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Abstract
In this thesis, a millimeter scale device intended for optics applications and
based on electrowetting is studied, fabricated, and tested in the laboratory.
In the design phase, various simulations are run in order to assess its physical
viability. Firstly, a free-energy minimization algorithm is used to study the effects
of gravity on the contact angle of a small droplet. These are then compared to
those found through the Young’s equations. Secondly, the energy states of two very
common geometries for a drop in a cylindrical well are compared, so that the lowest
energy configuration, therefore the most favorable, is known in advance. Thirdly,
the usability of this device for light steering is discussed, considering the deviation
capabilities of water-oil-air or water-air interfaces in the studied configurations.
Then, some finite-element simulations are performed in order to characterize
the electric potential of such a device. With this information, the utilization
of horizontal electrodes to modify the contact angles at the walls is explored.
Similarly, the potential distribution of the typical EWOD configuration is also
calculated.
Using the previous results, a series of masks are designed with circular-sector
electrodes of varying sizes, so as to gather more information experimentally. More
specifically, three versions are shown, with subsequent improvements after the
feedback acquired during fabrication.
The devices are then fabricated using standard microtechnology processes in a
clean room. Lithography is employed to deposit a layer of photosensitive resin on
top of the glass substrate, and the patterns of the previous masks are imprinted.
Next, the conductive material is deposited (indium-tin-oxide), which then undergoes a liftoff process to obtain the desired electrodes. These are then protected and
isolated with an Al2 O3 (alumina) layer, which is then covered with a hydrophobic
layer of Teflon AF 1600.
A set of experiments using the typical EWOD setup are then performed to
check the fabrication results, and to characterize the contact angle response of two
fluids to a staircase voltage signal. These fluids are distilled water and ethyleneglycol-glycerol (EGG). Differences in their behavior are then discussed.
Another set of experiments using the patterned electrodes are also performed.
These use a custom computer interface, a microcontroller and a simple circuit to
actuate the device, and are designed to aid in future experiments as well. With this,
direct-contact and contactless actuation is studied, as is the result of alternating
the current direction.
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Chapter 1
Introduction
Electrowetting is a phenomenon that has recently gained great attention due to
its promising wide range of applications, even though initial investigations on the
subject were undergone many years ago. This is due to the fact that it is an
effect which allows the control of an important parameter of fluids, the surface
tension, by means of electricity. However, until recent developments its usefulness
was limited, since it presented challenges that were not possible to tackle. Thanks
to advancements in microtechnology and materials science, these difficulties have
now been reduced, which has opened the way for its utilization in varied fields.
In this Master’s Thesis, a liquid pixel based on electrowetting is theoretically
studied, fabricated, and tested in the laboratory, so as to assess its usability as a
light steering device.

1.1

Brief history of electrowetting

The ability of a liquid to spread across a surface, called wetting, has been observed for hundreds of years manifested in different phenomena [1]. Capillarity
for example, the tendency of a liquid to flow in narrow spaces without the aid of
external forces and in opposition to others like gravity, is known to have started
attracting attention since the 17th century. Up until 1805 however, it was not successfully described in an equation, which then Thomas Young and Pierre-Simon
Laplace finally managed to obtain. Some years later in 1875, Gabriel Lippmann
first presented a detailed study on electrocapillarity. He discovered that the capillary depression of mercury in contact with electrolyte solutions could be varied by
applying a voltage between them. This is the basis of modern electrowetting, the
ability to control the wetting characteristics of a liquid by means of electric fields.

1
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Figure 1.1: Generic electrowetting setup. At zero voltage (dashed) and upon
voltage application (solid). Extracted from [2].

A major obstacle to broader applications was water electrolysis upon the application of voltages beyond a hundred millivolts. The efforts by other researches
that followed Lippmann’s discovery were unable to solve this issue, since the experimental configuration did not change much from the initial. In the early 1990s
however, Berge [3] introduced the idea of placing a thin insulating layer to separate
the liquid from the metallic electrode in order to eliminate the electrolysis problem. This concept is now known as electrowetting on dielectric (EWOD), which is
the configuration that is mainly used for present developments. In general, it involves the use of a substrate with electrodes that are insulated by a thin dielectric
layer. On top of it lies the electrolyte, surrounded by air or another medium. An
additional electrode is finally positioned so that it makes electrical contact with
the droplet, as seen in Figure 1.1.
Electrowetting seeks to control the contact angle between the electrolyte and
the resting surface, which is a measure of the wettability. Different approaches
have been used to describe the phenomenon, and at the small scale involved, it is
safe to assume that the forcepof gravity can be neglected. This is further supported
by the Bond number Bo = g∆ρR2 /σlv , which compares the strength of gravity
to that of surface tensions, and for droplets of the order of 1 mm of typical size, it
is lower than one. Nevertheless, independently of the approach, the free energy of
a droplet is a function of its shape. Its value is a function of the sum of the areas
in contact with the three phases, the solid substrate, the liquid droplet, and the
ambient phase. The minimization of the resulting equation leads to the two wellknown necessary conditions that any equilibrium liquid morphology has to fulfill:
the Laplace equation and the Young’s equation (Equation 1.1 and 1.2). Therefore,
these conditions must be met by the results found through any other approach.


