icing for airplanes and wind turbines in cold environments 

[25]–[27]; 
-Water-resistant electronics [28]; 
-Microfluidic systems and biosensors [29]–[31]; 
-Heat transfer systems [32] and many others.  

For example the estimated cost due to biofouling for the US Navy fleet is be-
tween $180M and $260M per year. It could be dramatically reduced using 
robust superhydrophobic surfaces[19]. Reports indicate a total of 1% reduction 
in fuel costs for airplane using anti-icing surfaces. According to the U.S. Bu-
reau of Transportation Statistics, airlines used 16.7 billion gallons of fuel in 
2015. Cutting that by 1 percent, or 167 million gallons, would result in a sav-
ings of ca. $300M [33], [34]. 

Practical applications of these surfaces have challenges such as cost, scalable 
production, applicability on different surfaces, self-restoration, environmental 
friendliness and durability, which are going to be addressed in this thesis. Two 
main questions are going to be discussed: how durable are these surfaces, and 
are they ready for real-life applications (Publication I-III). Then external con-
trol of wetting properties for smart material applications will be explored 
(Publication IV).  A new concept to produce superhydrophobic silicon without 
using hydrophobic coating is introduced in Publication I. The discussion of the 
robustness of superhydrophobic silicon surfaces resulted into introduction of a 
next generation of robust superhydrophobicity using exoskeleton like hybrid of 
elastomer/ceramic materials in Publication II. Further in Publication III, a 
new fabrication method is introduced to produce blood and water repellent 
flexible tubes using the introduced hybrid material. The self-healing properties 
of silicon-based and hybrid superhydrophobic surfaces are explored in Publi-
cations I-II. Finally, a new set of silicon micro and nanostructures covered 
with photo-switchable materials are introduced in Publication IV, to amplify 
and localize tuning the wetting properties of smart superhydrophobic surfaces.      
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2. Background 

2.1 Superhydrophobicity 

Mother Nature has been always a good teacher for humans. Biomimicking 
means exploring the fascinating natural events and artificially transferring 
them to practical applications. In 1977 Barthlott and Ehler used the term “Lo-
tus Effect” for superhydrophobic self-cleaning surfaces which was inspired by 
lotus leaf [35]. This paper has inspired a great deal of researchers to study the 
superhydrophobic phenomenon. Its basic mechanism includes both the topog-
raphy (structuring) and the surface chemistry [36], [37].  

Wetting status of a solid surface is characterized by the static and dynamic 
contact angle measurements. For a smooth homogeneous surface, static con-
tact angle is close to its equilibrium value while the dynamic contact angle is a 
non-equilibrium contact angle. Static contact angle is measured by a sessile 
drop method with a droplet placed on the solid surface and the contact angle is 
recorded using a goniometer. For dynamic contact angle measurement, the 
droplet volume is increased to get the highest stable value of the contact angle 
(advancing contact angle) and then decreased to obtain the lowest stable value 
of the contact angle (receding contact angle). The difference between advanc-
ing and receding contact angles is called contact angle hysteresis. The contact 
angle hysteresis is due to defects of the surface which causes pinning of the 
droplet on the surface. High contact angle hysteresis means that the droplet 
has a higher tendency to stick to the surface.  Two main non-wetting states are 
defined by contact angle hysteresis. One is a low hysteresis state (rolling state 
or “Cassie-Baxter (Cassie)” state), and the other is a high hysteresis state 
(sticky state or “Wenzel” state). Water droplets remain almost spherical on 
both states (more semi-spherical for Wenzel state), but they will easily roll off 
from Cassie surface even by a slight tilting of the surface, while they stick to 
the surface in Wenzel state. There are also other states defined by combina-
tions of the two main states, but they are not discussed here.   

The contact angle of a liquid droplet in a smooth liquid-solid interface in bal-
ance at equilibrium can be written as equation 1, where γsg, γsl  and γl g respec-
tively refer to solid-gas, solid-liquid and liquid-gas interface free energy. Fig-
ure 2 shows schematics of a liquid droplet in Cassie state, Wenzel state and on 
a smooth surface in equilibrium respectively.  
 
Υsg  = Υsl  + Υlg                                                                                 (Equation 1) 
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Figure 2. Schematics of liquid droplet on a) Cassie state, b) Wenzel state, c) Smooth surface 

 
Two models of Wenzel and Cassie-Baxter are used to explain the behavior of 

liquid droplets on rough surfaces. Wenzel theory can explain the kind of sur-
faces that the liquid contact angle is proportionally amplified by roughening of 
the surface. It can be explained by equation 2, where θw  is the Wenzel contact 
angle of the liquid on the solid after roughening, θ is the liquid contact angle 
on the surface before roughening and the roughness ratio r is the ratio between 
the actual solid surface-area divided by apparent area. 

 
                                                                                            (Equation 2) 

 
In Wenzel theory the contact angle after minimizing the energy is explained 
but the contact angle hysteresis remained unsolved. According to equation 2, if 
the initial surface is hydrophilic (θ < 90º), roughening the surface makes it 
more hydrophilic (θw < θ) and if the initial surface is hydrophobic (θ >90º), 
roughening the surface makes it more hydrophobic (θw > θ). Figure 3 shows a 
liquid droplet in contact with solid surface before and after roughening on 
Wenzel state, both for hydrophilic and hydrophobic initial surfaces. 
 

 

Figure 3. Wenzel state: Hydrophilic case indicated in a) initial state, and b) after roughening. 
Hydrophobic case indicated in c) initial state and d) after roughening. The initial state is 
amplified via roughening   
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There are other kinds of roughening effects that cannot be explained by 
Wenzel theory. These are the ones where adding roughness to the initial sur-
face makes them more hydrophobic independent of the initial contact angle. 
This phenomenon can be explained by Cassie-Baxter theory (equation 3), 
where θ is the Young contact angle (initial), θCB refers to the apparent contact 
angle on the textured surface and ΦS is the fraction of the solid in contact with 
the liquid (Figure 4). 
 

                                                                      (Equation 3) 

 

 

Figure 4. Schematic of a droplet on Cassie state on, a) pillar-like and b) overhanging structures. 
Penetration of the meniscus on pillar-like structures causes a higher hysteresis compared 
to overhang geometry. c) Top view of (b) shows a unit cell highlighted with dashed lines 
with a drop  

The hydrophobicity of a rough surface is due to micro/nanometer-scale air 
pockets trapped under the liquid droplet, leading to a composite solid-gas-
liquid interface. There are two well-known microstructures that can lead to the 
composite interface:  

- Pillar-like structuring of an initially hydrophobic material with low hystere-
sis (Figure 4a), 

- Overhanging (re-entrant) geometry (Figure 4b).
One can think of overhanging structures as an extra bonus to the chemistry of 
the surface. It means even with a high surface energy (small contact angle), the 
surface could turn to superphobic (very high contact angle) using the over-
hangs [38]. Figure 4 shows side and top view schematics of a droplet on Cassie 
state on pillar-like geometry and overhang with similar dimensions and spac-
ings. The main difference is the penetration depth of liquid between structures 
that causes the hysteresis [39]–[41]. The penetration depth in overhang geome-
try is usually lower than in pillar-like structures resulting in lower hysteresis 
for overhangs. To repel the low surface-energy liquids, overhanging geometry 
is a must [42]–[44].  

The penetration depth is due to the Laplace pressure which relates the pres-
sure difference across a curved interface to its radius of curvature R [45]. They 
are defined with equations 4 and 5, where Pl a is the Laplace pressure, R is the 
radius of curvature of meniscus, ρ is the radius of the droplet, θ is the menis-
cus contact angle at the edge of posts, α is the slope of posts and γ  is the liquid 
surface tension. 
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                                (Equation 4) 

 
The maximum penetration depth (∆) for pillar-like geometry is given by 

equation 5 [46], where D is diameter and S is spacing. Thus, if ∆ were larger 
than the height of pillars then the Cassie to Wenzel transition would take 
place.  
 

                                                                                           (Equation 5) 

2.2 Microfabrication of superhydrophobic surfaces 

Microfabrication is a common method to produce well-defined and also ran-
dom structures on different types of substrates. Photolithography, thin-film 
deposition and etching are the three main pillars of microfabrication to pro-
duce superhydrophobic surfaces. There are other methods such as electro-
spinning of micro/nanofibers, spray coating, electroplating and electrophoret-
ic deposition, inkjet/3D printing, soft-lithography, nano/micro imprint lithog-
raphy, scanning probe lithography and many others [47]–[55].  

There are many materials available to be used as substrate for geometrical 
modification using microfabrication methods. Different types of polymers, 
metals, metal-oxides and also silicon are the most common ones. In this thesis 
silicon, titanium dioxide (titania) and polydimethylsyloxyl (PDMS) were most-
ly used to produce superhydrophobic surfaces.  

2.2.1 Micro and nanostructuring followed by  a low surface-energy coat-
ing 

A very typical approach to fabricate superhydrophobic surfaces is micro- and 
nanostructuring of the surface followed by a non-polar (low surface-energy 
hydrophobic) coating to reduce the surface energy of the final surface. This 
approach is inspired by Lotus leaf as it has micro bumps (10 μm) with 
nanostructures (100 nm) covered by low surface-energy wax. Based on Wenzel 
theory, these types of structures cause more hydrophilicity for most of the 
available substrates, such as metals, rare-earth oxides and also silicon, but the 
final coating makes them superhydrophobic. There are examples of these coat-
ing materials reported in literature such as perfluorooctyl trichlorosilane 
(PFOS), 3,3,3-trifluoropropyl trichlorosilane (TFPS), dodecyl trichlorosilane 
(DTS), octadecyl trichlorosilane (ODTS), perfluorooctyl trichlorosilane 
(PFOS), and plasma enhanced CVD deposited (fluoro)polymer (CHF3 or C4F8) 
[28], [47]–[54]. After fluoropolymer coating on a typically pillar-like mi-
cro/nanostructured surface, it becomes superhydrophobic with advancing and 
receding contact angle of 163º and 157º respectively and rolling angle of 5º. 
Figure 5 shows scanning electron microscopy (SEM) of a Lotus-like silicon 
surface using microfabrication and lithography and images of contact angle 
measurements (Hoshian et al, unpublished).  
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a) b) 

c) d) 

Silicon is widely used to produce superhydrophobic surfaces either as the fi-
nal material or as a template master for replication due to availability of silicon 
processing thanks to microfabrication methods [55]. However, there are draw-
backs of silicon-based surfaces, the major one being mechanical fragility. Addi-
tionally, silicon microstructuring is limited by wafer size, maximum 300 mm, 
today.  
 
 

Figure 5. SEM micrograph of Lotus-like silicon surface produced by lithography and etching, a) 
Tilted view, b) Top view of a single pillar with nanostructures. c) Advancing and, d) receding 
contact angle measurements with a 3 μL water drop. (Hoshian et al. unpublished)  

Two critical steps are necessary to produce highly ordered silicon micro and 
nanostructures; photolithography and silicon etching. Photolithography is an 
established method to produce patterns of interest on a photoresist using UV-
exposure through a photomask followed by development and rinsing. The typ-
ical resolution of a 1× photolithography process is down to 1 μm with price of 
~500€ for a 5-inch photomask [56]. Lithography is followed by an etching step 
to transfer the patterns to the silicon substrate or to a thin film deposited earli-
er on the substrate. The patterned thin film can be used as a mask for further 
etching the silicon substrate. The etching of silicon involves both chemical and 
physical removal of material from the surface.  

