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The integration and use of superhydrophobic surfaces to microfluidic systems were
investigated in this work. Superhydrophobic surfaces are believed to have the ability
to reduce the hydrodynamic resistance of a microchannel, reduce the risk of clogging
due to reduced liquid contact with the microchannel walls and reduce the losses in a
microfluidic system. Two superhydrophobic surfaces with different fabrication
methods were evaluated. It was found that fabrication methods that add material to
the microchannel walls do not work well in microchannels. Methods that instead
transform a present surface are more suitable for a microfluidic system. To visualize
the superhydrophobic surfaces an AFM and SEM were used. By combining the
information a good picture of the superhydrophobic surfaces where sometimes
achieved. To investigate the impact of the superhydrophobic surfaces, two different
designs of microchannels were created on silicon wafers and compared with
microchannels created in polydimethylsiloxane. One design used straight channels and
the other aimed to maximize the resistance reduction by patterning the walls of the
microchannel. Due to manufacturing issues only the straight channels were evaluated,
where it was found that superhydrophobic surfaces can increase the flow rate of a
microfluidic system. However, the result was not reproduced easily. The reason is
currently unknown but believed to originate from flaws in the manufacturing process.
A simple version of a device that uses superhydrophobic surfaces to seal microfluidic
systems was successfully used and reused. A device with a more refined design could
offer the ability to create microfluidic systems with detachable lids. Finally, to further
increase the availability of the properly created superhydrophobic surface an
alternative functionalization step should be found.
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Superhydrofoba ytor för tillämpningar
inom mikrofluidik
Anton Rundberg

Naturen har alltid varit en inspirationkälla till lösningar för problem. Detta då naturen via
evolution redan utvecklat effektiva och robusta lösningar. Ett exempel på ett fenomen som
skådats i naturen är de vattenfrånstötande bladen hos lotusväxten. Istället för att vatten
fastnar på ytan bildas vattendroppar som rullar av bladen och i förloppet även tar med sig
partiklar och smuts. Lotusväxten har alltså möjligheten att själv göra rent sina blad, något
som varit kritiskt för dess överlevnad då den lever i en lerig miljö. Förmågan uppkommer
tack vare de speciella ytegenskaperna hos bladen. Bladen har dels en vaxig yta, som vatten
redan har svårt att blötlägga, men även många små mikroskopiska ojämnheter som tillåter
att luft fångas i bladets ytstruktur. Dessa två egenskaper är nyckeln till bladets förmåga
som i vetenskapliga termer kallas superhydrofobicitet.
Användningsområdet för vattenfrånstötande, eller superhydrofoba, ytor är stort (t.ex.
självrengörande fönster), varför även mycket forskning genomförts inom området de senaste
åren. Vissa svårigheter finns med ytan, där den största är att ytan om den helt och
hållet blötlagts inte återfår sin superhydrofoba förmåga innan den torkat. Att tillverka
mikroskopiska ojämnheter över stora områden utan enstaka defekter är inte enkelt. Ytor
utan defekter är viktigt då dessa skulle kunna underlätta blötläggningen utav ytan.
Genom att integrera superhydrofoba ytor i mikrosystem kan vissa svårigheter lösas. Mikrosystem använder sig utav detaljer på mikrometerskala, där en vanlig jämförelse är ett
mänskligt hårstrå som är ungefär 100-200 mikrometer (miljondels meter) tjockt. Detta
innebär att storleken på ytan som behöver modifieras är liten och risken för defekter lägre.
Vidare tillverkas oftast mikrosystem inte ett i taget, utan många kopior av samma system
fås efter en tillverkningsprocess. Skulle några av mikrosystemen tappa sina egenskaper
över tid vid användning, eller på grund av defekter som uppkommit vid tillverkning, finns
ändå många fungerande kopior.
När storleken på systemen minskas ökar mängden ytmaterial i relation till bulkmaterial
och andra typer av effekter börjar att dominera. Att modifiera ytorna är intressant då en
stor påverkan på systemet kan förväntas. För superhydrofoba ytor är integrationen till
mikrosystem som manipulerar vatten, mikrofluidiksystem, intressant och det som undersökts i detta arbete. Krympningen har dock en nackdel, genom att använda små system
kan endast en liten provvolym analyseras. För mikrofluidiksystem skulle superhydrofoba
ytor t.ex. kunna öka flödet genom systemet genom att minska det hydrauliska motståndet,
minska risken för tilltäppning för system som använder sig utav lösningar med partiklar
och även minska mängden prov som går förlorat i ett system.
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Två olika superhydrofoba ytor undersöktes i detta arbete. Dessa framställdes i mikrokanaler som tillverkats i renrum, men även på platta referensytor för att tillåta att
tillverkningsparametrar billigt och enkelt varierades. Ytornas mikro- och nanometerstora
strukturer visualiserades genom analys med två instrument, atomkraft- och svepelektronmikroskop. Vattens beteende på de superhydrofoba ytorna undersöktes och det visade sig
att superhydrofoba ytor troligtvis lyckats framställas. Ytorna provades också i mikrofluidiksystem. Den ena ytan, som till viss grad framställdes genom att material deponerades
till ytan, lämpade sig ej. Materialtillväxten skedde snabbare än vad som noterats på
referensytorna och ledde till att mikrosystemet inte kunde slutas ordentligt och läckte.
Den andra ytan presterade bättre och en motståndssänkning noterades vid ett par mätningar. Detta var svårt att återupprepa och mätningar som inte visade en skillnad mellan
referenssystem och superhydrofoba system var vanligare. Orsaken till detta är för tillfället okänd, men den senaste teorin innefattar vatten som inte avlägsnats ordentligt under
tillverkningen av ytan.
Bättre resultat erhölls från konstruktionen som används för att täta systemen. Detta är ett
lock vars ena sida har modifierats med en av de superhydrofoba ytorna i studien. Locket
placerades över mikrokanalen för att sluta systemen, och dess position fixerades med hjälp
av magneter. Detta möjliggjorde analys av mikrokanalerna före och efter användning samt
återanvändning av locket. Tillverkningstiden blev på detta sätt minimerad. Vissa problem
noterades med locket där repor tros vara orsaken. För att öka prestandan hos locket bör
lockets design förfinas innan fortsatta studier sker.

Examensarbete 30 hp på civilingenjörsprogrammet
Teknisk fysik med materialvetenskap
Uppsala universitet, Mars 2018
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1 Introduction
Nature is a great source of inspiration for science and technology. Many modern applications mimic parts of nature with the goal to improve their performance. An example are
the magnetic levitation trains in Japan where the engineers drew inspiration from birds
to solve different problems they had with the old models of the trains. When the fast
trains traveled through tunnels they compressed the air and generated loud noises when
exiting the tunnels, something which was problematic in densely populated areas. To solve
this problem the engineers looked at nature and were inspired by the Kingfisher bird (see
figure 1.1) which can without a splash dive into the water for its pray. The redesigned
train noses, in combination with other changes (also inspired by birds), did not only yield
a quieter train but also a more fuel efficient train [1], see figure 1.2.

Figure 1.1: The kingfisher bird.
Figure 1.2: A version of the Japanse magnetic levitation
Source: https://i.pinimg.com
(Shinkansen) trains [1].
/236x/de/d0/04/ded004847f93f3d
b181cd85f519f4e51--commonkingfisher-kingfishers.jpg

Turning to nature for interesting phenomena and inspiration and then try to copy the
observed behavior is called biomimicry. The idea behind biomimicry is that nature, over
long periods of time, already have come up with effective and robust solutions to specific
problems. One famous phenomenon is the self cleaning of the lotus leaf, an ability that
has evolved as a result of the muddy environment the plant lives in. When a new leaf is
grown is rises from the muddy ground, and would without this ability remain dirty. The
ability works since the water, instead of wetting the leaf, forms non-sticking droplets on
it, see figure 1.3. When the droplets later roll of the leaf they bring along any dust or
particles present on the leaf.