1
1
+
= σlv κ
(1.1)
∆p = σlv
r1 r2
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cos θY =

σsv − σsl
σlv

(1.2)

The first EWOD equation (Equation 1.3) was derived also by Berge, using an
electrical energy minimization approach. An electrochemical approach based on
interfacial thermodynamics can yield the same results, and is probably easier to
understand. Both previous methods however, do not provide a picture of how the
contact angle variation is achieved in mechanical terms. An electromechanical approach is interesting for this purpose [4, 5, 6]. Integrating the Korteweg-Hemholtz
body-force density formula, one can obtain the net force acting on the volume.
Understanding this development is mathematically very complex, and various assumptions on the shape and the conductivity of the droplet must be made. The
results however, indicate an important consequence, which is that the contact angle
variation reduction and the experienced force are in fact independent phenomena.
ε0 εd 2
U
(1.3)
2dσlv
The aforementioned explanations are regarded as the classical electrowetting
theory, which analyze the response of the electrolyte on a mesoscopic scale, i.e. a
sufficiently large scale so as to neglect other effects mainly dealing with the contact
surface and the triple line. The minimal length separating both models is usually
of the order of the dielectric width. For smaller lengths, the impact of fringe fields
on the liquid surface must be taken into account. The surface profile is also then
deformed with respect to the apparent contact angle seen from a bigger scale.
Fortunately however, these considerations are generally unimportant for the usual
applications of electrowetting.
The response of the contact angle under the actuation of AC electric fields was
also investigated. The typical assumption of a perfectly conducting electrolyte
where charges accumulate at the surface, stops holding true as the frequency rises,
usually above only a few hundreds of hertz. Then, the achieved contact angle as
described by the formula, starts to follow the RMS value of the voltage. This is due
to the droplet hydrodynamics that begin to affect the system. Detailed analysis
of this phenomena is quite difficult since calculating the electric field is geometry
dependent and therefore analytically complex.
Nevertheless, electrowetting is a rather robust effect which does not depend
highly on the properties of the electrolyte. Contact angle variations show however a
clear hysteresis, which is increased when strange particles lie on the droplet surface
close to it. Highly hydrophobic and smooth surfaces, like those obtainable with
Teflon for instance, help in reducing the hysteresis, as does to the substitution of
the surrounding air phase by a silicon oil, which apparently adds some lubrication.
cos θ = cos θY +
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Figure 1.2: Droplets wetting rough surfaces. Hydrophilicity (left) and superhydrophobicity (right). Extracted from [2].

In fact, the properties of the dielectric seem to be the most critical. Small layer
widths clearly reduce the required actuation voltage, however dielectric strength
and breakdown values need to be in agreement. Various types of dielectrics have
been tried with high success, although some at the cost of more difficult or expensive processes than those more widely-available. For instance, a contact angle
reduction of 40o with only 15 V was achieved using 70 nm of BST (barium strontium titanate εd = 180) and 20 nm of Teflon [7].
On the other hand, different actuation approaches can be employed, as shown
by a new study [8]. In this case, the electrowetting behavior of the surface is
optically switched, using a photoconductive material as the electrode, and thus
eliminating the tracks, which in some applications are a serious issue due to their
high quantity and hence routing complexity.
Still, no voltage transition from partial to total wetting has ever been observed.
This might probably be due to the same effect causing the saturation of the contact
angle, usually between 30◦ and 80◦ depending on the system. The discussed simple
models do not fully explain electrowetting, but only the most evident parts which
at the same time are thankfully the most useful. This means however, that a
consistent explanation to the saturation issue has not emerged so far. Different
ideas have been investigated and proven to an extent, but usually leave some parts
of this phenomenon unexplained. Nonetheless, it has become quite apparent that it
is produced by various effects going on simultaneously, which are hard to separate
and identify, and that still require more work to understand.
While liquid droplets normally exist in a spherical-like geometry in nature,
more exotic shapes can be obtained by means of electric fields and intelligently
patterned surfaces. On the former, the use of patterned contacts has been found
to give rise to stable cylindrical-like shapes on liquids, depending on the ratio of
wettabilities between the thin contact strip on which it rests and the remaining
surface [9]. Interesting findings have also been encountered using topologically
patterned surfaces (Figure 1.2), giving rough surfaces as opposed to usual EWOD
experiments. These can even allow faster movement of droplets than in their
smooth counterparts, probably due to the surrounding phase entrapped between