In this thesis we used inductive coupled plasma deep reactive ion etching 
(ICP-DRIE) of silicon to produce highly ordered structures. High-density 
plasma is formed by ICP in a vacuum chamber. The plasma is a result of colli-
sions of electrons with gas molecules. Plasma excites molecules that become 
very reactive. Some of the gas molecules are ionized during the collisions and 
are accelerated toward the silicon surface. The bombardment of the silicon 
substrate with ionized gas molecules gives directionality to etching. Two pro-
cesses are happening during etching. One is a chemical removal; the excited 
gas molecules react to form volatile compounds. This removal results in iso-
tropic etching. The other is physical removal which is due to collisions of ion-
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ized gas molecules perpendicular to the surface and the result is anisotropic 
etching [57]. An important mechanism is also sidewall passivation: deposition 
of material on the sidewalls during etching passivates sidewalls and prevents 
lateral chemical etching.

Pillar-like silicon structures similar to Figure 5a are widely used in literature 
to study the superhydrophobic surfaces [58]–[63]. This is because of easy con-
trol of the diameter (1-100 μm), spacing (1-100 μm) and the density of the sol-
id structures (1-20% solid fraction).              

Chemical wet etching is an alternative for silicon microfabrication to produc-
es hierarchical structures on silicon surfaces. Widely used examples are potas-
sium hydroxide (KOH), tetramethylammonium hydroxide (TMAH), electro-
chemical etching in hydrofluoric acid and hydrogen peroxide (HF: H2O2) and 
metal-assisted chemical etching (MaCE) in HF: H2O2. In this thesis MaCE has 
been used to produce superhydrophobic surfaces.  

MaCE has attracted attention for both micro and nanostructuring of the sili-
con substrate. It is a simple wet process with the possibility to control different 
parameters (e.g., cross-sectional shape, diameter and length). The entire pro-
cess can be done in a chemical lab without expensive equipment. MaCE can 
produce structures in sizes from tens of nm [64] to hundreds of μm [65]. In 
MaCE noble metals (e.g., Ag, Au, Pt) catalyze silicon oxidation, and hydroflu-
oric acid etchant removes the formed oxide [53], [64]–[71]. Noble metal acts 
as a cathode that is reduced in the solution and produces holes. These holes 
diffuse through the noble metal into silicon that is in contact with metal. Sili-
con is oxidized and dissolved by HF, forming nanopillars or pores. Figure 6a-d 
shows schematic of a typical MaCE process to produce silicon nanostructures 
and Figure 6e shows SEM image of the resulting nanostructures.  

 
 

 

Figure 6. Schematic of MaCE process, a) the reduction of an oxidative agent (such as H 2O2) 
catalyzed by a noble metal particle, b) the injection of the holes generated during the reduc-
tion reaction, into the silicon substrate, with the highest hole concentration underneath the 
metal particle, c) the migration of holes to silicon sidewalls and surfaces, d) the removal of 
oxidized silicon via HF, e) SEM micrograph of collapsed silicon nanowires produced by 
MaCE. (Publication I) 

 
Typically, the patterns are defined using various methods, e.g., photolithog-

raphy [65], interference lithography [72] and also colloidal (nanosphere) li-
thography [73]. Patterning is followed by deposition of noble metals which can 
be deposited on the Si substrate via various methods, which include thermal 

e) 
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evaporation [74], sputtering [75], electron beam (e-beam) evaporation [76], 
electroless deposition [77], focused-ion-beam (FIB)-assisted deposition [78], 
or spin-coating of particles [79]. Recently, we also introduced a new method 
using inkjet printing of silver nanoparticles for metallization of the silicon sur-
face for MaCE [80].  

MaCE process has been reported to produce superhydrophobic surfaces. It is 
either producing silicon nanostructures or adding nanostructures to top and 
side of the micropillars for hierarchical structures [49], [53], [81]–[83].  

Chemical etching of metals such as steel [84]–[86], aluminum [87]–[91] and 
copper [92], [93] via HF, HCl and NaOH respectively is also well studied for 
superhydrophobic surface fabrication. These structured metals are also used 
widely as template for polymer replication to produce superhydrophobic sur-
faces [94]–[96].  

Most of the above methods need a hydrophobic coating to reduce the sur-
face-energy of the structured surfaces. Coatings reduce the stability and ro-
bustness of the final product. They can be decomposed upon UV exposure, 
delaminated upon mechanical damages and dissolved thermally or chemically. 
This degradation reduces the life-time of superhydrophobic surfaces [97]. In 
addition, elimination of the coatings can reduce the cost of the final product 
and also make the fabrication process easier. One of the main topics of this 
thesis is to consider durability of superhydrophobic surfaces, and elimination 
of thin fluoropolymer coatings [I, II, III].  

2.2.2 Micro and nanostructuring of bulk hydrophobic polymers 

The other main approach to obtain superhydrophobic surfaces is roughen-
ing initially hydrophobic substrate [II, III], [98], [99]. Various direct write and 
replication methods have been employed to micro/nanostructure bulk hydro-
phobic materials. Replication methods such as casting a polymer solution or 
melts on a template [100], [101], injection moulding [102]–[104], hot emboss-
ing [105], [106], and sacrificial etching [II], [107] have been utilized. In my 
thesis, in addition to silicon micro and nano processing, sacrificial etching and 
replication are also used.  

Figure 7 shows schematic of the advantage of using hydrophobic substrate 
compared to coated hydrophilic substrate after mechanical damages. When 
the damage causes partial removal of the surface, the hydrophobic bulk can 
restore the surface while hydrophilic material causes water pinning on the sur-
face.  

Although the concept of using hydrophobic bulk material for structuring 
seems straight-forward in theory, there are many practical challenges to solve. 
For example PDMS is a very common hydrophobic material used to produce 
superhydrophobic surfaces. Geometrical modification of PDMS should be re-
sulted in superhydrophobicity, however, most of the reports so far still needed 
extra hydrophobic coating. In this thesis I am going to introduce methods to 
produce type of structures that causes superhydrophobic surfaces of both hy-
drophilic and hydrophobic bulk materials without hydrophobic coatings [I, II, 
III]. 
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Figure 7. The effect of mechanical damage: a1) hydrophobic bulk, b1) hydrophilic bulk and 
hydrophobic coating. After mechanical damage, the hydrophobic bulk can recover the sur-
face (a2) but the hydrophilic sites on (b2) causes the water pinning to the surface 

2.2.3 Advanced m icro and nanostructuring 

There have been some studies on producing superhydrophobic surfaces just 
by geometrical modification independent of initial surface chemistry [109]. 
The geometry is known as re-entrant or overhang structure (Figure 4b) and 
causes the meniscus to remain in a so-called metastable Cassie state, prevent-
ing the Wenzel transition. Figure 8 shows schematic of cross-sectional profile 
of solid overhang-liquid interface. It shows if the WCA at flat surface (ϴf l at) is 
less than the overhanging angle (ϴov er hang) (Figure 8a), then the meniscus is 
concave from the water point of view, meaning the solid wall behaves like a 
hydrophilic material and makes a downward force which causes the collapse of 
the meniscus to Wenzel state eventually.  

In the case of ϴf l at  is equal to the ϴov er hang (Figure 8b) the meniscus appears 
to be flat considering the fact that the gravity is ignored. When the ϴf lat  > ϴov er -

hang (Figure 8c) then an upward force causes the meniscus to be convex and 
droplet can remain in Cassie state. Figure 8d shows an extreme case of Figure. 
8c when the overhanging angle is zero. In this case the meniscus is located 
either on very top on the overhang for ϴf lat  > 90º or at the bottom of the over-
hang for the 45º < ϴf lat < 90º [110]. In theory, any kind of liquid even with zero 
flat contact angle should stay in Cassie state in configuration (d), but it does 
not happen in reality due to pressure difference inside the drop and in the cav-
ity, Laplace pressure and also due to electrostatic forces and gravity [111]. To 
overcome this barrier caused by environment, an extra re-entrant part has 
been suggested to produce an umbrella like pillars (Figure 8e) [111]. This extra 
part can play a big role to keep even ultra-low surface-energy liquids such as 
fluoro-liquids (ex. FC-72, γ≈12 mN/m) in the Cassie state, while the flat con-
tact angle is zero. This effect can be explained by a combination of the pinning 
of the contact line at the sharp edge which prohibits spreading of the liquid, 
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known as Gibbs inequality rule and overhanging angle of zero [112]–[114]. This 
is a purely geometrical rule and explains the apparent contact angle of spread-
ing liquid meeting a sharp edge could take a range of values depending on 
overhanging angle and contact angle on the flat surface. Equation 6 shows the 
range of possible angles at the edge (Figure 8f):  
 
ϴf l at ≤ ϴapparent ≤ (180º- ϴoverhang) + ϴflat                                                   (Equation 6)  
 
where ϴappar ent is the liquid-solid contact angle in equilibrium. In the case of 
ϴov er hang equal to zero (Figure 8d), the upper limit for ϴappar ent can be reached 
180º even for ϴf l at  close to zero. But it does not happen in reality due to real 
world conditions explained before. However, in case with double re-entrant 
(Figure 8e) and ϴf l at close to zero, the liquid will pass the point “A” due to same 
reason as in case Figure 8a and also will pass point “B” with the same reason 
as case Figure 8d. But it will stop at point “C” where the angle between tan-
gents of solid and meniscus interface is close to zero and the surface tension 
has a vertical component strong enough to keep the meniscus suspended.  
SEM micrographs of simple (ϴov er hang ≈ 0) and double re-entrant overhang 
structures are depicted in Figure 8g-h respectively. 
 

 

 
 

Figure 8. a-e) Side view schematic of liquid and solid interface with overhang structure, f) Ap-
parent contact angle of spreading liquid meeting a sharp edge. SEM micrograph of typical 
overhangs with, g) overhanging angle close to zero, and h) double re-entrant silicon struc-
ture (Hoshian et al. Unpublished) 
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The only report on fabrication of double re-entrant structures that can repel 
fluoro-liquids is from Liu and Kim [111], they used silicon microfabrication. It 
has the same drawbacks of silicon superphobic surfaces; high cost, low dura-
bility, fragility and wafer-size limitations.  

Comparison of advancing/receding contact angles of different liquids for the 
geometries shown in Figure 8 are collected in Table 1. The data are collected 
for structures with similar surface chemistry (C4F8-plasma deposition) and 
solid fraction (2%) for 3 μL liquid droplets [43], [110], [111], [115], [116]. It 
shows that double re-entrant geometry is the only one that can keep all surface 
tension liquids in the Cassie state. The T-shape geometry (overhanging angle 
close to zero), can maintain the Cassie state only for liquids with surface ten-
sion higher than 22 mN/m. While the pillars with overhanging angle bigger 
than flat angle (Figure 8a), can only keep high surface tension liquids in Cassie 
state. The reason for the fully wetted states for FC-40 and FC-72 on the surfac-
es other than double re-entrant structures is the extremely low surface tension 
of the fluorinert liquids.
 

Table 1. Comparison of advancing/receding contact angles (°) for geometries in Figure 8 
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2.3 Durability of superhydrophobic surfaces 

Durability of superhydrophobic surfaces is one of the most important as-
pects toward real-world applications [I], [97], [99], [117], [118]. Robustness 
has variety of meanings for superhydrophobic materials; e.g.  

- Mechanical wear and damages  
- Scratch resistance 
- Adhesion  
- Thermal stability 
- UV/IR-exposure stability   
- Chemical stability   
- Mechanical fragility   
- Dynamic impact resistance 
- Contamination upon handling  
- Bending and stretching stability  
- Underwater storage  

There are not many reports studying the entire list for superhydrophobic 
surfaces. Typically a monolayer of hydrophobic coatings is not robust against 
many of the mentioned factors. The coating is either easily damaged upon me-
chanical wear, or decomposed upon photo/chemical exposures. To tackle this 
problem we investigate proper geometrical modification of the materials to 
produce robust superhydrophobic surfaces without hydrophobic coatings [I]. 
The pure geometrical surface is robust against thermal and chemical and 
IR/UV exposure, however mechanical strength of these micro- and nano fea-
tures remains to be solved, the topic of publication [II].  