1

Figure 1.3: (a) Water droplets form on the lotus leaf due to the water repellent properties of the
leaf. (b) Microstructure of the lotus leaf [2].

The self cleaning ability arises due to the microscopic structures and the waxy coating
on the leaf. The combination of the two properties make up what in science is a superhydrophobic, or less commonly a ultrahydrophobic, surface. Such functional surfaces has
been the target of many studies and can be manufactured using multiple materials and
methods [3–5].
A challenge with superhydrophobic surfaces is the fact that when, or if, water penetrates
the surface structure it will remain trapped, resulting in the loss of the superhydrophobicity. Regaining the superhydrophobicity is then done by drying the surface. However, work
by C. Lee and C. Kim have shown that it is also possible to regain the superhydrophobicity
under water [6].
By using superhydrophobic surfaces in a microssystem some of the concerns regarding
the loss the of superhydrophobic properties can be ignored. Since microsystems often are
manufactured in large quantities the reusability of the systems is not always in focus.
Microsystems offer advantages over macro scale applications. Most notably is the fact
that when systems are shrunk the area to volume ratio increase and another type of
effects start to dominate. Building systems that exploit these effects is one aspect of what
microsystems strive to do. By integrating superhydrophobic surfaces in microsystems a
large impact on the system is likely due to the increased area to volume ratio. The benefits
of using superhydrophobic surfaces in microsystems can be imagined in microsystems that
make use of liquids, i.e microfludic systems. They include systems with lower liquids losses,
reduced risk of clogging (due to the reduced liquid contact with the microchannel walls),
systems with higher flow rates due to the reduced friction of a superhydrophobic surface
and passive microvalves [7].
In this work the integration and use of superhydrophobic surfaces in microfludics systems
are investigated, where focus is put on the drag reducing properties of superhydrophobic
surfaces. The availability of the surface is in focus, where an easy fabrication process is
an requirement.

2

2 Theory
2.1 Wetting
Wetting is the phenomenon where a liquid comes in contact with a solid surface and the
energy of the system is minimized. Contributions to the systems energy come from the
potential energy from the droplet and the different surface energies. However, the magnitude of the potential energy from small droplets is, in relation to the energy contribution
from the surface energies, neglectable. Depending on affinities between the liquid and solid
surface the liquid can either be repulsed by the surface or spread out and cover it. The
phenomenon is influenced by both the chemical and structural properties of a surface, but
also the liquid itself and the surrounding atmosphere. For a liquid on a surface the total
system energy is minimized when the surface energies for the three different interfaces
(solid-gas, solid-liquid and liquid-gas) are minimized, see figure 2.1. For a perfectly flat
surface in equilibrium the static contact angle (CA) only depends on chemical interactions
and may be described by [8]:
cosθC =

γSG − γSL
γLG

(2.1)

where θC is the static CA and γSG , γSL and γLG are the surface energies for the solid-gas
(dry surface) solid-liquid (wet surface) and liquid-gas interfaces, respectively.

Figure 2.1: Sketch of a droplet in equilibrium on a perfectly flat solid surface. The surface
energies from the different interfaces and the CA are visualized.

When a liquid does not wet a surface the surface is called phobic, and when it does the
surface is called philic. Water-based liquids are of great interest since they are the most
common in biological processes. Thus, this study will focus on water as the liquid, which
for the properties are called hydrophobic and hydrophillic. The limit between the two
states is defined at a CA of 90° with water, where a higher CA imply a hydrophobic
surface. There also exist two extreme states of wetting: superhydrophobicity and superhydrophilicity. These are two states which have CAs above 150° [9] and CAs close to
0° [10], respectively. For a flat surface, where the CA only depends on the chemistry and
the liquid is water, the highest reported CA is 120° [11]. To achieve superhydrophobicity
or superhydrophilicity multiple ways of modifying the wettability have to be combined,
e.g. chemistry and micro/nano geometry.

2.2 The contact angle hysteresis
Real world surfaces are not perfectly ideally flat or entirely homogeneous. They contain
defects in the form of varying topology and surface chemistry which can act as pinning
sites for the contact line (three-phase line around the droplet) for a droplet. This has
an effect on the liquid behavior on a surface, namely that the static CA can exist in an
3

interval of angles. The limits for this interval are called the advancing and receding CAs,
and they represent the angles that have to be met for a droplets advancing and receding
front in order for it to move.
To meet the required angles the droplet deforms, see figure 2.2, where a large contact
angle hysteresis (CAH) implies that a large deformation has to take place. A droplet will
require a larger force to freely move on a surface with a large CAH, relative to a surface
with a small CAH. In other words, the interval in which the CA can exist in is called the
CAH:
H = θadv − θrec

(2.2)

where θadv and θrec are the advancing and receding CA, respectively.

Figure 2.2: Sketch of a droplet in motion on a non-ideal surface. The droplet deforms to
overcome the contact angle hysteresis.

A measured static CA is not necessarily at one of the limits, but could be somewhere inbetween. Characterizing a superhydrophobic surface also by its CAH is more meaningful
than only using a static CA.

2.3 The Cassie-Baxter model
For a drop that is not wetting the entire rough surface, but instead rests on the irregularities on the surface, see figure 2.3, the Cassie-Baxter model [12] can be used to predict
the CA:
cosθCB = −1 + ϕs (1 + cosθC )

(2.3)

where θCB is the modified CA, ϕS is the fraction of liquid that is in contact with the solid
and θC the CA from equation 2.1. The model predicts that a reduction in the liquid-solid
contact increase the CA.

4

Figure 2.3: Sketch of a droplet on a surface in the Cassie-Baxter state. The droplet rests on the
irregularities of the surface. The model predicts that a smaller solid fraction
increases the contact angle.

A droplet in the Cassie-Baxter state shows a larger CA and a smaller CAH than a droplet
in the Wenzel state. Due to the magnitude of the CAH a droplet can easily move on the
surface. The Cassie-Baxter state often is the state of a liquid when superhydrophobicity
is mentioned.

2.4 The Wenzel model
In the Wenzel model [13] a liquid completely wets a rough surface, see figure 2.4. The surface roughness increases the area in contact with the liquid which amplifies the wettability
of the surface. Robert Wenzel proposed that roughness modifies the CA via:
cosθW = rcosθC

(2.4)

where θW is the roughness-modified CA, r the roughness factor and θC the CA from
equation 2.1. The roughness factor is the ratio between the actual surface area and the
apparent surface area (see figure 2.4) and is ≥ 1. From the equation it is realized that
surface roughness can both increase and decrease the wettability of a surface. With a CA
≤ 90° roughness increase the hydrophilicity of the surface and conversely, with a CA ≥
90° roughness increase the hydrophobicity of the surface.

Figure 2.4: Sketch of a droplet on a surface in the Wenzel state. The difference between the
apparent and real area is shown.

Since a droplet in the Wenzel state completely wets the surface the droplet will require a
larger force to move, i.e. showing a larger CAH. The Wenzel state is often not thought
about as the true superhydrophobic state, despite the large CAs.

5

2.5 Stability of the superhydrophobic state
One of the challenges to overcome before integrating superhydrophobic surfaces in a microfluidic system is their sensitivity to pressure. For microfluidic applications, and fluid
flow in general, it is often pressure driving the flow. In microfluidic systems the use of
small channel dimensions amount to that small volumes of liquid pass through the system.
One way, and the simplest, to increase the throughput is to increase the pressure used to
drive the flow.
Superhydrophobic surfaces work partly by reducing the contact the liquid has with the
solid surface, effectively trapping air in its structure. When the pressure difference between
the trapped air and the liquid increase the curvature of the liquid increase, see equation 2.5.
With an increasing curvature an increase in the CA is expected, see figure 2.5. When the
pressure is sufficient for the CA to equal the advancing CA, the liquid can advance further
down in the structure. This process ultimately leads to the complete wetting of the
structure, i.e. a transition to the Wenzel state. Designing superhydrophobic surfaces with
pressure tolerance in focus is critical. The pressures required for water to penetrate a few
differently sized gaps in a hydrophobic material have been calculated and are presented in
table 2.1.
∆P = Pliquid − Pair =

2γ
R

(2.5)

Table 2.1: Required pressures for water to penetrate differently sized gaps in a hydrophobic material. Calculated with equation 2.5 and converted to meter water with conversion
factors [14].

(a)

Opening size [µm]

0.1

1

50

Pressure [bar]

29

3

0.06

Water column height [m]

297

30

0.61

(b)

(c)

(d)

Figure 2.5: Sketch of the wetting process for a surface with a spacing, w, between the surface
features. (a) Liquid on a surface. (b) The pressure is increased and also the contact
angle and radius of the liquid. The liquid starts to advance down into the structure.
(c) The compression of the trapped air decreases the pressure difference between the
liquid and air. The liquid can not advance further into the structure unless the
liquid pressure increases. (d) Fully wetted surface.

However, when the liquid penetrates the structure the pressure of the air increases. In the
perfect case when the air remains trapped, if the air volume is reduced by a factor the
pressure of the air should increase by the same factor (Boyle’s law), see equation 2.6. The
compressed air is expected to slow down transition to the Wenzel state if, and only if, the
6

air remains trapped. Over time though, the pressure of the trapped air will drop due to
diffusion over the gas-liquid barrier.
P ∝

1
V

(2.6)

To slow down the transition to Wenzel state for a structure superhydrophobic surfaces can
be used. By modifying the side walls of the structure the curvature of the liquid meniscus
has to increase until the advancing CA is met [15], i.e. the pressure required to wet the
structure is increased. Equation 2.5 can be rewritten to [16]:
∆P = Pliquid − Pair = −

2γcosθA
w

(2.7)

where ∆P is the pressure difference, γ the surface tension of the liquid, θA the advancing
CA and w the spacing between the features in the surface. The use of superhydrophobic
nano surfaces can be expected to increase the transition pressure for micro structures.
To allow the radius of the liquid to fully develop, the depth of the structure should at least
be half of the spacing between the details, see equation 2.5. Without a sufficient depth an
early transition to the Wenzel state might occur when the curvature of the liquid reaches
the bottom of the structure.

2.6 Hydrodynamic resistance
For microfluidic applications the ratio between the perimeter and the cross section of
a channel is larger than for applications on a macro level. The resistance experienced
from the channel walls has a greater impact on the system. For a microchannel with a
rectangular cross section an approximate expression for the resistance is given by [17]:
R≈

wh3 (1

12µL
− 0.630h/w)

if w > h

(2.8)

where R is the hydrodynamic resistance, µ is the dynamic viscosity of the liquid, L the
length of the channel, w the width of the channel and h the height of the channel. From
the equation it can be seen that a square cross section results in the highest hydrodynamic
resistance, but then quickly declines with increasing channel width. The scaling behavior
of the resistance is shown in figure 2.6.
To push a liquid through a channel with a desirable flow rate, Q̇, a sufficient pressure has
to be applied, see equation 2.9. From the equation it can be seen that a reduction of the
hydrodynamic resistance should allow for an increased flow rate for a given pressure.
∆P = Q̇R

7

(2.9)

Figure 2.6: The hydrodynamic resistance as a function of the width/height channel ratio.
Calculated with equation 2.8.

2.7 Slip length
In microchannels the liquid closest to the wall is considered to be stationary, i.e. the
slip length is zero, see figure 2.7. For many applications this is a valid simplification
since the slip length is at the nanometer scale, which in relation to the dimensions of the
application is insignificant. It is possible to control the magnitude of the slip length by
carefully structuring a surface [18,19]. For microfluidic applications, which utilize channels
with dimensions on the micrometer scale, controlling the slip length could be of interest.
The effect arises due to the air present in the structure, which reduces the friction from
the solid surface. In the ideal case, where a liquid fully rests on a layer of gas, the slip
length can be expressed by [20]:
δ = b(µl /µg − 1)

(2.10)

where δ is the magnitude of the slip length, b the thickness of the gas layer, µl , µg the
dynamic viscosities of the liquid and gas, respectively. For water and air the difference in
dynamic viscosities is large and the equation, for a 1 µm thick air layer, predicts a slip
length of approximately 54 µm [19].
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Figure 2.7: Sketch of a system where one of the walls is a slip surface. U(y) is the velocity
profile and δ is the slip length.

In non-ideal cases the liquid has contact with a solid surface, which increases the friction
for the liquid. To lower the friction (increase the slip length) patterns which aim to lower
the solid-liquid contact are often used. Patterns of grates and pillars are common, see
figure 3.2. The slip length can be related to the surface parameters and is for the pillar
pattern given by [15]:
(
δ=L

)
a
√
+b
1 − ϕg

(2.11)

and for grates [15]:
[
(
)]
πϕg
L
δ = − ln cos
π
2

(2.12)

where δ is the slip length, L the spacing between the centers of two adjacent elements
and ϕg the gas fraction. The scaling coefficients, a and b, can be determined by numerical
fitting to experimental data. Equations 2.11 and 2.12 indicate that the slip length increases
exponentially with the gas fraction and linearly with pitch.
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3 Channel design
To investigate the effect of superhydrophobic channel walls in a microfluidic system a
simple channel design is sufficient and preferred. A design where the channels had the
same length and depth was chosen. The only parameter that was varied was the width.
Using a simple design allowed the hydrodynamic resistance, in theory, to only depend on
the channel width, see equation 2.8. The channel dimensions are presented in table 3.1. To
ease the alignment, and reduce the scratch risk, between the reusable lid (see section 4.1.3)
and substrate with the channel the ends of the microchannels were circle shaped, see
figure 3.1.

Figure 3.1: Sketch of the used microchannel design.