There are many different tests introduced by different groups to study the 
mechanical durability of superhydrophobic surfaces [118]. It is very difficult to 
conclude if the surface is robust enough for real-life applications just by doing 
one test. A proper study should contain a combination of methods. In this sec-
tion some of these methods will be covered. The key point is repeating the test 
until the superhydrophobicity breaks down. Breaking down means change of 
initial state, e.g. from Cassie rolling state to a higher surface-energy level e.g. 
Wenzel state. 

In a recent work on moving superhydrophobic surfaces toward real world 
applications, Tian et al suggested a simple but comprehensive method for 
abrasion study of the surfaces (Figure 9) [119].  
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Figure 9. Schematic of abrasion process, a) before abrasion water drop is in Cassie rolling 
state, b) abrasion process c) after abrasion water drop pinned to the broken pillars and re-
mains in Wenzel sticky state. [Redrawn from 119] 

The suggested method is a linear abrasion system using a fixed weight on 
abrasive (sand paper) dragged slowly along a superhydrophobic surface. Prop-
er information on mechanical durability of the surface can be achieved by in-
creasing the weight and/or abrasion length. Evolution of advancing and reced-
ing angles, hysteresis and roll of angle before and after abrasion show how 
durable the surface is. The abrasion cycles should continue to find a maximum 
limit of weight or abrasion length when the superhydrophobicity is lost. It is 
also recommended to report the dimension of structures of abrasive surface 
(e.g. SEM image), which should be in the same order of magnitude of superhy-
drophobic surface structures. I have also used the linear abrasion method to 
study the mechanical durability of fabricated superhydrophobic surfaces [I,II]. 
The drawback of this method is that the abrasion area is more concentrated on 
the weight-abrasive interface while the rest of the abrasive have the lower im-
pact on the abrasion process. Automated abrasion system can be used to min-
imize the variation of movement speed and human error. Different materials 
can be used as abrasive such as metals, cellulose fiber [120], sand papers [121], 
[122], sand abrasion [123], ball-on-flat tribometer [124], A4 paper [125] and 
brushes [126].  

Two main approaches have been reported so far to tackle the mechanical du-
rability of superhydrophobic surfaces, i) to use a mechanically hard substrate 
such as rare earth oxides and metals [97], [127] or hard coatings such as dia-
mond-like carbon (DLC) [128], and ii) using micropillars to protect the 
nanostructures [I], [86], [123], [129]–[131] or using two scales of microstruc-
tures [132], [133]. Azimi et al, have reported hydrophobicity of rare earth ox-
ides using disk pellets [97]. They showed how smooth surfaces of rare earth 
oxides from cerium oxide to lutetium oxide can produce very durable hydro-
phobicity (not superhydrophobicity) without further modification. They also 
demonstrated superhydrophobicity of these ceramics by having a thin coating 
of these oxides on silicon microstructures. Although the native WCA (on 
smooth surface) remained very high (105°) during the mechanical abrasion 
test, they did not study the durability of their superhydrophobic surfaces. One 
can argue that the superhydrophobicity demonstrated was a result of silicon 
microstructures and still can be fragile and mechanically weak in harsh envi-
ronments.  
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Steele et al, have reported a highly robust superhydrophobic surface using 
fluoropolymer modified titanium microstructures [127]. They used ultrafast 
laser ablation to produce dense and high aspect ratio (an array of cones with 
10 μm base radius, 30 μm height, and 15 μm spacing) titanium microstructures 
from bulk titanium substrate. These surfaces could resist microstructure fail-
ure up to 200 abrasion cycles and avoid droplet pinning up to ten abrasion 
cycles (108.4 kPa applied pressure). Due to the very thin monolayer fluoropol-
ymer coating, the surfaces were not chemically and thermally robust enough 
for example for out-door applications.  

The concept of protecting nanostructures using micropillars is introduced at 
the same time in January 2014 from two independent groups in Finland and 
Germany. Prof. Tapani Pakkanen group used injection molding of polypropyl-
ene to produce nanostructures protected by bigger sacrificial micropillars 
[131]. They showed that with 15% surface density of the protective pillars sur-
faces maintained their wetting properties in mechanical compression up to 20 
MPa and in abrasive wear tests up to 120 kPa. Vitaley and coworkers also re-
ported the same concept using silicon nano-grass protected by silicon micro-
cones [129]. They used a mask-less cryogenic DRIE on silicon to produce both 
micro and nanostructures in a single RIE process by tuning the flow rate of 
oxygen, fluorine and also with control of the chuck temperature and the power. 
They also needed further hydrophobic modification of their silicon structures 
to produce superhydrophobic surfaces. They concluded that the surface with 
combined nano-grass and microcones has a superior robustness against shear 
stress compared with the nano-grass structured surfaces. However, the break-
age of micro-cones during the wear test produces hydrophilic spots that cause 
the pinning of droplets to the surface. They have suggested to either use a m a-
terial with higher resistance against wear and abrasion, or to use an intrinsi-
cally hydrophobic material to produce the micro-cones and nanostructures. 

2.4 Photoactive superhydrophobic surfaces 

Controlling the wetting properties of functional responsive surfaces by an 
external stimuli is interesting for many applications such as biosensing [23], 
[30], solar cells [16], [134], [135], microfluidic devices [136]–[147], droplet-
splitting [148], directional [149] and un-directional wetting [150] and liquid-
liquid extraction [47]. Transition can happen from rolling to sticky states on 
superhydrophobic surfaces to control the adhesion of a liquid droplet or from 
hydrophobic to hydrophilic states [108].  Different approaches have reported 
to achieve the transitions such as in situ surface modification [151], [152], pho-
toactive materials [153], femtosecond laser irradiation [154], and many others.  

In this thesis the focus is on controlling the wetting properties of photore-
sponsive titania. Photoresponsive wettability of inorganic oxides originates 
from a transition between bistable states of the material [155]–[167]. Titania is 
an interesting material due to its attractive physicochemical properties that 
makes it important in optical, photochemical, catalytic and sensor applications 
[168]–[171].   
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Mechanism for photo/thermal switching of these surfaces is formation and 
removal of the hydroxyl groups [165]. Upon UV-exposure, the bonds between 
titanium and lattice oxygen become weak due to the trapped holes and can be 
broken and react with water molecules to form new hydroxyl groups that in-
crease the hydrophilicity. On the other hand, annealing speeds up the replac-
ing of absorbed hydroxyl groups with atmospheric oxygen and the titania be-
comes less hydrophilic. After sufficient annealing time, water cannot penetrate 
between the pillars and micro-air pockets remain. According to Cassie equa-
tion, apparent contact angle becomes larger than 90° and the surface becomes 
superhydrophobic, back to the original state. The amount of formation / re-
moval of hydroxyl groups can be tuned with UV exposure / annealing time.  
In this thesis, I introduced a new type of hierarchical silicon structures coated 
with titania that can amplify the wetting transition on titania surface. The in-
troduced structure is combination of nanospheres in addition to T-shape mi-
cropillars. Atomic layer deposition (ALD) was used for titania coating. More 
trapped air pockets under T-shape micropillars cause faster hydrophobic tran-
sition upon thermal annealing while the nanostructures cause fast hydrophilic 
transition upon UV exposure [IV]. In addition, the introduced structure allows 
local transition of wetting states.  
The conventional methods to deposit titania such as hydrothermal deposition 
or nano-particle sintering are time consuming and the films are not mechani-
cally robust. ALD is an ideal technique for nano-coating because of its excel-
lent layer thickness control and conformality [172], [173]. ALD is based on self-
limiting irreversible surface reactions: precursor atoms chemisorb onto the 
surface at (sub-)monolayer coverage and the excess is removed by an inert gas 
purge. The second precursor is selected to form covalent bonds with the first. 
By exposing the substrate at low pressure (1-10 mbar) and suitable tempera-
ture (50 – 500 °C) to cyclic pulses of precursors, a solid thin film is deposited 
(even though in practice the layer thickness per cycle is less than one atomic 
layer). Alternating pulses of metal-containing and oxygen-containing precur-
sors lead to metal oxide deposition [173]–[175].  
ALD oxides usually have hydrophilic nature due to the last step which leaves 
the surface terminated with hydroxyl groups [134], [148]. The WCA of flat and 
smooth atomic layer deposited (ALD) titania surfaces range from 35° to 70°, 
depending on the thickness and deposition temperature, and it is reduced to 5° 
by exposing the surface to UV light for hours [176]. After long storage in dark 
the surface reverts to the original state.  
We show enhancement of three types of photo/thermal-transitions of water 
droplet on micro and nanostructured silicon surface coated by ALD titania 
[IV]: 1) Reversible transition between rolling-to-sticky superhydrophobic 
states, 2) Reversible transition between superhydrophobic to hydrophilic 
states, 3) Reversible transition between superhydrophobic to superhydrophilic 
states. The first demands control of the WCA hysteresis while the two others 
depend on the control of the contact angles.  
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3. Materials and Methods 

All the key materials, fabrication and characterization methods used in the 
experimental part of the thesis are listed below in Tables 2 and 3. Silicon micro 
machining was mostly used to produce silicon based superhydrophobic surfac-
es while soft lithography was used to fabricate polymer-based superhydropho-
bic surfaces. The durability tests for superhydrophobic surfaces are listed in 
Table 4.   

Table 2. Materials used in studies I-IV 

3.1 Materials Used in studies 
3.1.1 Titanium dioxide (titania) I-IV 

3.1.2 Polydimethylsiloxane (PDMS) II, III 

Table 3. Fabrication methods used in studies I-IV 

3.2 Fabrication method Used in studies 
3.2.1 Photolithography, AZ-series I,IV 

3.2.2 Colloidal deposition IV 

3.2.3 Deep Reactive Ion Etching (DRIE) I,IV 

3.2.4 Metal-assisted chemical etching (MaCE) I 

3.2.5 Aluminum w et etching  II,III 
3.2.6 Atomic layer deposition (ALD) I-IV 

3.2.7 Sacrif icial nano-replication II,III 

Table 4. Characterization methods used in studies I-IV 

3.3 Characterization method Used in studies 
3.3.1 Contact angle goniometry I-IV 

3.3.2 X-ray photoelectron spectroscopy (XPS) I,II 
3.3.3 X-ray diffraction (XRD) IV 

3.3.4 Droplet acceleration measurement in tubes III 
3.3.5 Multidroplet system in bent tubes III 

3.3.6 Thermal annealing  I,II,IV 

3.3.7 IR/UV treatment I,II,IV 
3.3.8 Acid/Base treatment I,II 
3.3.9 Oxygen plasma treatment I,II 

3.2.10 Mechanical abrasion  I,II 

3.2.11 Adhesion scotch tape I,II 
3.2.12 Knife scratches II 

3.2.13 Rubbing and bending II 

3.2.14 Water storage I,II 

3.2.15 Blood and platelets adhesion tests III 
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3.1 Materials 

3.1.1 T itanium dioxide (titania) 

Titania is found in nature as three minerals, anatase, rutile and brookite. 
This material is chemically and mechanically stable with melting point of 1855 
°C. Titania is insoluble in water and HCl but can be dissolved in KOH. Titania 
is nontoxic and bio-compatible and it is used in consumer products such as 
toothpaste, lipstick, paints, food additives and pharmaceuticals [177].  

In this thesis we focused on the anatase titania which is n-type semiconduc-
tor with band gap of 3.2 eV and it is photoactive. Photoactivity means the ma-
terial can induce oxidative and reductive chemical reactions on its surface in 
the presence of light. The wavelength of the light should be close to the band 
gap of the photoactive material (in the UV range).  

In publication I, titania was used to fabricate thick cap T-shape silicon mi-
cropillars. In publications II-III, excellent conformality of ALD titania was 
used for nanoreplication of 3D structures from a porous template to elasto-
meric polymer. The photoactivity of titania was used in publication IV to con-
trol its wetting properties.  