Table 3.1: Widths for the channels used in this study. All channels were 3 cm long and approximately 50 µm deep. A relative hydrodynamic resistance between the channels
(calculated with equation 2.8) is presented.
Width [µm]
Relative resistance

200

150

100

50

1

1.4

2.5

9.1

3.1 Patterning of the channel walls
To further decrease the liquid-solid contact the walls in the microchannel can be patterned.
To maximize the area reduction, and at the same time have a structure that is tolerant to
pressure, small distances between the details should be used, see equation 2.7. Two types
of patterns that can be fabricated by dry etching were chosen. The patterns are a grate
and square pillar pattern, see figure 3.2. The area reduction can be quantified, and is for
the grate pattern given by:
rA = 1 −

w
w+s

(3.1)

where rA is the reduction of area factor, w is the width of the grate and s the spacing
between adjacent grates.
To maximize the pressure tolerance of this structure the spacing between elements should
be as small as possible (see equation 2.7), where a lower limit is given by the resolution of
the lithographic mask used in the fabrication process. At the same time the area reduction
has to be maximized. The width of the grate should be as small as possible and again is
given by the resolution of the lithographic mask. Given the restrictions for the width and
spacing for the pattern (w = s), it is realized that an area reduction of 50% is achieved by
this pattern. The lithographic mask used in this work offered a resolution of 10 µm. For
water to penetrate an opening of this size a pressure of approximately 0.3 bar (corresponds
to a water column of approximately 3 m [14]) is required, see equation 2.5.
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For a square pillar pattern the area reduction is given by
rA = 1 −

w2
(w + s)2

(3.2)

where rA is the reduction of area factor, w the side length of the square pillar element and
s the spacing between adjacent pillar elements. The arguments for the width and spacing
used for the grate pattern hold for this type pattern. The area reduction for this pattern
is 75%.

(a) Grate design.

(b) Combined grate and pillar
design.

Figure 3.2: Two liquid-solid contact reducing patterns.

The square pillar pattern is superior to the other when it comes to area reduction. However, the grate pattern can be applied on the side walls using standard fabrications methods
whereas the square pillar pattern can not. Combining the two patterns decreases the total area of the entire channel. The total area reduction for a 50 µm deep channel with
patterned bottom and side walls and varying width is plotted in figure 3.3.
Another third option, very similar to the square pillar pattern, exist. By inverting the
square pillar pattern, a pattern with individual wells where the air could be trapped would
be created, see figure 2.5. The drawback with this pattern is the smaller area reduction,
which for this pattern only is a 1/9. The advantage could be a structure which has a
higher tolerance to pressure.
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Figure 3.3: Reduction of the liquid-solid contact in a 50 µm deep channel with varying width.
The bottom and side walls have been patterned with liquid-solid contact reducing
patterns. The red line represents a channel with the grate pattern, see figure 3.2(a),
and the blue line a channel with the combined pillar and grate pattern, see
figure 3.2(b). Calculated with equations 3.1 and 3.2.

For the side walls of the channel the pattern has to be deep enough, see section 2.5. The
grates were designed to have a height of 15 µm and a spacing of 10 µm. To maxmimze
the reduction of the solid-liquid contact the width of the grates and square pillars were
choosen to be 10 µm.
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4 Experimental
To investigate the impact of superhydrophobic surfaces in a microfluidic system straight,
patterned channels were manufactured on silicon wafers. The impact was evaluated by
comparing superhydrophobic systems against systems manufactured in polydimethylsiloxane (PDMS). Two copies of each variant of the microfluidic channel described in section 3
were manufactured, see table 4.1. The microfluidic channels were then subsequently modified with one of the two superhydrophobic surfaces described in section 4.2.
Table 4.1: Summary of the created microfluidic systems. Two copies of each system were created. ”Al” is the superhydrophobic surface described in section 4.2.2 and ”AlZn” in
section 4.2.3. The design of the channels is described in section 3.
200

150

100

50

Straight PDMS

✓

✓

✓

✓

Straight Al

✓

✓

✓

✓

Straight AlZn

✓

✓

✓

✓

Patterned Al

✓

✓

✓

✓

Patterned AlZn

✓

✓

✓

✓

Channel width [µm]

4.1 Manufacturing
4.1.1 Channels
The manufacturing of the microchannels took place in the Microstructure Laboratory at
The Ångström Laboratory at Uppsala University. Three types of channels were manufactured in silicon wafers: patterned channels, regular channels and regular channels to
be used as molds for the PDMS channels. The lithographic masks were purchased from
Fineline Imaging (http://fineline-imaging.com) and offered a resolution of 10 µm.
Regrettably, ink dots were present in the lithographic mask and the photoresist had to be
overexposed to properly transfer the pattern. To create the patterned microchannels two
lithographic mask were used, one with the straight channel and one with the pillar and
grate pattern.
The manufacturing started with silicon wafers that were cleaned in RCA. A 300 nm thick
layer of silicon oxide was then grown on the wafer followed by the spin coating of a 1 µm
thick layer of photoresist (s1813). The photoresist was soft baked for 2 minutes at 100 ◦C
and subsequently exposed to UV-light for 5.5 seconds to transfer the straight channel
pattern and then developed for 1 minute. To transfer the pattern to the silicon oxide layer
the wafer was put in a solution of buffered hydrogen fluoride (HF). The pillar and grate
pattern was then transfered to another layer of photoresist created in the same manner
explained above.
Before dry etching, the photoresist layer was hard baked for 5 minutes at 115 ◦C. The
channels were then dry etched by using Deep Reactive-Ion Etching (DRIE). To achieve the
desired depth the etching was done in two steps to verify the etch rate of the machine. The
layer of photoresist was removed by submerging the wafer into a acetone bath followed by
a rinse in isopropyl alcohol. Finally to complete the channel, DRIE was performed again
using the mask in the silicon oxide.
To create the regular channels a simplified version of the method described above was
followed. When working with a single pattern there is no need to transfer the pattern to
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a layer of silicon oxide. The step where the silicon oxide layer was grown could also be
skipped.
The PDMS channels were created from a silicon master with the channels. The duplicated
channels were approximatively 2 µm deeper than the superhydrophobic microchannels to
compensate for the particles that were going to be used as spacers, see section 4.1.3. The
PDMS was then cast onto the silicon master to create an inverted mold, which then was
used as the mold to cast the PDMS microchannels. The finished PDMS channels were then
attached to microscope glass slides by firstly activating the PDMS surface with plasma.
Finally, before sputtering the desired thicknesses of aluminium, see section 4.2, the channels were cleaned with plasma. Using plasma activates the surface and increased the
adhesion between the substrate and sputtered metals.

4.1.2 Reference surfaces
The superhydrophobic surfaces were first created on microscope glass slides to allow for the
evaluation of the superhydrophobicity. Using glass slides kept the cost down and allowed
for a way to investigate the influence of multiple parameters during the fabrication of the
superhydrophobic surfaces.
The slides were cleaned in acetone followed by a rinse in isopropyl alcohol. Depending on
which superhydrophobic surface that was created, different aluminium thicknesses were
sputtered. Thereafter the process to create the superhydrophobic surface was followed,
see section 4.2.

4.1.3 Reusable lid
To simplify the manufacturing process, a reusable lid for the superhydrophobic channels
was designed. Using a reusable lid reduces both the complexity and time required for
the manufacturing process, but also allows for the inspection of the channels after fluid
has flown through them. One danger with this approach is the potential for scratches in
the superhydrophobic surfaces. However, the functional surfaces inside the channels are
protected by the channel itself, and should not be in danger.

Figure 4.1: Water droplets containing particles with a diameter of 2 µm were placed around the
channel in an attempt to reduce the solid-solid contact between the channel chip and
the reusable lid.

The only functional surface in danger is the surface on the lid. To lower the risk of scratches
a solution consisting of 2 µm particles and water at a concentration of approximatively
200 particles per µl was dispensed around the channel, see figure 4.1. The surface around
the channel was at this point superhydrophobic and ethanol was added to the solution to
lower the surface tension of the solution, and allow droplets of the solution to penetrate
14

the surface and stay put. The droplets were then left to evaporate on a hot plate for a
few seconds.
With the particles in place a separation of the same magnitude as the particle size between
the surfaces is expected, and a larger microchannel. For water to penetrate the gap
between the separated surfaces a pressure of approximatively 1.46 bar, see equation 2.5,
is required.

Figure 4.2: Cross section sketch of an assembled microfluidic chip.

The lids were created by using microscope glass slides with manually drilled holes with
a spacing that matched the length of the channels. One side of the glass slide was then
subsequently modified with the superhydrophobic surface described in section 4.2.2. On
the glass slide (above the drilled holes and not on the superhydrophobic side) segments
of PDMS were glued to the glass slide to allow for easy connection of the tubing. Unsure
if the coating had coated the backside of the glass slide (through the drilled holes), the
glued area was lightly scratched with a paper to remove any coating to allow for the glue
to properly adhere. To assemble the chip the surfaces were clamped together by magnets,
see figures 4.2 and 4.3.

Figure 4.3: Example image of an assembled chip. See figure 4.2 for details.

4.2 Selection of superhydrophobic surfaces
When deciding which surfaces to work with the following parameters were considered:
- Applicability in microchannels
A microchannel have multiple channel walls. Depending on the goal of a project all, one
or an amount in-between might be turned superhydrophobic. In this work the reduction
of the channel resistance was one of the goals. A method that modifies all walls in the
microchannel with a superhydrophobic surface was desired.
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- Roughness scale
The scale of the roughness of the surface is one of the limiting factors regarding pressure
tolerance of superhydrophobic surfaces. The roughness should be fine and have a sufficient
depth to maximize the pressure tolerance.
- Complexity of the fabrication
By minimizing the complexity of the fabrication the chance of someone adopting it for their
own work is greater. Superhydrohobic surfaces with an easy fabrication was prioritized.
- Mechanical robustness
The pressure tolerance desired of the superhydrophobic surfaces imply that they should
withstand stresses well. Choosing superhydrophobic surfaces that are made of strong
materials and structure are important.

4.2.1 The making of a superhydrophobic surface
The process of creating a superhydrophobic surface can often be split into two parts. The
first part is when the roughness is generated on the surface - the surface transformation.
The second part is when a material with low surface energy is deposited onto the surface
to achieve superhydrophobicity - the functionalization part.

4.2.2 Boiling aluminium
Nano roughness can be generated in sheets of aluminium by boiling the metal in water
[21, 22]. The surface was chosen since nanoscale structures should offer a high tolerance
to pressure. Earlier unpublished work by Javier Cruz also indicated that a transparent
superhydrophobic surface could be achieved by using thin aluminium layers. Furthermore,
the fabrication process was fast and only requires work with hot water. A drawback was
the need for a dry etcher to depoist the functionalization material.
To fabricate the superhydrophobic surface layers of 200 nm thick aluminium on either glass
or silicon substrates were sputtered, with the exception of the reusable lid which used a 100
nm thick layer of aluminium to allow the surface to become transparent. The substrates
were put into a bath of 95 ◦C deionized water and left there for either 3, 5 or 10 minutes
and then allowed to cool down in the air for 30 seconds followed by a rinse in deionized
water. After the rinse the substrates were allowed to air dry. The functionalization of the
surfaces was performed in a dry etcher where a modified machine recipe, where only the
protective coating from the Bosch process is deposited, was used. The protective coating
(a teflon-like material) was deposited with the parameters presented in table 4.2.
Table 4.2: Machine parameters used during the deposition of a teflon-like material.
S4 F8 flow

30

[sccm]

SF6 flow
Ar flow
Deposition time
Chamber pressure
Plasma power
Plasma bias

0.5
30
9
22
900
1

[sccm]
[sccm]
[sec]
[mtorr]
[W]
[V]

This surface is from now on referred to as ”Al”.
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4.2.3 Solution treated aluminium
In work done by W. Li et al. [23] micro- and nanoscale hierarchical structures were grown on
aluminium substrates. A superhydrophobic and iceophobic surface was then subsequently
achieved by immersing the aluminium substrates in a solution of stearic acid. The surface
was able to withstand multiple thaw cycles (ice was grown on and then spun off the surface)
without loosing its superhydrophobicity.
The surface was chosen because the mechanical strength of the surface structure was
believed to be high. To fabricate the surface different solutions which the surface immersed
in was used. By using a solution to functionalize the surfaces, it was thought that better
deposition of the functionalization material on parts of the dry etched structures was
possible.
To fabricate the superhydrophobic surface layers of 380 nm thick aluminium on either glass
or silicon substrates were used. The aluminium surface was firstly rinsed in isopropyl
alcohol followed by a rinse in deionized water. Then, the surface was submerged in a
solution of 100 mL deionized water and 0.00125 mol Zn(CH3 COO)2 ·H2 O. To properly
mix the solution a magnetic stirrer was used. Ammonia was then added to the solution
until a 1.25:1 concentration of ammonia/Zn2+ was acquired. The aluminium surface was
vertically kept in the solution for 3 h in an oven at 60 ◦C and was then taken out and rinsed
in deionized water. After the surface had dried in the air it was put in the functionalization
solution which consisted of ethanol and 5 mM stearic acid for 4 h. Finally, to finish the
surface it was was rinsed in ethanol and left to air dry.
This surface is from now on referred to as ”AlZn”.

4.3 Surface characterization
4.3.1 The contact angle and the contact angle hysteresis
The CA and CAH were measured by using a camera setup, see table 4.3. Droplets with a
volume of 10 µl were used during the measurements. To control the size of the dispensed
droplets an Eppendorf research 0.5-10 µl micropipette was used.
Table 4.3: Equipment details regarding the camera setup used for contact angle and contact angle
hysteresis measurments.
Camera Canon EOS 6D
Lens
Canon EF 100 mm f/2.8L Macro IS USM
Filter
Kenko PRO1D UV (W) 67 mm
Tripod
Velbon Sherpa 638N

To control the orientation of the superhydrophobic surface during the CA measurements,
a flat surface with three screws as legs was used. The pitch and roll of this surface was
manipulated via screw nuts attached to the screws and allowed for a horizontal surface.
For the CAH measurements the surfaces were placed at an angle so that the droplet
rolled. The resolution of the camera was lowered in order to increase the amount of
frames captured per second during video recording. Individual frames from the video
recordings were later extracted from the video and analyzed.
Image analysis was performed with the open source software ImageJ [24].

17

4.3.2 Scanning Electron Microscopy (SEM)
This microscopy technique works by scattering a focused beam of electrons against a
sample. The electrons interact with the sample and a variety of electrons with different
characteristic are generated. By using a detector that collects an electron with a specific
characteristic an image that reveal a specific type of information about the surface can be
generated.
Using scanning electron microscopy (SEM) allowed for the visualization of the micro/nanostructures of the analyzed superhydrophobic surfaces. The instruments used were
a Zeiss LEO 1550 and a Zeiss LEO 1530. A 3 kV acceleration voltage and a working
distance around 3 mm was used. The lowest aperture size available was used to reduce the
charge build up that can occur in samples with a low electrical conductivity. Countering
charge build up in the sample is vital to reach high magnifications, otherwise a blurry
image would be generated due to image drifting. To increase the electrical conductivity a
SC7640 sputter coater was used to deposit a 4-8 nm thick layer of gold on some samples.
The smallest aperture sizes was 10 µm for the Zeiss LEO 1550 and 7.5 µm for the Zeiss
LEO 1530. These settings were recommend by an experienced user.