3.1.2 Poly dimethylsiloxane (PDMS) 

PDMS is a thermally curable elastomeric polymer. It consists of a polar inor-
ganic siloxane backbone (Si-O) combined with low surface-energy non-polar 
organic methyl groups (CH3). The high bond energy of the siloxane backbone 
(445 kJ/mol) in addition to its inert methyl groups, make PDMS chemically 
stable. It is transparent, inert and nontoxic material and is widely used in food 
and shampoo industry.  

The Sylgard 184 with 10:1 base polymer to curing agent ratio is used unless 
otherwise noted. Flexibility of the solid PDMS can be tuned in the range of 
elastic modulus 0.1-10 MPa depends on the ratio of the two components. The 
solid surface of the PDMS is very hydrophobic (WCA 110°). It is widely used in 
microfluidic applications and soft lithography because of easy processing and 
self-adhesiveness, which leads to reversible bonding; or, alternatively, PDMS 
can be oxygen plasma treated and bonded permanently. 

3.2 Fabrication methods 

3.2.1 Photolithography 

In publications I and IV, AZ-5214E photoresist was used for the lithography 
process to fabricate silicon microstructures. Hexamethyldisilazane (HMDS) 
pre-treatment process was done in a vacuum chamber for 30 min to improve 
the adhesion of the photoresist to the wafer. Silicon substrate was spin coated 
by AZ-5214E at 4000 rpm for 1 min followed by pre-baking at 95 °C. Next, the 
coated wafer was exposed by UV for 2 seconds through a glass mask using a 
Carl-Süss MA-6 mask aligner. The post-exposure development was done in 
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AZ351 developer for 40 seconds. After checking with optical microscope, the 
wafer was hard baked at 120 °C. For image reversal process, a post-bake step 
was needed after first UV-exposure followed by flood exposure before devel-
opment. We used different patterns such as circles, squares and asterisks to 
study the geometrical effect of silicon microstructures on wettability of the 
final surface. The feature sizes ranged from 5-20 μm with solid fraction of 3%, 
6% and 25%. 

3.2.2 Colloidal deposition 

In publication IV, polystyrene colloids aqueous suspension (0.1-1 μm diame-
ter) (Sigma Aldrich) were used on silicon microstructures to produce the micro 
and nano hierarchical structures. Colloids are dispersed in water to make a 
0.2% diluted solution of negatively charged particles. Then it was pipetted on-
to the surface and rinsed with DI water for 30 seconds. Substrate was dried 
carefully with N2 gun by creating a single drying front across the surface to 
avoid detaching of colloids by upcoming water droplets.  

Colloidal deposition is based on the self-assembly of negatively charged col-
loids on positively charged surfaces. In order to achieve a homogeneous distri-
bution of colloids on a surface, a monolayer of positively charged electrolyte 
aluminum chloride hydroxide (H2AlClO2) (Sigma Aldrich) is adsorbed on to 
the surface to promote the absorption of the colloids from the solution. The 
surface was wetted for 1min with 1mL of the electrolyte and then rinsed with 
DI water. The electrostatic repulsion between the beads will create a short-
range order between them, thus ensuring a rather uniform distribution of the 
colloids on the surface over 9cm2 area.  

3.2.3 Deep Reactive Ion Etching (DRIE)  

In publication I and IV, T-shaped silicon micropillars are fabricated using 
combination of anisotropic and isotropic silicon etching. One-side polished p-
type silicon wafer was used as substrate.  

Silicon was anisotropically etched using ICP-DRIE (ICP-DRIE, Plasmalab 
System 100, Oxford Instruments) at -120°C. All the ICP etching steps were 
done at 10 mTorr chamber pressure. A mixture of SF6/O2 was used as the ani-
sotropic etching gas and their flows were set to 40 sccm / 6.5 sccm, while the 
powers of inductively and capacitively coupled power sources were 1000 W 
and 2 W, respectively. Silicon etch rate was 1 μm/ min.  

Isotropic silicon etching was done in the same ICP chamber using SF6 with a 
flow rate of 80 sccm without oxygen using same power and pressure as in the 
anisotropic recipe. The etch rate was approximately the same.  

A mixture of SF6 and O2 (40 sccm / 6.5 sccm) was used to etch titania with 
the rate of 25 nm/min in the same ICP chamber. 
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3.2.4 Metal-assisted chemical etching (MaCE) 

In publication I, MaCE was used to make the nanowires on top and bottom 
of silicon microstructures. We deposited 2 nm Ti/ 5nm Au using e-beam evap-
oration system (IM-9912 from Instrumentti Mattila Oy). The base pressure 
was 4×10−7  Torr at room temperature. Deposition rate was 1.2 Å/s for both 
materials as measured by quartz crystal microbalance. A solution of 1:1 HF 
(50%) and H2O2 (30%) was prepared for MaCE. We etched the samples for 10 
s and then rinsed them with DI water for 1 min and dried them immediately 
with N2 blowing gun. Only 10 s of MaCE is enough to produce 1 μm high silicon 
nanowires. The remaining gold was removed in aqua regia (1 : 3 volume mix-
ture of 69% HNO3 and 37% HCl) for 1 min at room temperature plus 5 s dip-
ping in solution of 1:1 HF (50%) and H2O2 (30%) to remove titania and then 
rinsed with DI water. 

3.2.5 Aluminum wet etching 

Wet etching is a cheap alternative for dry plasma etching to produce porous 
re-entrant 3D structures for liquid repellent purposes. We used a solution of 
1M hydrochloric acid (HCl) to etch aluminum substrate 6061 (OnlineMetals). 
Etching was done at room temperature for 30 min with etch rate of 1 μm/min 
followed by careful rinsing and drying. The resulting re-entrant nanostructures 
have diameter and spacing of the order of 100 nm. We also used wet etching to 
sacrificially remove the aluminum template for replica separation. The sacrifi-
cial etching was done in a 12M HCl solution for 5 min to remove 500μm thick 
aluminum substrate. This etching process is highly exothermic due to the high 
concentration of acid and demands careful acid processing. Face shield, apron 
and long acid gloves were used for the protection. 

3.2.6 Atomic layer deposition (ALD)    

A layer of aluminum oxide (Al2O3) 25 nm ±1 % thick was deposited by ALD at 
300°C temperature, and used as a mask during silicon etching. Aluminum 
oxide layer was deposited in a Beneq TFS-500 reactor using trimethylalumi-
num (TMA) as a metal precursor and water as a precursor for oxidation. The 
pressure in the reactor was 4 Torr. Nitrogen was used as a carrier gas and to 
purge reaction gases from the reactor during each reaction half cycle. 250 ms 
precursor pulses and 1 s purge pulses (the same for both precursors) were used 
resulting in GPC 1 Å/cycle and effective deposition rate of 2.5 nm/min.  

Titanium oxide (titania) 20 nm ±1 % thick was deposited using the same 
ALD system at 300°C temperature for passivation of the silicon surfaces in 
publications I and IV. Water and TiCl4 were used as precursors for ALD of ti-
tania. 250 ms precursor pulses and 250 ms purge pulses (the same for both 
precursors) were used resulting in GPC 0.1 Å/cycle. Three times longer purge 
and pulsing time was needed to conformally cover the high aspect ratio 3D 
structures of etched aluminum samples in publications II -III.  
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3.2.7 Sacrificial nano-replication 

Replication process of a PDMS layer from aluminum template was done in 
publications II-III. Aluminum wet etching was done as explained above to 
produce the 3D porous structures. The structures were covered conformally 
using ALD titania 5-20 nm ±1 % that works as protection layer for nanostruc-
tures. Without the ALD film layer, the replicated polymer nanostructures 
would collapse onto themselves. A five millimeter thick PDMS layer (10:1) was 
cured at 50°C on top of aluminum/titania sample for 2 hours. Finally, the 
aluminum wafer was sacrificially etched in a 12M HCl solution. This resulted 
transferring the titania layer to the PDMS surface. The hybrid of PDMS/titania 
was dried in an oven at 50°C for one hour.  

We introduced sacrificial nano-replication method to fulfill two main pur-
poses:  

-Precisely replicate a thick layer of 3D re-entrant porous structure into elas-
tomer,  

-Simultaneously transfer a thin metal oxide layer from a template to replica.  

3.2.8 Nanostructured superhydrophobic tubes  

We demonstrate superhydrophobic PDMS/titania flexible tubes using alu-
minum tubes (alloy 6061) from OnlineMetals USA as the template. Two coaxi-
ally fitted aluminum tubes were used to cure PDMS between them. The outer 
tube has outer diameter (OD) of 11mm and inner diameter (ID) of 10mm. Two 
different sizes for inner tubes were used, OD 5 and 2mm, which defines the 
inner size of final PDMS replica tube. Figure 10 shows schematic of the fabri-
cation process.  
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Figure 10. Schematic of fabrication process for superhydrophobic flexible PDMS/titania tubes  

 
Wet etching process was used to produce nanostructures on outer side of in-

ner aluminum tube as a template. 75 min etching was done in a 1M HCl solu-
tion prepared from 37% HCl Sigma Aldrich. After 2 min rinsing the tube was 
dried by blowing nitrogen. 20 nm thick titania was deposited on aluminum 
tube by ALD. Then PDMS was cured for 2 hours at 50°C between the alumi-
num tubes. After curing the PDMS, the inner aluminum tube was removed 
using 12M HCl while the outer aluminum tube was protected by scotch tape. In 
this step the titania layer and also the geometry of nanostructures on the outer 
surface of the inner aluminum tube were transferred to the inner wall of the 
PDMS tube. After the sacrificial release of the nanostructures, the 
PDMS/titania replica was separated from the outer aluminum tube by me-
chanical peeling. Washing and rinsing with DI water followed the separation. 
The PDMS/titania tube was then annealed in an oven for 1 hour at 50 ºC. The 
inner titania coated surface of the PDMS tube was superhydrophobic after an-
nealing as evaluated by visual inspection. 

3.3 Characterization methods 

3.3.1 Contact angle goniometry 

Advancing and receding contact angles were measured using the sessile 
droplet method (Theta, Biolin Scientific, Espoo, Finland). Results are averages 
of ten measurements. A 4μL water droplet was gently delivered to the surface 
of the sample from a syringe mounted on the moving stage. To measure ad-
vancing/receiving angles, the droplet volume increased/decreased to the max-
imum/minimum of its value respectively. The software, using image pro-
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cessing with respect to the chosen base line, which is located on the solid-
liquid interface, calculates contact angles.   

3.3.2 X-ray  photoelectron spectroscopy (XPS) 

XPS wide scan spectra were recorded using a Kratos Axis UltraDLD instru-
ment (Kratos Ltd, Telford, UK) equipped with a monochromated aluminum 
anode (Al Kα 1486 eV) operating at 100 W powers (12.5 kV and 8 mA) with 160 
eV pass energy. A hybrid lens mode was employed during analysis (electrostat-
ic and magnetic). Spectra were measured at three areas on each sample and 
the values presented correspond to average of three measurements. The pho-
toelectron take-off angle with respect to the normal to the surface in all meas-
urements was 0°. The measured binding energy positions were charge correct-
ed with reference to 285.0 eV, corresponding to the C–C/C–H species. The 
elemental peaks of the spectra were quantified using CasaXPS software. 

3.3.3 X-ray  diffraction (XRD) 

XRD was used to identify if the titania films were crystalline or amorphous in 
publication IV.  XRD measurements were done using a Philips X'pert Pro dif-
fractometer operating at Cu Kα1 wavelength. 2ϴ-ϴ scans were collected in the 
range of 20° to 60° (2 ϴ) at a scan speed of 0.03°/s. JCPDS card number 190 
was used to identify crystalline anatase phase. 