4.3.3 Atomic Force Microscopy (AFM)
Atomic force microscopy is a type of scanning probe microscopy where a cantilever with
a very fine tip is dragged closely over a surface. Interactions between the tip and surface
affects the curvature of the beam. To capture the change in the beams curvature a laser
is reflected of the backside of the beam. The varying laser intensity can then be related
to the topography of the analyzed sample.
The instrument used was a PSIA XE150 SPM/AFM in non-contact mode. The depth
information achieved with the instrument was used in combination with the SEM images
to form a more complete 3D understanding of the surfaces.

4.4 Resistance reduction
The hydrodynamic resistance of a microfluidic system is directly related to the driving
pressure and flow rate in a microfluidic system, see equation 2.9. By comparing the
output volumes (under constant pressure) between two systems, one with and one without
superhydrophobic channel walls, any change of the hydrodynamic resistance should be
visible as a difference in output.
The test setup consisted of a stand with a mountable water reservoir. The water reservoirs
height relative to the microchannel could be varied and also the pressure driving the
fluid flow. To connect the water reservoir to the microchannels polyethylene tubing from
Intramedic Clay Adams with an inner diameter of 0.38 mm was used. By using a tubing
with a large diameter, in relation to the dimensions of the microchannels, any extra added
resistance from the tubing is minimized.
During a typical measurement water was collected for 5 minutes. The throughput of the
microchannels were in the range of microliters per minute. The output volumes were
weighed and then later converted to a flow rate. To properly reset the setup, when
switching the analyzed channel, water was always allowed to flow for a few minutes to get
rid of any trapped air bubbles. The water reservoir was also refilled before beginning a
new measurement.
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5 Results
5.1 CA and CAH
CA and CAH measurements were performed on three Al surfaces with different surface
transformation times and one AlZn surface. All presented CAs (see figure 5.1) are averaged
over eight measurements and the CAHs (see figure 5.2) values are averaged over four
measurements. A summary is presented in table 5.1.
Table 5.1: Summary of the contact angle (see figure 5.1) and contact angle hysteresis (see
figure 5.2) measurements.
Sample

Al 3 min

Al 5 min

Al 10 min

AlZn

Contact angle [deg]
Contact angle
hysteresis [deg]

151 ± 1

154 ± 2

153 ± 2

154 ± 2

10 ± 3

5±4

6±2

6±4

Figure 5.1: The contact angles of the analyzed superhydrophobic surfaces.
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Figure 5.2: The advancing and receding contact angles of the analyzed superhydrophobic
surfaces.

(a) Al 3 min.

(b) Al 5 min.

(c) Al 10 min.

(d) AlZn

Figure 5.3: Example images from the contact angle measurements of the analyzed
superhydrophobic surfaces.
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5.2 SEM
SEM images were taken of reference superhydrophobic surfaces and microchannels with
superhydrophobic surfaces, see figures 5.4-5.15.

(a)

(b)
Figure 5.4: SEM images of a boiled aluminium reference surface at different magnifications.
The surface was boiled for 3 minutes and then functionalized. To lower image
drifting the surface was sputter coated with a 4-8 nm thick layer of gold. (a) Shows
the area in a lower magnification and (b) in a higher magnification.
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Figure 5.5: SEM image of a boiled aluminium reference surface. The surface was boiled for 5
minutes and then functionalized. To lower image drifting the surface was sputter
coated with a 4-8 nm thick layer of gold.

Figure 5.6: SEM image of a boiled aluminium reference surface. The surface was boiled for 10
minutes and then functionalized. To lower image drifting the surface was sputter
coated with a 4-8 nm thick layer of gold.
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Figure 5.7: SEM image of a solution treated aluminium reference surface. The surface was kept
in the solution for 3 hours and then functionalized for 4 hours. To lower image
drifting the surface was sputter coated with a 4-8 nm thick layer of gold.
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(a)

(b)
Figure 5.8: SEM image of a solution treated aluminium reference surface at different
magnifications. The surface was kept in the solution for 3 hours and then
functionalized for 4 hours. To lower image drifting the surface was sputter coated
with a 4-8 nm thick layer of gold. (a) Shows the area in a lower magnification and
(b) in a higher magnification.
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(a) The bottom and one side wall.

(b) Close-up view of a badly developed pillar.
Figure 5.9: SEM images of a 100 µm wide microfluidic channel with patterned channel walls.
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(a) Top-view.

(b) Side-view.
Figure 5.10: SEM images of a pillar structure with the superhydrophobic ”Al” surface from two
different angles.

26

(a) Side wall of a microfluidic channel.

(b) Close-up of a rough area on a side wall. An area without the nano
structure is visible.
Figure 5.11: SEM images of the superhydrophobic ”Al” surface on a side wall of a
microchannel. The superhydrophobic surface seems to not have covered the dry
etched surfaces completely.
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(a)

(b)
Figure 5.12: SEM images of the superhydrophobic ”AlZn” surface in a 200 µm wide
microfluidic channel. The sample was kept in the solution for 3 hours and then
functionalized for 4 hours. The growth of the surface seems to have reduced the
width of the channel. (a) Shows the area in a lower magnification and (b) the
bottom of the microchannel in a higher magnification.
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(a)

(b)
Figure 5.13: SEM images of the superhydrophobic ”AlZn” surface in a patterned 50 µm wide
microfluidic channel. The sample was kept in the solution for 3 hours and then
functionalized for 4 hours. The growth of the surface seems to have clogged the
channel. (a) Shows the area in a lower magnification and (b) in a higher
magnification.
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Figure 5.14: SEM image of the superhydrophobic ”AlZn” surface in a patterned 100 µm wide
microfluidic channel. The sample was kept in the solution for 3 hours and then
functionalized for 4 hours. The growth of the surface seems to have reduced the
width of the channel.

Figure 5.15: SEM image of the superhydrophobic ”AlZn” surface in a 100 µm wide microfluidic
channel. The sample was kept in the solution for 3 hours and then functionalized
for 4 hours. The growth of the surface seems to have reduced the width of the
channel.
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5.3 AFM
AFM images were taken of reference superhydrophobic surfaces, see figure 5.16. Problems
were experienced during imaging, see section 6.1.

Figure 5.16: AFM image of a boiled aluminium reference surface. The surface was boiled for 3
minutes and then functionalized. A thin gold layer (4-8 nm) has been sputter
coated on to the surface.

Figure 5.17: AFM image of a boiled aluminium reference surface. The surface was boiled for 5
minutes and then functionalized. A thin gold layer (4-8 nm) has been sputter
coated on to the surface.
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Figure 5.18: AFM image of a boiled aluminium reference surface. The surface was boiled for 10
minutes and then functionalized. A thin gold layer (4-8 nm) has been sputter
coated on to the surface.

Figure 5.19: SEM image of a solution treated aluminium reference surface. The surface was
kept in the solution for 3 hours and then functionalized for 4 hours. A thin gold
layer (4-8 nm) has been sputter coated on to the surface.
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5.4 Resistance reduction
During the flow rate measurements water was collected for 5 minutes per run with a water
column of 0.95 m driving the flow. Each presented value is averaged over 3 measurements,
see figure 5.20. A summary is presented in table 5.2. The theoretical flow rates were
calculated for microchannels with a depth of 50 µm.

Figure 5.20: Flow rates for different types of microfludic channels with increasing width. The
presented values are averaged over 3 measurements. Blue represents the theoretical
flow rates for 50 µm deep microchannels. Red and yellow are the measured flow
rates for the reference and the superhydrophobic channels, respectively. Gray are
hard to reproduce measurements from superhydrophobic microchannels were an
increased flow rate was noticed.