3.3.4 Droplet acceleration m easurement in tubes 

Direct contact angle measurement on superhydrophobic tubes in publication 
III was not feasible due to non-planar surface. To characterize the fabricated 
superhydrophobic tubes, the acceleration of sliding droplets was measured 
using a phone camera (Samsung Note 4) with 16 MP lens. For these experi-
ments, we utilized a tube with a 4 mm inner diameter. The droplet size was 
chosen to be 35 μL, which is larger than a sphere with 4 mm diameter which 
ensures that the droplet is in contact with the tube from all sides. The movies 
then were further processed using Windows video maker. Tubes were fixed on 
a homemade angle-meter to vary the sliding angle and measurements. The 
acceleration (a = 2Lt-2) was calculated using the time (t) that takes for droplet 
to pass through the tube with length (L).  

3.3.5 Multidroplet sy stem in bent tubes  

Our flexible superhydrophobic tube was bent into a V-shape (Figure 11). The 
two ends of the tube were fixed with a metal wire to center to center distance 
“D” in entire of the experiments. In this configuration the bent angle “θ” is a 
function of “D” ( ). Water or blood droplets were applied into the tube 

one after another and a camera was used to film the experiment. The merge 
time was calculated from the video captured during the experiments.  
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Figure 11. Schematic of sliding droplets in a V-shaped bent superhydrophobic tube. (Hoshian et 
al. Unpublished) 

3.3.6 T hermal annealing 

Heat treatment was done using PEO-601 furnace for one hour in 99.99 % 
purity N2 gas to study the thermal stability of superhydrophobicity of the sam-
ples. We annealed the silicon samples in Publication I up to 800°C and the 
polymer samples in publication II up to 300°C. 

3.3.7 IR/UV treatment

A 1500 W infrared lamp (INFRARED IC HEATER T962) and an UV lamp 
1300 W with 105 mW/cm2 and 365 nm wavelength (ECE 2000 Modular 
DYMAX) was used for IR and UV exposures. To show how our superhydro-
phobic samples are more robust than the ones with organic low surface-energy 
coatings, we exposed our samples with high-energy UV and IR lamps that are 
used for decomposition of organic matter. WCA measurements were done af-
ter 30 min UV exposure. This time is usually enough to remove low surface-
energy coatings such as organic materials from the reference surfaces. We used 
a flat silicon wafer coated with 1H,1H,2H,2H-perfluorododecyltrichlorosilane 
(Sigma Aldrich) for two hours in gas phase in room temperature and atmos-
pheric pressure, as reference sample. 

3.3.8 Chem ical stability test 

The chemical robustness of samples studied by dipping them for 6 hours in 
water, hydrofluoric acid (50%), acetic acid (99.8%), hydrochloric acid (37%), 
nitric acid (69%), potassium hydroxide (20%), acetone, isopropanol and hex-
ane. All chemicals were purchased from Sigma Aldrich. 

3.3.9 Oxy gen plasma treatment 

Oxygen plasma (Tepla GIGAbatch 310M, 500 sccm of oxygen and 600 W of 
2.45 GHz power) was used to study the self-healing properties of our hybrid 
superhydrophobic material in publication II. One minute oxygen plasma was 
enough to turn the surface to superhydrophilic. We studied the recovery of the 
surface after 1, 5 and 10 minutes oxygen plasma exposure. 

 a)                     b)                      c)                     d)                      e) 
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3.3.10 Mechanical abrasion 

Mechanical stability of superhydrophobic samples was tested using a polyes-
ter/cellulose Technicloth II abrasive paper (ITW Texwipe, TX 1112) for abra-
sion with pressure of 3.50 kPa. The superhydrophobic surface was faced to the 
abrasive paper and moved in one direction for 25 cm with speed of 60 mm/s in 
4 s. WCA and hysteresis measurements were carried out before and after abra-
sion test. 

3.3.11 Adhesion Scotch tape 

Adhesion of the bulk material to thin films is the other challenge for durabil-
ity of superhydrophobic surfaces. We investigated the adhesion strength of 
titania to PDMS by the peel tape test on a cross-hatched sample. The cross-
hatched cut is a standardized damage to the surface before tape peel test to 
make a more extensive study on the adhesion. Tape (3M Scotch Brand Tape, 
core series 4-1000) was then placed on the damaged area and subsequently 
removed. After 10 peeling cycles the advancing and receding contact angle 
were remeasured. 

3.3.12 Knife scratches 

Mechanical tolerance of superhydrophobicity of the surface was also studied 
by using 10 parallel knife cuts. We used a stainless steel scalpel blade from Ted 
Pella, Inc. Stockholm Sweden.  

3.3.13 Rubbing and bending 

Handling the superhydrophobic surfaces with bare human hand is a typical 
contamination mechanism. We studied the influence of the fingerprints by 
rubbing the PDMS/titania surface while pushing it with a bare finger (publica-
tion II). The bare finger rubbed sample was used in the dirt removal test in 
order to study the self-cleaning properties of the surface. We used methylene 
blue powder as model dirt. A water droplet was placed on the dirty sample on 
an inclined surface (7o angle) to remove the dirt while rolling. To study the 
effect of bending and deformation of the substrate on superhydrophobicity of 
the surface we conduct 100 times bending concave and convex of the 
PDMS/titania sample and then measured the advancing and receding WCA. 

3.3.14 Underwater storage 

We stored the PDMS/titania sample under DI water (publication II) for 90 
days and measured the WCA every 10 days. The sample was reinserted in wa-
ter for further measurements.  

3.3.15 Blood and platelet adhesion tests 

For the experiments using full blood on surfaces and in tubes, blood from 
healthy volunteers was drawn by venipuncture to 6.0ml BD Vacutainer Plus 
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K2EDTA tubes (367863, BD, Becton, Dickinson and Company, Franklin Lakes, 
NJ). After collection, the tubes were immediately gently mixed by repeated 
inversion 5-6 times. For the droplet experiments venous blood was drawn 
from healthy volunteers to 1.8ml citrate collection tubes (363047, BD Vacu-
tainer, 0.109M Buffered Trisodium Citrate). Tubes were immediately gently 
mixed by inversion repeated 3-4 times. The samples were then centrifuged for 
20min at 100g (no brake, room temperature). Supernatant platelet-rich plas-
ma (PRP) was carefully removed and transferred into 5ml tubes (Eppendorf 
5ml tubes, 0030122321). The collection tubes were stored at room tempera-
ture. PRP aliquots of 10μl (1:2 dilution in 0.01% D-glucose, 5μM CaCl2•2H2O, 
98μM MgCl2•6H2O, 540μM KCl, 126mM NaCl, 14.5mM Tris pH7.4) were pi-
petted onto different surfaces (drops) three drops/material surface. The drops 
of PRP on the surfaces were incubated at +37oC under a moist environment for 
20 minutes. All drops were then removed and replaced with fresh drops by 
pipetting. Each site underwent three incubation-drop removal-PRP addition 
cycles. After completion of the cycles, 10μl of 10% neutral buffered formalin 
solution (Sigma HT501128) was added to each drop site. Formalin was re-
placed with same volume fresh formalin solution after overnight incubation. 
Imaging was performed the following day. The samples were gently washed by 
immersing in water for 5s 3 consecutive times. 
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4. Results and discussions

4.1 Robust super-repellent silicon surfaces (Publication I) 

In publication I, the concept of protecting nanostructures by micropillars is 
used to produce robust superhydrophobic silicon surfaces. The main ad-
vantage of our introduced surface is that the superhydrophobicity in our work 
is a result of only geometrical structuring of the surface without surface chem-
istry modification. 

We used a combination of dry and wet silicon etching to produce T-shape sil-
icon microstructures covered with collapsed silicon nanowires on top and be-
tween of micropillars. Figure 12 shows schematic and SEM of the samples [I]. 
We prepared four sets of different silicon samples, 

- HF-treated flat substrate as a reference 
- Collapsed silicon nanostructures made by MaCE
- T-shaped micropillars with flat tops 
- T-shaped micropillars plus MaCE nanostructures tops and between pillars. 
Advancing and receding WCA of these sets of samples are collected in Table 

5.  
 
 

 

Figure 12. a) Schematic and b) SEM of T-shape silicon micropillars with MaCE nanostructures. 
(Hoshian et al. publication I) 

 
 
 
 

 

a) b) 
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Table 5. Contact angle measurements (Publication I) 

 

 

Contact angles HF treated flat 
silicon before 

MaCE 

silicon after 
MaCE 

T-shaped pillars 
before MaCE 

T-shaped pillars 
after MaCE 

Advancing 75±1° 154±2° 105±1° 168±1° 
Receding 52±1° 132±2° 90±1° 166±2° 
Hysteresis 23±1° 22±2° 15±1° 2±1° 
Static 71±2° 152±1° 100±1° 165±2° 
Adv after abrasion 43±2° 51±1° 6±1° 160±1° 
Rec after ab 21±2° 20±1° 0° 135±1° 
Hys after ab 22±2° 31±1° 6±1° 25±1° 
Static after ab 39±2° 50±1° 0° 155±1° 
 

Our MaCE process produced superhydrophobic silicon surface without fur-
ther hydrophobic coating. Many papers do report superhydrophobicity of 
MaCE nanostructures, but hydrophobic coating has been applied [50], [51], 
[53], [81], [83], [178]. In these reports, the MaCE process produced aligned 
silicon nanowires, which are not superhydrophobic without coating. Unlike 
these reports, we produced collapsed silicon nanowires upon drying due to 
strong capillary forces. Collapse of silicon nanowires into nano-bushes caused 
superhydrophobicity due to the trapped nano-sized air pockets under nano-
bushes. Figure 13 shows top and side view SEM images of MaCE nano-bushes 
[I].   
 

Figure 13. a) Top view and b) Side view SEM images of collapsed silicon nanostructures using 
MaCE. (publication I) 

For better understanding the effect of MaCE process on surface chemistry, 
we prepared two samples: one dipped in HF (50%) and the other in HF: H2O2 
(1:1). The elemental surface composition of samples was characterized using 
XPS (Table 6). The relative atomic percentage of fluorine was measured to be 
0.2%±0.2% and 0.3%±0.1% for samples HF and HF+H2O2, respectively. This 
clearly shows that there is no significant change in the fluorine content during 
the surface treatment, and therefore the superhydrophobicity is not due to 
fluorine coating but geometry only.  

 

a) b) 
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Table 6. XPS data  

 C At% O At% F At% Si At%  O/Si ratio 
HF 8.9±0.6 16.2±0.4 0.2±0.2 74±0.8 0.2±0.0 
HF+H2O2 8.8±0.3 30.6±0.4 0.3±0.1 60.3±0.5 0.5±0.0 

 
We added a second roughness scale to the structures with T-shape micropil-

lars to improve the mechanical durability (fabrication process shown in Figure 
14). 

 

 

Figure 14. Schematic of fabrication process. (a) Aluminum oxide deposition on flat silicon wafer. 
(b) Photoresist spin coated on aluminum oxide. (c) Photolithography to pattern aluminum 
oxide. (d) Anisotropic silicon etching. (e) Removing the photoresist and depositing titania. 
(f) Anisotropic etching of titania in ICP resulting in protected sidewalls. (g) Isotropic etching 
of silicon to produce the neck of pillars. (h) Anisotropic etching of silicon to increase pillar 
height. (i) Wet etching of aluminum oxide. (j) Deposition of non-continues Ti/Au thin film. (k) 
Metal-assisted etching of silicon in HF: H2O2 solution. (Publication I) 

Our T-shaped micropillar fabrication technique is based on sidewall pas-
sivation by ALD of titania. The schematic of fabrication process is shown in 
Figure 14. DRIE is anisotropic process that does not etch the thin film on the 
sidewall, but removes it from horizontal surfaces. T-shape cap thickness is 
simply determined by the duration of the first DRIE etch step. ALD of thin 
layer of aluminum oxide (25 nm ± 1% thick) used as a mask during silicon 
etching (Figure 14a).  

Photolithography followed by wet etching was used to pattern the aluminum 
oxide layer (Figure 14b-c). Patterns consisted of 20 μm squares with 5 μm 
spacing. After patterning the aluminum oxide layer, silicon was anisotropically 
etched to make the 1μm thick cap (Figure 14d). Photoresist was then removed 
in acetone and 25 nm of titania was deposited for passivation of the surface 
using ALD (Figure 14e).  

ICP RIE was used to etch titania (Figure 13f) followed by isotropic silicon 
etching (Figure 14g). We did another anisotropic silicon etching step for 8 min 
to get 8 μm bodies of micropillars (Figure 14h). Then the resistive aluminum 
oxide layer was etched (Figure 14i). MaCE was used to make the nanowires on 
top and bottom of T-shape pillars (Figure 14j-k). Figure 15 shows the SEM mi-
crograph of the resulted T-shaped micropillars before (Figure 15a) and after 
(Figure 15b) MaCE process. 
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Figure 15. SEM micrograph of silicon T-shape microstructures a) before MaCE, b) after MaCE. 
(Publication I) 

Comparing contact angle measurements (Table 5) of MaCE on flat silicon 
and on thick cap T-shaped micropillars shows huge reduction of hysteresis 
(22° to 2°) on hierarchical T-shaped structures. 

We studied the mechanical durability of the superhydrophobicity of our 
samples using the same abrasion system as explained in Figure 9. Table 5 
shows that after 10 cycles abrasion our T-shape micropillars with MaCE sam-
ples remained superhydrophobic with contact angle of 155° and hysteresis of 
25°.  

Micropillars act as sacrificial layer during mechanical abrasion to improve 
survival of nanostructures at the bottom to keep the surface superhydropho-
bic. Figure 16 show SEM images of T-shaped micropillars before and after 10 
cycles abrasion. It shows how nanostructures at the bottom survive the abra-
sion.  

We further investigated the mechanical durability of the samples by increas-
ing the number of abrasion cycles. The study of WCA during the abrasion cy-
cles shows dramatic decrease of WCA after 20 cycles and it saturated at 
around 50° after 30 cycles.  

 
 

 

Figure 16. SEM micrograph of T-shape micropillars with MaCE nanostructures a) before and b) 
after 10 cycles abrasion. (Publication I)   

 
 

a) b) 

a) b) 
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4.2 Robust super-repellent PDMS/titania hybrid surfaces (Publi-
cation II)   

Our collapsed nanowires in Publication I  share, however, all the drawbacks 
of silicon-based surfaces, the major one being mechanical fragility. Additional-
ly, silicon microstructuring is limited by wafer size. In this chapter (based on 
publication II), we introduce a new facile method to produce robust, flexible 
and non-fragile superhydrophobic material. 

The non-lithographic fabrication process is explained in Figure 17. The first 
step is to select the template material (Figure 17a, b). We chose HCl etched 
aluminum wafers. This template material in our nanoreplication process 
should be chosen so that,  

1) It tolerates ALD thin film deposition,  
2) It can be selectively etched against the ALD film. 
The next step (Figure 17c) is the deposition of a protective film by ALD. A 

highly conformal coating process such as ALD is needed to cover the deep and 
complex nanostructures of the template conformally and without clogging.  

The advantage of using ALD protective layer is threefold:  
1) It guarantees accurate replication of nanostructures due to its conformali-

ty,  
2) It protects the polymer nanostructures during the release etch,  
3) It is non-sticky and prevents the polymer structure from collapsing onto 

itself.  
Following the ALD coating, PDMS was cast and cured on top of the master 

(Figure 17d). The final step was sacrificial release of the replica from the mas-
ter (Figure 17e). A nanostructured control sample was fabricated using the 
same method without ALD film (Figures 17f-g). 
 

 

Figure 17. Schematic of fabrication process of PDMS/titania hybrid superhydrophobic surfaces, 
a) aluminum template, b) nanostructuring of aluminum template, c) conformally covering 
the aluminum nanostructures using ALD titania, d) casting and curing the PDMS replica, e) 
transferring the structured titania film to PDMS using sacrificial etching of the template. 
Reference nanostructured PDMS sample was fabricated without ALD layer, f) Casting and 
curing the PDMS on etched aluminum template, g) sacrificial etching of the template. (Pub-
lication II)  
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SEM images of template and replicated materials are shown in Figure 18. 
They show successful replication of 100 μm thick nanostructures from alumi-
num template (Figure 18a) to PDMS/titania replica (Figure 18b). It is clearly 
visible that the ALD-protected structures (Figure 18d) have much sharper fea-
tures, which bear close similarity to the master (Figure 18c). In contrast, the 
features of the control experiments are much more rounded because the na-
noscale structures are not accurately replicated (Figure 18e). 

Two factors explain the success of the replication process with ALD:  
1) PDMS is known for its strong tendency for making elastic contact with 

materials, including itself, and the hard ALD titania film prevent this,  
2) Nanostructured PDMS can be damaged chemically during the HCl etch-

ing, by e.g. absorbing the etchant but ALD titania can protect it. 
 

 
 

Figure 18. SEM micrograph of masters and replicas with and without ALD film, a) Aluminum 
master (side view), b) PDMS/titania replication (side view), c) Top view of the master, 
Comparison of replication, d) with ALD film and e) without ALD film. Scale bars are 10 μm 
for a-b and for the rest are 2 μm. (Publication II) 

Contact angle measurements with 2μL water droplets (Table 7 average of 5 
measurements) show advancing contact angles of 163±1° and receding contact 
angle 161±1° with contact angle hysteresis of 2° for PDMS/titania. This surface 
repelled also 35μL wine droplets (14 % ethanol) with sliding angle of 15° and 
hot coffee (50°C) with sliding angle of 8°. Figure 19 shows 35μL droplets of 
wine, coffee, colored water on PDMS/titania samples respectively.  In contrast, 
PDMS replicas without ALD film (Figure 19b) display WCA of advancing 
CA=136±1°, receding CA=100±1°, and 36° hysteresis in Wenzel state with slid-
ing angles >90°.  

 
 
 

 

Replica (no ALD film) Replica with ALD film Master 

c) e) d) 

Replica (no ALD film)Replica with ALD filmMaster

c) e)d)

 Master Replica with ALD film 

b) a) 

100 μm 100 μm 
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Table 7. Contact angle measurements  

                                                PDMS/ALD titania replica               PDMS replica 
Contact angle (CA) Advancing Receding Advancing Receding 
After fabrication 163±1° 161±1° 136±1° 100±1° 
50cycles abrasion 157±1° 155±1° 110±2° 85±2° 
Rubbing 10X 161±1° 158±1° 63±1° 44±1° 
Knife cuts 10X 157±2° 153±2° 60±2° 36±2° 
Bending 100X 163±1° 161±1° 125±1° 98±1° 
Scotch test 10X 162±1° 161±2° 126±1° 73±2° 
Annealing 1h 300°C 163±2° 160±2° 128±2° 100±2° 
UV exposure 1h 163±1° 161±2° 135±2° 97±2° 
CA 90days in water  157±1° 152±2° <5° <5° 
Wine CA   152±2° 150±1° <5° <5° 
Hot coffee CA 155±2° 152±1° 112±1° 92±2° 
 

 

Figure 19. A) Photograph of 35μL liquid droplets on superhydrophobic PDMS/titania surfaces, 
from left to right white wine, hot coffee, colored water. b) Colored water droplet on the sticky 
Wenzel state on smooth PDMS/titania control sample. (Publication II) 

We clarified nanostructure survival during mechanical wear by: 
-Abrasion test (50 cycles)  
-Knife scratches (10 parallel cuts + 10 perpendicular cuts) 
-Rubbing with finger (10 times) 
-Bending and twisting (100 times) 
-Scotch tape test (10 times) 
Figure 20a shows SEM image of the abrasive paper. The size of the features 

is comparable with the structures of the superhydrophobic PDMS/titania sur-
face. Water advancing and receding contact angle measurements (advancing 
CA=157±1°, receding CA=155±1°) revealed a robust superhydrophobic surface 
even after 50 cycles of abrasion. 

To confirm the necessity of ALD titania film for the high robustness, we re-
moved the titania film from the sample that we used for the abrasion study and 
repeated the same abrasion study on the structured polymer. WCA after titania 
removal was 130±1°. After 10 cycles of abrasion, the contact angle dropped to 
110±1° (close to native contact angle of PDMS) and remained around it after 
next abrasion cycles (Figure 20b). This result confirms that the hard ALD tita-
nia film can protect the elastomer nanostructures from mechanical damages. 

Further study of mechanical tolerance of the surface was conducted by using 
10 parallel knife cuts plus another 10 cuts perpendicular to the first ones (Fig-
ure 19). After cutting test, superhydrophobicity remained the same (advancing 
CA =157±2°, receding CA=153±2°). Also 10 μL rolling droplet test on 7° in-
clined sample after cuts (Figure 19c) confirms the durability. 

Wine                 Coffee          Colored-Water      

a)                                                                  b) 

Water on smooth PDMS/titania            
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Figure 20. Abrasion test, a) SEM image of abrasion sandpaper, b) WCA measurement after 
each abrasion cycle for PDMS/titania and for PDMS after removing titania. (Publication II) 

 

Figure 21. Knife cut test, a) photo of knife while cutting the sample, b) SEM images after cuts, 
c) water droplet rolling on the sample after cuts. (Publication II) 

We suggest that the surface robustness is achieved by a combination of thick 
flexible hierarchical layers (> 100 μm) covered with hard metal-oxide titania. 
This PDMS/titania surface resembles exoskeleton of insects such as Armadil-
lidium [179] which consist of a rubber-like protein covered by hard exocuticle 
(Figure 22). Nanostructures bend during mechanical contact and the elasto-
meric part allows recovery, while the ALD film prevents PDMS self-
adhesiveness. ALD film may break down to small pieces due to mechanical 
stress in the abrasion test, but the elastomeric scaffold keeps these pieces in 
place as the ALD film is strongly adhered to the elastomer. 
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Figure 22. Images of Armadillidium rolling without breaking the exoskeleton due to individual 
pieces. (https://www.photo.net/photo/16873772/Armadillidium -vulgare-unfolding) 

We confirmed the high adhesion of the titania thin film to the elastomer scaf-
fold by conducting the scotch tape test. After the test, the advancing and reced-
ing contact angles remained the same. 

Further, the rubbing with bare finger, which introduced oils to the surface, 
and bending test, shows the high mechanical durability of this exoskeleton 
configuration (Table 7). 

Chemical stability of the samples was studied by investigating their re-
sistance against the following conditions: 

-High temperature annealing (1 hour at 300ºC)  
-UV exposure (1 hour 105 mW/cm2) 
-Oxygen plasma (1, 5 and 10 min at 1000W) 
-HF (30M, 6 hours at room temperature)  
-HCl (12M, 6 hours at room temperature)  
-KOH (12M, 6 hours at room temperature)  
Contact angle measurements show that 1 hour annealing at 300oC (advanc-

ing CA=163±2o, receding CA=160±2o), 1 hour UV exposure (advancing 
CA=163±1o, receding CA=161±2o) and 6 hours in HF (advancing CA=161±1o, 
receding CA=160±1o) or HCl (advancing CA=163±1o, receding CA=161±1o) so-
lution had no effect on superhydrophobicity of the samples. Also the contact 
angle did not change after plasma treatment independent on the duration. 
However, KOH etched the titania film and therefore caused a clear reduction 
of the contact angle (advancing CA=138±1o, receding CA=130±1o). SEM imag-
es of PDMS/titania nanostructures in Figure 23a-c show how titania remains 
intact after 6 hours immersion in HF and HCl solution but it etches in KOH 
solution. Figure 23d-g also revealed that the plasma treatment did not do any 
damage on the surfaces as the ALD titania film protected them. 
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Figure 23. SEM images of PDMS/titania samples 6 hours immersed in, a) HF, b) HCL, c) KOH. 
Titania film remained intact in HF and HCl but started to get etched in KOH, Images of the 
samples after oxygen plasma treatment, d) 0 min, e) 1 min, f) 5 min, g) 10 min. (Publication 
II) 

We also stored the PDMS/titania sample under DI-water for 90 days and 
measured the WCA of its surface every 10 days taken out and measured and 
put back (Figure 24). The contact angle decreased slightly from 163o to 158o by 
20 days but it stabilized to this value for the remaining 70 days. There was a 
change of the optical contrast of plastron on the solid-liquid interface after 20 
days but it remained unchanged after that (Figure 24b-c). We assume that the 
change of the optical contrast is due to partial escape of the trapped air pockets 
under microstructures. However, air pockets under nanostructures keep the 
surface superhydrophobic. 