Table 5.2: Summary of the resistance reduction measurements, see figure 5.20. Presented as a
relative factor change.
Channel width [µm]
Al anomlay vs PDMS
Al vs PDMS

50

100

150

200

-

1.65

1.67

-

0.56

0.66

1.03

1.07
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6 Discussion
6.1 Surface choices
6.1.1 Al
The superhydrophobic surface shows nano roughness, which seems to be uniformly created over large flat areas, see figure 5.4(a). The surface also seems to cover the dry etched
structures well, where the nanostructure is present wherever aluminium has been sputtered, see figure 5.10 and 5.11(b). It is believed that the nanostructure is not present
on the undersides of the dry etched arcs. But since the functionalization material, see
section 4.2.2, is deposited in an isotropic way due to the low bias used during deposition
(machine actually reported 0 V), the areas are likely to be least hydrophobic.
The depth of the nanostructure is not certain. Earlier imaging showed a height difference
between 60-80 nm in a sample that was boiled for 1 minute, see figure A.3. When AFM
imaging was performed on the properly prepared samples the nanostructure could not be
seen, see figures 5.16-5.18. The reason for the bad AFM images has not been confirmed.
The differences between the samples are the used transformation times, the thickness of
the aluminium layer (30 nm instead of 200) and the fact that the eariler sample was not
functionalized. From the SEM images the surfaces look similar and no large difference in
either depth or shape can be seen, see figures 5.4(b) and A.2. The difference in completed
fabrication steps and transformation time is not thought to be the source to the problem.
Even help from an experienced user did not help to produce images with more details.
During discussions with Klas Hjort he suggested that vibrations might have been the cause
to the problems. Due to time constraints this was never investigated. Any excess water
on the surfaces was also removed before imaging by placing the samples on a hot plate for
a few minutes. Unfortunately, this did not seem to have an impact on the image quality.
The idea that the samples would change with time is also seen as unlikely. Between SEM
and AFM imaging approximately two weeks passed for both the older 30 nm sample and
the proper samples, where the SEM images were taken first.
Thin layers of aluminium can be used, where the thinnest (100 nm) in this work was used
on the reusable lids to allow the superhydrophobic surface to turn transparent. By using
thin layers the underlying dry etched structure can be saved which can be beneficial for
some applications. For applications where the microchannel resistance is minimzed, the
structure could act as a liquid-solid contact reducing pattern.
A drawback with the otherwise easy-to-create superhydrophobic surface is the functionalization step where a modified machine program for a dry etcher is used, see section 4.2.2.
To increase the availability of the superhydrophobic surface a replacement for the functionalization step should be found. In one of the papers where the superhydrophobic
surface was investigated 1H,1H,2H,2H-perfluorodecyltrimethoxysilane (FAS-17) was used
as the functionalization material [21]. Unfortunately, no success was achieved when trying
to deposit the material by vapor deposition. However, parallel work by Javier Cruz found
that by oxidizing the surfaces further (submerging them in water for hours followed by
drying at high temperatures) seemed to allow the material to properly coat the surface.
Finally, no major differences could be seen between the different transformation times, see
figures 5.1-5.2 and figures 5.4-5.6. A 3 minute transformation time was used to generate
the nanostructure in the microchannels.

34

6.1.2 AlZn
The fabrication of the superhydrophobic AlZn surface was problematic. In order to properly develop the micro-/nanostructure on the reference surfaces a sufficient transformation
time had to be used. A too long transformation time was found to produce uneven surfaces
where regions of the reference substrate was visible. This was found to likely be caused
by the solution penetrating through the aluminium layer and then starting to delaminate
the aluminium from the substrate, see figure 5.8. A too short transformation time instead
resulted in the micro-/nanostructure to not develop fully, i.e. regions with and without
superhydrophobic properties. To properly compare the superhydrophobic surfaces in the
microchannels the aluminium layer could not be too thick since the channel resistance
scales with the cube, see equation 2.8. By using a aluminium layer with a thickness of 380
nm, it seems like a maximum height variation of approximately 500 nm was achieved, see
figure 5.19. Getting a larger height variation than the thickness of the used aluminium
layer is possible due to material being deposited to the surface during the surface transformation step. A larger height variation is believed to be beneficial to achieve a larger
slip length, i.e. a larger resistance reduction.
When the superhydrophobic surface later was generated in the microchannels it was found
that the crystal growth rate was highest at edges, see figures 5.12-5.15. The size of the
grown crystals in the microchannels (figure 5.12) where significantly larger than those
on the reference surfaces (figure 5.7). An likely explanation for this is the increased
number of nucleation sites for the crystal growth to start at, which result in crystals
growing together to form larger crystals. The micro-/nanoroughness on the bottom of
the channels (figure 5.12(b)) seem to be comparable to the reference surfaces (figure 5.7).
The preferential crystal growth at edges in the microchannels later led to problems during
resistance reduction measurements where the crystals separated the surfaces to much. No
resistance reduction measurements were performed in these microchannels.
Growing crystals in dry etched microchannels can not be recommended. Better results
might be achieved by using a lithographic mask with higher resolution to get more well
defined edges for the microchannels. To further lower the number of nucleation sites the
microchannels could be wet etched.

6.2 Reusable lid
The reusable lids are believed to have performed well. An indicator on when the nanostructure had been broken was noticed. After resistance measurements the surfaces were
sometimes sticking together even though the magnets were removed. This is likely an indicator on water being trapped between the surfaces, which indicate that the nanostructure
had partly been destroyed, i.e lost its superhydrophobicity in regions. The reason for the
breaking of the nanostructure could have been the manual alignment of the lid, which
sometimes required small readjustments after the surfaces had been locked together.
Another possible explanation of the loss of the superhydrophobicity is the bending of the
reusable lid itself. Since a separation of approximately 2 µm is expected from the particles
any force (the magnets) used to bring the surfaces together is going to induce a bending
momentum. Since the separation is small, the surfaces might have come in contact and
broken the nanostructure. With this explanation the nanostructure directly above the
channel should not be affected. But since the reusable lid is reused between multiple
microchannels its position relative to the microchannel is never exactly the same. Any
generated scratches in the lid likely affects the performance of the lid.
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Figure 6.1: Proposed design for a reusable lid. The part of the superhydrophobic surface that
seals the microfluidic system is protected by the geometry in the design.

The assembled chips never leaked because of the scratched surfaces, but only during measurements on the AlZn channels, where the large crystals likely increased the separation
between the surfaces, water leaked. Using superhydrophobic lids to create microfluidic
systems that can be disassembled is a possible application that uses superhydrophobic
surfaces. Better performance and a longer lifetime could probably be expected from a
device with a more refined design. A suggestion can be seen in figure 6.1 where a larger
microchannel in the reusable lid surrounds the channel. By micromachining the reusable
lid a thicker substrate (compared to a microscope glass slide) would likely be used. The
bending experienced from any mechanism that lock the surface together by a force would
likely be lowered.
By using a reusable lid for microchannels the need to bond together two substrates to
create a closed microchannel disappear. This would simplify the manufacturing process
for systems and potentiality allow for manufacturing steps that could not otherwise be
performed due to the need for bonding. The component would likely only be suitable for
low pressure applications.