 

 

Figure 24. Under-water storage test, a) Contact angle measurements during 90 days, Images 
of the sample under water shows b) the plastron with high contrast in first 20 days, c) after 
70 days the plastron contrast was reduced. (Publication II)  
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4.3 Superhydrophobic flexible tubes (Publication III)  

Our invention of superhydrophobic hybrid materials from publication II can 
be extended to produce non-planar superhydrophobic surfaces such as tubes. 
This opens up completely new applications of superhydrophobicity in fluid 
mechanics and flow control. We investigate the behavior of water and blood 
droplets sliding in our superhydrophobic tubes. For comparison, smooth 
PDMS/titania control tube was fabricated. Detail of fabrication process is de-
scribed in 3.2.8. Figure 25 shows schematic of fabrication process for superhy-
drophobic and control tubes.  

 

  

Figure 25. Schematic of the fabrication process for a) superhydrophobic PDMS/titania tube and 
b) smooth PDMS/titania control tube.  

a) 

b) 
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SEM images (Figure 26) Show successful replication from aluminum tem-
plates to produce superhydrophobic tubes.  

 

 

Figure 26. SEM images of nanostructures, a-b) aluminum template and c-d) PDMS replica 
covered with ALD titania. (Publication III) 

We studied drag reduction by changing the tilt angle of tubes. The minimum 
angle that was required for water and blood droplets passing through the tubes 
was quantified. We recorded the droplets acceleration as a function of tilting 
angle. Figures 27a-b show the acceleration of the droplets in both the superhy-
drophobic tube and the control tube as a function of the inclination angle (Φ), 
which was varied from 10º to 90º in 10º increments. The minimum inclination 
angle for the droplet to slide in the superhydrophobic tube was 10º while for 
the control tube it was 40º. For the superhydrophobic tube the accelerations 
ranged from 0,42 – 5,53 m/s2 as a function of the inclination angle from 10º to 
90º, while it ranged from 0 – 0,001 m/s2 for the control tube. The acceleration 
of a free fall droplet was measured 9 m s-2, which is close to gravitational accel-
eration. The acceleration of a sliding droplet in a 90º inclined (vertical) super-
hydrophobic PDMS/titania tube was 5,53 m/s2 i.e. is 5000 times larger com-
pared to the control smooth PDMS/titania tube that is 0,001 m/s2. It means 
compared to free fall in air, the superhydrophobic PDMS/titania tube causes 
only 38,55% reduction in the acceleration while the control tube has a 99,99% 
reduction. 

 

 

Figure 27. a) Study the acceleration of a 35μL sliding water droplet inside superhydrophobic 
PDMS/titania and b) smooth PDMS/titania control tubes with 4 mm inner diameter, b) Mag-
nification of the data for control tube (error bars represent s.d. from average acceleration 
values). (Publication III) 

a)                                                         b)                              c) 

l=100 μm   

Replica with ALD film Template 
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We also demonstrate controlled merging of two or three droplets sliding in a 
V-shape bent tube. The merge time can be controlled by droplet size and bend-
ing angle. Figure 28 shows the schematic of a merge experiment.  We observed 
that when the first droplet (blue in the schematic) is applied to a bent tube, it 
oscillates for a while and settles to the gravity minimum (Figure 28a-b). When 
a second droplet (red in the schematic) is applied, it pushes the first droplet 
until after few oscillations a shared gravity minimum is achieved (Figure 28c-
d). The merge time measurement started from the moment that the droplets 
start to move toward each other. From this point onward, the pressure be-
tween the droplets balances the gravity. The air then slowly escapes through 
the plastrons driven by the pressure differential, until the droplets merge (Fig-
ure 28e). It should be noted that the droplets do not merge upon impacting 
each other since the merging process is very slow. Comparison, in the control 
tube the droplets are not moving toward each other even after a long time. 
This is because of the huge hysteresis in the smooth PDMS/titania control tube 
that was described previously.

 

 

Figure 28. Droplet merging experiment schematic with corresponding snapshots a) first drop-
let sliding (blue), b) after oscillations it comes to rest at center, c) the second droplet (red) 
pushes the first drop into motion, d) droplets moves towards each other, and e) they merge. 
(Hoshian et al. Unpublished) 

Figure 29a shows the dependency of the merge time on the steepness of the 
slope of the bent tube. The merge time can be tuned by one order of magnitude 
from 1 s to 10 s by changing the angle from 65° to 30°. The merge time is also 
dependent of the volume of the liquid droplet, like shown in Figure 29b. Below 
droplet size 35 μL, the merge times are clearly faster, as the droplet is not large 
enough to fill the entire cross section of the tube, so the trapped air can easily 
escape. Above this critical volume, a linear regime is reached. As the volume 
increases, the length of the path that the trapped air has to flow through the 
plastron increases, leading to higher hydraulic resistance and consequently 
slower merge times. 

 

 a)                     b)                      c)                     d)                      e) 
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Figure 29. a) Merge time of two 35μL droplets as a function of bent angle in superhydrophobic 
tube. b) Merge time of two droplets as a function of the drop size with bending angle as a 
parameter (error bars represent s.d. from average time values). (Hoshian et al. Un-
published) 

4.4 Blood on Superhydrophobic PDMS/ titania surfaces

The superhydrophobic PDMS/titania substrates showed low adhesion to 
human blood. The static contact angle of a 35μL blood droplet on the 
nanostructured superhydrophobic PDMS/titania surface was 161±3º (Figure 
30a) as compared to 90±2º on the control surface (Figure 30b). We tilted our 
samples at 70° to check the trace of the blood on the surface. The droplet 
rolled off completely without any traces on superhydrophobic PDMS/titania 
surface (Figure 30c) while a large blood trail is left behind on the control sur-
face (Figure 30d).  

 

 

Figure 30. Blood droplet on a) superhydrophobic PDMS/titania surface and b) on control 
smooth PDMS/titania surface. c) Image shows blood droplet rolls away on tilted superhy-
drophobic sample without any visible trace on the sample while d) shows blood droplet on 
tilted control sample with trace of blood. (Publications III)  

We also studied the adhesion of the blood platelets on our surfaces.  Blood 
droplets were incubated at room temperature on the surfaces for 20 minutes 
and then rinsed with DI water. For comparison, we used smooth PDMS sur-

Superhydrophobic             Control             

c)                              d) 

a)                              b) 

5 mm                             5 mm 

10 mm                           10 mm 
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face and also smooth titania surface (100nm ALD titania on silicon). Figure 31 
show SEM images of the samples after platelet adhesion test on smooth titania 
(Figure 31a), smooth PDMS (Figure 31b) and nanostructured superhydropho-
bic PDMS/titania before (Figure 31c) and after (Figure 31d) the test. Images 
show that there were no activated platelets on the superhydrophobic 
PDMS/titania surface while they were fully visible on the smooth PDMS and 
also on smooth titania substrate. It means the nanostructured superhydropho-
bic PDMS/titania surface prevents platelet adhesion but platelets adhere to the 
control samples. The Cassie-state of our superhydrophobic surfaces is very 
robust because of the thick porous structured layer and does not let the plate-
lets make a full contact to the surface. The size of the nanostructures is smaller 
than the platelets and penetration of the platelets in the porous structure is not 
possible. Figures e-g show digital images of the samples after blood adhesion 
test for superhydrophobic PDMS/titania, smooth titania and smooth PDMS 
respectively. No trace of the platelets is visible on the superhydrophobic sam-
ple but fully visible on the control samples.

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

Figure 31. SEM micrographs of samples after 20-min incubation in platelet rich plasma on a) 
smooth titania and b) smooth PDMS c) superhydrophobic PDMS/titania before incubation 
d) superhydrophobic PDMS/titania after incubation. Scale bars are 20μm in a-d. Images of 
surfaces after incubation in platelet rich plasma on e) superhydrophobic PDMS/titania su r-
face, f) smooth titania, g) smooth PDMS. Scale bars are 5 mm in e-g. (Publications III) 

 

a)       b)      

c)   d)    

e)       f)       g)      
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We studied the blood flow in the superhydrophobic nanostructured 
PDMS/titania tube compared to a smooth PDMS/titania control tube.  After 
transferring 200μL of human blood in 45° tilted tubes (10 cm long and 4 mm 
diameter), no trace of blood contamination was detected on the superhydro-
phobic tube (Figure 32a) while in the control tube the blood contamination 
was fully visible with naked eyes (Figure 32b). The nanostructuring process 
thus imparts significant blood repellency on the surface and enables lossless 
blood transportation. 

 

 

Figure 32. Images for comparison the transfer of 200μL human blood in incline angle Φ=45° 
from point A to B in a) superhydrophobic PDMS/titania tube and b) in smooth PDMS/titania 
control tube. (Publication III)
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4.5 Self-healing superhydrophobic surfaces (Publications I-II) 

The ability to recover the initial liquid repelling properties after physical or 
chemical damage by external stimuli such as light, heat or solvents is called 
self-healing [180]–[186]. Self-healing function makes superhydrophobic sur-
faces more practical for daily life. Unlike natural superhydrophobic materials 
such as lotus leaf, artificial superhydrophobic surfaces are typically not heala-
ble. However, there are two main approaches introduced in the literature to 
produce self-healing superhydrophobic materials. One is based on encapsula-
tion of the hydrophobic component in the pores of the material. When the sur-
face is damaged, this hydrophobic component quickly migrates to the dam-
aged surface and recovers it superhydrophobic properties [180]. The second 
approach is based on spontaneous self-organization of hydrophobic colloidal 
particles at interfaces [181]. We demonstrate fast restoration of our superhy-
drophobic surfaces after damage for both silicon and PDMS/titania surfaces. 
The recovery mechanism for both materials depends on how superhydropho-
bicity was lost. For example if the superhydrophobicity was lost due to me-
chanical damage, the recovery mechanism is based on geometrical modifica-
tion. Chemically lost superhydrophobicity is repaired by a chemical treatment. 
A new fast recovery mechanism is introduced for PDMS/titania surfaces based 
on acceleration of migration of the free monomers in PDMS upon photoactivi-
ty properties of titania.  

4.5.1 Restoration of silicon-based superhydrophobic surfaces (Publica-
tion I) 

The superhydrophobic silicon samples produced by MaCE were annealed up 
to 800°C for 1 hour to turn the surface superhydrophilic. We explain the loss 
of superhydrophobicity by oxidation during annealing above 400°C (Figure 
33a).  

By dipping the samples for a few seconds in HF: H2O2 (1:1) solution the orig-
inal superhydrophobic surface was reconstructed. The changes in the WCA for 
annealed samples as a function of time and the dipping times for recovery to 
rolling superhydrophobic state (hysteresis < 2°) is shown in Figure 33b.  