6.3 Manufacturing
The used lithographic mask had visible dots of ink which resulted in the need to overexpose the photoresist to get rid of the dots. The result of the low quality lithographic
mask is visible in both the microchannel walls and the pillar and grate patterned microchannels. A wavy shape can be seen in the side walls which likely is the reason for the
poorly developed channel walls, where the part closest to the substrate surface developed
particularly bad. The irregular channel walls are not believed to have impacted the result
of the superhydrophobic microchannels since the nano structures seem to have developed
almost everywhere, see figure 5.11.
Furthermore, perfect pillars can not be expected either because of way they were transfered
down to the bottom of the channel, see section 4.1.1. A higher quality lithographic mask
would likely remove the risk of some of artifacts visible in the pillars. For example, a hole
likely the result of the ink dots in the lithographic mask, can be seen in one of the pillars,
see figure 5.9(b).

6.4 Patterning of the channel walls
The pillars on the channel bottom did not develop good, see figure 5.9. The dimensions
of the pillars were smaller than designed, which in combination with the varying height of
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the pillars increase their effective distance further. A larger effective distance amount to
that a lower pressure is required for the water to penetrate the structure. In combination
with the inferior height of the pillars, the water meniscus likely comes in contact with
the bottom of the channel before it advances down the side of the pillar. To transfer a
pattern to the bottom of a microchannel by doing DRIE multiple times using different
lithographic masks each time likely makes the manufacturing too complex and sensitive
to errors.
However, the patterning of the side walls turned out well. The only visible flaw is closets
to the substrate surface and is likely a result of the pattern transfer to the bottom of the
microchannel, see figure 5.9(b). By only patterning the side walls of a microchannel the
need to use multiple lithographic masks disappear. The flaws discussed above would likely
not appear if DRIE would only be performed once. By only using one lithographic mask
the complexity of the manufacturing process is, relative to a regular channel, unchanged.
The drawback is the lower reduction of solid-liquid contact. By modifying the DRIE
recipe the radius of the ”half moons” can be increased. This would further decrease the
liquid-solid contact on the side walls and create a pattern that resembles a pillar pattern.
Further work where the effects of patterned channel walls are investigated is possible.
Patterns should probably only be applied to the side walls of the microchannel, at least
to begin with. The shape of the pattern could be modified whereas the cross section is
for example triangular instead of rectangular. To allow for this a lithographic mask with
a higher resolution should likely be used.

6.5 CA and CAH measurements
The uncertainty in the CA and CAH measurements is high, see table 5.1. This is believed
to be caused by the unproper camera lens used for the imaging. A lens with a higher focal
depth would avoid the blurry effects from the edge of the surfaces, see figure 5.3(d). To
minimize the impact of the blur the droplets were always placed as close to the edge of the
surface as possible – something that was not always easy due to the superhydrophobicity
of the surfaces.
Furthermore, a large portion of the images did not contain the droplet, but instead a lot
of background due to the low magnification of the lens. Using a lens that is designed to
photograph small details, and not a macro lens (see table 4.3), would likely increase the
resolution of the interface between the droplet and surface and lower the uncertainty in
the measurements.
To capture the CAH the resolution of the camera had to be decreased to allow for more
frames to be captured per second. Without the higher frame count blurry images would
be captured since the droplets would move to fast for the camera. During the CA measurements the focus of the camera was always corrected to get a focused image, something
that was not possible for the CAH. This in combination with the lower resolution of the
camera is likely a reason to the high uncertainty in the measurements, especially the CAH
measurements.
Finally, the measurements are more than likely biased towards the higher CAs and lower
CAHs due to the low resolution of the images and the manual extraction of the information.
However, to determine weather or not a superhydrophobic surface was achieved the setup
seems to have been sufficient since all measured CAs are ≥ 150°, see figure 5.1. At the
very least, surfaces with CAs close to, or above, 150° are certain.
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6.6 Resistance reduction
Measurements were not performed on the AlZn or patterned microchannels due to poor
manufacturing results. The problems are discussed in section 6.1.2 for the AlZn surface
and section 6.4 for the patterned microchannels.
The use of the superhydrophobic surfaces seems to both increase, decrease and not affecte
the flow rate, see figure 5.20 and table 5.2. An increased flow rate can be explained by the
increased slip length (see section 2.7) whereas a decreased flow rate can be explained by
the increased liquid-solid contact (assuming the wetting of the superhydrophobic surface).
The unchanged flow rate is harder to explain, but it could be a result of the partial wetting
of the superhydrophobic microchannel.
Furthermore, some variation in the flow rate between the PDMS and superhydrophobic
microchannels can be expected due to slight variations between their dimensions. A depth
difference of 1 µm (50 to 51) in a 200 µm wide microchannel results in a resistance difference
of approximately 5%, see equation 2.8.
The origin of the varying results is currently unknown. To find the origin of the problem
the tubing was replaced for the test setup. New superhydrophobic microchannels with
completely new reusable lids were tested without any luck. The condition of the nanostructure after the measurements has been verified to be in good shape, see figure A.1.
The current theory is that the drying time of the surface before functionalization was not
sufficient resulting in water still being trapped in the nanostructure. This theory has not
been tested due to time constraints.
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7 Conclusion and future outlooks
To use superhydrophobic surfaces to reduce the flow resistance in microfluidic applications
might be possible. An increase in the flow rate of a factor of approximately 1.65 was
achieved. This could not be easily reproduced and a decrease of the flow rate was more
often observed. The reason for the varying results is still unknown and should be discovered
before future work can take place. New microchannels and reusable lids were created and
parts of the test setup replaced without result. The current theory for the varying results
is that an insufficient drying time was used after the boiling of the surface. Water would
still have been trapped in the nanostructure, something that is believed to have impacted
the functionalization step negatively. However, this was never investigated due to time
constraints.
No results were achieved from the microchannels with patterned side walls due to poor
manufacturing results. By only patterning the side walls properly manufactured microchannels should be possible. To maximize the effect a lithographic mask with higher
resolution and better quality should be used.
When selecting a superhydrophobic surface to be integrated in a microfluidic channel focus
should be on its fabrication method. A method that is simpler might be chosen over a
method that produces a superhydrophobic surface with a larger CA and smaller CAH.
Superhydrophobic surfaces that are generated partly by crystals growing did not yield a
homogeneous result in dry etched microchannels. Methods that transform the surface,
without adding material, is likely the better choice.
Using superhydrophobic surfaces to seal a system was found to work well. To improve the
performance of the reusable lid the design should be improved, where the mechanism that
separates the surfaces should be focused to increase the lifetime of the device. A device
that separates the surfaces with 2 µm would allow for water pressures of approximately
1.46 bar - something that could allow low pressure microfluidic systems to have detachable
lids.
Finally, to further simplify the manufacturing and increase the availability of the superhydrophobic Al surface a replacement for its functionalization step should be found. Some
work by Javier Cruz indicated that by further oxidizing the surface allowed for the vapor
deposition of 1H,1H,2H,2H-perfluorodecyltrimethoxysilane.
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A Appendix

(a) Bottom wall.

(b) Top of the side wall.
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(c) Bottom and side wall corner.
Figure A.1: SEM images of the superhydrophobic ”Al” surface in a 200 µm wide microfludic
channel after resistance reduction measurements. Different parts of the
microchannel are presented. The nano structure seems to not have been broken by
the water.

Figure A.2: SEM image of a boiled aluminium reference surface. A 30 nm thick aluminium
layer was used. The surface was boiled for 3 minutes. To lower image drifting the
surface was sputter coated with a 4-8 nm thick layer of gold.
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(a) SEM image.

(b) AFM image.
Figure A.3: SEM and AFM images of a boiled aluminium reference surface. The surface was
boiled for 1 minutes. A thin gold layer (4-8 nm) has been sputter coated on to the
surface.
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