Fast recovery is achieved due to oxide removal by 10 s dipping time for the 
sample annealed for 1 hour in 450°C and dipping time increased to 3 minute 
for sample annealed at 800°C. This fast recovery without any thin film deposi-
tion is a big advantage of our work compared to low surface-energy coated 
superhydrophobic surfaces. Readers should, however, be aware of dangers of 
HF processing. One can dilute it with water, but it increased the recovery time 
to minutes. A diluted solution of HF:H2O2:H2O (1:1:10) resulted in recovery 
time of 60 s for the sample annealed for 1 hour in 450°C, and 15 min for the 
sample annealed at 800°C (Figure 30b). 
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Figure 33. a) WCA after annealing treatment. b) Recovery to superhydrophobic rolling state of 
samples after annealing by dipping them in HF: H2O2: H2O solution. (Publication I)

4.5.2 Restoration of PDMS/titania superhydrophobic surfaces (Publica-
tion II) 

The PDMS/titania hybrid material exhibited also self-healing properties. Ox-
ygen plasma (1000 W) was first used to turn the surface to superhydrophilic 
with WCA close to zero. This was achieved in one minute.  

We studied the recovery of the surface after 1, 5 and 10 minutes oxygen 
plasma exposure, but the increased length had no noticeable effect either on 
recovery time or on mechanical deformation of the nanostructures. Recovery 
to superhydrophobic state was observed: 

 -At room temperature in 10 hours 
 -At 50o C in 2 hours  
 -After 105 mW/cm2 UV-exposure in 20 min.  
After 20 min UV-exposure the contact angle of PDMS/titania was 163±1o 

(adv), and 161±2o (rec).  
WCA recovery times from zero to its initial superhydrophobic values do not 

change with plasma treatment duration. 
Usually, superhydrophobic surfaces with the low surface-energy coatings 

suffer from the UV exposure as it induces decomposition of the coating. But 
when considering our PDMS/titania samples, UV light promotes recovery to 
superhydrophobic rolling state.  
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4.6 Amplification of photo-activity of titania superhydrophobic 
surfaces (Publication IV) 

In this chapter we study the effect of overhang structures on photo-activity of 
titania. We used a combination of silicon T-shape microstructures plus 
nanostructuring using colloidal deposition. The final geometry is coated with 
ALD titania. We show that the T-shape structures not only can improve the 
superhydrophobicity (publications I and IV), also can amplify the photo-
activity (Publication IV) of the surface to control the wetting properties.  

We studied wetting switchability of six different types of samples all were 
coated by a 100 nm thick ALD titania layer (Figure 34): 

a) Flat substrate  
b) Simple micropillars without nanostructures  
c) T-shape micropillars without nanostructures  
d) Nanostructured surface on flat substrate  
e) Simple micropillars with nanostructures  
f) T-shape micropillars with nanostructures  
The effect of test structures on photo-activity of the surfaces was studied by 

exposing the surfaces to UV light. We measure the WCA before and after UV-
exposure. Before UV-exposure, water contact angles ranged from 35° to 161° 
for samples a-f respectively. 

T-shape micropillars with nanostructures were superhydrophobic, with a 
small sliding angle of 5° for 3 μL droplet, even though the flat surface of the 
same material was hydrophilic. Schematics of the samples and WCA and re-
covery times are presented in Table 8.  

 

 

Figure 34. Our six TiO2 samples in SEM micrographs. All have 100 nm ALD titania coating on 
them. a) flat substrate; b) simple micropillars; c) T-shape micropillars; d) nanostructured 
surface on flat substrate; e) simple micropillar with nanostructures; f) T-shape micropillars 
with nanostructures. (Publication IV) 
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Table 8. WCA measurements of titania coated test structures  

 

 

4.6.1 Reversible rolling to sticky states 

One minute UV-exposure turned the T-shaped micropillars with nanostruc-
tures from rolling to sticky state while the contact angle reduction was 5, 4, 10, 
5 and 6° for samples a-e respectively. For sample f, the contact angle change 
was only 11° (161° to 150°) but the contact angle hysteresis went from 2° to 
100°.  

T-shaped structures also improved the recovery of the samples to their origi-
nal wetting states upon annealing. The T-shaped micropillars with nanostruc-
tures UV-exposed for one minute recovered back to superhydrophobic Cassie-
Baxter state in 30 minutes at 60 °C. Recovery time to the original wetting state 
is at least hundred times faster compared to the samples without T-shaped 
structures (Table 8).  

Figure 35 shows WCA and hysteresis before and after UV exposures. Before 
exposure, the hysteresis is 2° and droplet was in rolling state while after expo-
sure the hysteresis was 100° and droplet sticks to the surface even after 180° 
tilting. 

 
 
 

 

Static WCA a) Flat b) Simple 
micropillars 

 

c) T-shaped 
micropillars 

d) Nanostruc-
tured surface 
on flat sub-

strate 

e) Simple 
micropillars 

w ith 
nanostruc-

ture 
 

f) T-shaped mi-
cropillars w ith 
nanostructures 

 
Schematic 

      

Before UV exposure 35±1° 102±1° 132±1° 67±2° 130±1° 161±1° (Hysteresis 
2°) 

After 1 min UV expo-
sure 

30±1° 98±1° 122±1° 62±1° 124±1° 150±1° (Hysteresis 
100°) 

Recovery to original 
state in oven at 60°C 

3 days 3 days 30 minutes 3 days 3 days 30 minutes 

After 5 min UV expo-
sure 

27±1° 92±1° 43±1° 58±1° 120±1° 51±1° 

Recovery to original 
state in oven at 60°C 

1 w eek 1 w eek 1 hour 1 w eek 1 w eek 1 hour 

After 10 min UV 
exposure 

25±1° 75±1° 0° 54±1° 100±1° 0° 

Recovery to original 
state in oven at 60°C 

2 w eeks 2 w eeks 2 hours 2 w eeks 2 w eeks 2 hours 

After 15 min UV 
exposure 

10±1° 37±1° 0° 50±2° 45±1° 0° 

Recovery to original 
state in oven at 60°C 

3 w eeks 3 w eeks 2 hours 3 w eeks 3 w eeks 2 hours 

After 20 min UV 
exposure 

0° 24±1° 0° 0° 0° 0° 

Recovery to original 
state in oven at 60°C 

4 w eeks 4 w eeks 2 hours 4 w eeks 4 w eeks 2 hours 
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Figure 35. WCA and hysteresis, a) before UV-exposure in b) rolling state (Cassie), c) after 
exposure in d) sticky state (Wenzel). (Publication IV) 

4.6.2 Reversible superhydrophobic to h ydrophilic transition

Transition from superhydrophobic (WCA 160°) to hydrophilic (WCA 51°) 
was achieved by 5 minutes UV-exposure on T-shaped micropillars with 
nanostructures. The process was reversible: one hour annealing at 60 °C re-
covered the 160° WCA. The flat reference sample became more hydrophilic 
(WCA 27°) but its recovery took one week in oven at 60 °C.  

4.6.3 Reversible superhydrophobic to superhydrophilic transition 

Transition from superhydrophobic (161°) to superhydrophilic (0°) was 
achieved by 10 minute UV-exposure on T-shaped micropillars with nanostruc-
tures. Fully reversible recovery took 2 hours at 60 °C.  

4.6.4 Micro-writing under water drop 

The Cassie to Wenzel transition can be performed locally using a photo-mask 
to produce patterns under water droplet. A photo-masked UV-exposure was 
carried out (Figure 36a) to produce a contrast of surface-energy on titania 
coated T-shaped micropillars with nanostructures. Water locally penetrated 
between the pillars that were exposed to UV while the rest of the droplet re-
mained on top of the pillars in a Cassie-state. The contrast was invisible at sol-
id-air interface but became visible under water droplet. Resolution of the writ-
ing is defined by the size of a unit pixel. The size and spacing of pillars were 10 
μm and 15 μm respectively. Schematic of one pixel with dimensions is shown 
in Figure 36b. Figure 37 shows the microscope image of the photo-mask (Fig-
ure 37a) and a sample exposed through the photo-mask with logo of Aalto 
University (Figure 37b-c).  
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Figure 36. Micro-writing under water droplet, a) Masked UV-exposure of titania coated pillars. 
Water droplet penetrates between the pillars in the exposed areas (Wenzel state) and dis-
plays contrast with Cassie state, b) Top view schematic of one pixel with size of 361 μm 2. 
(Publication IV) 

 

 

Figure 37. a) Microscopy image of the photo-mask with logo of Aalto University, b) Water drop 
on top of the sample after 1 minute UV-exposure through the photo-mask, c) Optical micro-
scope image of exposed sample under water drop shows the pattern of Aalto logo. Scale 
bars are 600 μm. (Publication IV) 
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5. Summary and outlook 

In this thesis design, fabrication and characterization of robust and smart 
superhydrophobic materials are investigated. The first part focused on durabil-
ity of superhydrophobic surfaces. The key concept of purely geometrical modi-
fication of bulk materials was used to produce superhydrophobic materials 
without hydrophobic coating. Elimination of the coatings can improve the 
thermal, chemical and mechanical durability of the surfaces. The last part fo-
cused on combination of photoactive materials with superhydrophobic surface 
to control their wetting properties. This chapter discusses the impact of pre-
sented work and their potential applications.  

A facile and one step process is introduced in publication I to produce silicon 
superhydrophobic surfaces. MaCE was used to produce collapsed silicon nan-
owires that were superhydrophobic. The resulting material could be a perfect 
candidate for microfluidic and lab-on-a-chip devices due to its thermal and 
chemical stability. It is also demonstrated that the mechanical durability can 
be improved by adding a second micro-hierarchy to the nanostructures using 
silicon microfabrication methods. The micropillars were used as protecting 
layer for nanostructures during abrasion. In spite of chemical stability, long 
abrasion cycles could break the mechanically fragile silicon microstructures. 

In the publication II we introduced a new generation of superhydrophobic 
surfaces. It is based on a new method to replicate complex 3D micro and nano 
overhang structures. The resulting material is a hybrid of elastomer scaffold 
conformally covered with hard metal oxide, which resembles exoskeleton of 
insects. This configuration is very stable even against harsh mechanical dam-
ages such as knife scratches and sand paper abrasion. The method is non-
lithographic and the resulting material is not size limited. This makes the 
method very promising for large-scale superhydrophobic applications. The 
mechanical durability, in addition to long-term water storage ability, makes 
the material suitable for anti-biofouling and anti-icing surfaces. 

The sacrificial etching method was extended in publication III, to produce 
non-planar superhydrophobic surfaces, especially tubes. The resulting super-
hydrophobic tube not only repelled water but also challenging biological liq-
uids such as human blood. Tubes were used to demonstrate a lossless blood 
transfer. This invention has potential to be used in hospitals and labs to pre-
vent blood contamination and loss during transfer. 

Acceleration of sliding droplets in inclined superhydrophobic and control 
tubes were measured. Dramatic surface friction reduction was observed based 
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on the measurements. The surface friction reduction is due to a thick plastron 
layer at the solid-liquid interface.  

A new phenomenon was discovered when two or more droplets sliding in a 
bent superhydrophobic tube. This effect is also due to existence of the thick 
plastron. Merge time of the droplets sliding in a superhydrophobic tube that 
bent into V-shape, can be controlled via the bent angle and droplet size. This 
can be used for example in sequentially drug delivery systems when the drug 
should be released into the environment in specific sequences.     

In publication IV a combination of micro and nanostructures coated with 
photoactive titania was used to amplify the photoactivity. Fast and reversible 
change in surface energy of the surface was demonstrated up on UV-exposure 
and annealing. Three types of transitions were demonstrated as follows: 1) 
transition from superhydrophobic rolling to sticky, 2) transition from super-
hydrophobic rolling to hydrophilic, 3) transition from superhydrophobic roll-
ing to superhydrophilic. The effect was used to introduce micro-writing under 
water droplet upon a photo-mask UV-exposure. The resolution of the micro-
writing can be improved by controlling the size and spacing of the microstruc-
tures. This phenomenon can be used for example in secret massaging. The 
writing is invisible in the solid-air interface but become visible in solid-liquid 
interface.  
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