4
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Figure 1.3: Contact line instability and emitted satellite droplets at high voltage.
Extracted from [2].

the solid and the electrolyte, and acting as a sort of lubricating film. Lower angle
hysteresis was also observed. The transition to the state without such film upon
the application of a voltage, was however irreversible.
The use of AC fields can generate very unusual fractal-like geometries as well,
like the one seen on Figure 1.3. With high frequencies and voltages, small droplet
satellites are spontaneously separated from the main liquid reservoir, forming a
stable shape [10]. This can be explained by the repulsion forces of the charges
on the surface of the liquid, which allow this unexpected interpretation of the
well-known morphological restrictions seen in Equations 1.1 and 1.2.
The ability to control the shape and position of liquid droplets has multiple
useful applications. For instance, lab-on-a-chip devices are getting very popular
[11]. These are microfabricated fluidic circuits that use electrowetting or other
means of actuation to handle and move small volumes of liquids for inexpensive
and complex automatic testing. The variants that use an electrowetting approach
use pipes that are sandwiched by two layers, with one of them consisting of a big
uninsulated electrode with a hydrophobic layer, and the other consisting of an
isolated array of electrodes, also hydrophobic (Figure ??). Then, by conveniently
actuating them in a sequential fashion, the droplets can be moved throughout
the circuit, or otherwise split, merged and mixed (Figure 1.4). The enclosing of
the pipes also helps in reducing the evaporation of water at room pressure and
temperature. Although these devices are under heavy research and development,
and some have even reached the market, they still present some of the issues that
have been already described. Physiological fluids have been used for testing with
significant success, but their particle content can increase contact angle hysteresis

5
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Figure 1.4: Usual droplet operations in digital microfluidic systems (DMF). Extracted from [12].

Figure 1.5: Electrowetting lens demonstrating variable focus. Extracted from
Varioptic’s website.

and hence movement resistance. Using oils as the surrounding phase can aid in
this regard, but this is sometimes undesired to avoid contamination. Additionally,
these type of fluids tend to interact with the polymeric hydrophobic layers. The
reliability of some of this devices must also still be increased, as are the supported
life-cycles, and the voltage threshold is yet to be reduced to battery-capable levels,
to allow portability and more flexibility.

6
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Figure 1.6: Electrowetting pixel kinetics demonstrating video-capable speed response. White and black pixel states are inset. Extracted from [2].

The spherical cap shape of a droplet can be exploited in optics applications [13].
Liquid microlenses can be fabricated using two immiscible liquids, e.g. water and
silicon oil, with matched densities to eliminate the influence of gravity and reduce
the impact of shocks from external forces (Figure 1.5). The advantage of a liquid
lens over one that is solid is that the focal length can be controlled through electrowetting, changing the contact angle. Some faced difficulties include positioning
and centering of the droplet, lower voltage actuation, chromatic aberration, and
the matching densities and viscosities of both liquids.
Display technologies are also a target field of application. Reflective displays
based on electrowetting have been demonstrated [14] with potential use in the
area of electronic paper. The concept includes a tinted liquid that either covers
the entire surface and therefore absorbs light, or sticks to a corner upon applying a
voltage, thus allowing incident light to be reflected (Figure 1.6). Voltages of 20 V
have been successfully employed. Gray levels can also be obtained by applying
intermediate voltages. For sufficiently small pixels (250x250 µm2 ) the switching
speed is even enough for video applications. Still, the achieved reflectivity is worse
than that of competing technologies, and there are reliability issues.

7
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Theoretical analysis
2.1

Free energy simulations

The studies that are carried out in this section are interesting for obtaining
information about valid shapes and positions that the droplet can adopt. This is
useful because it can help better understand the principles and variables governing
the system of interest, and therefore provide a way to either discard a specific
application due to its physical impossibility, or otherwise improve an initial design
thanks to this analysis.
As gathered through observation of the real world, there are two possible configurations that may arise when a droplet of the active liquid lies in the interior of
an hydrophobic well, and is surrounded by an immiscible liquid. The electrolyte
can either adopt the shape of a droplet, avoiding contact with the walls as much
as possible, or tend to stick to them instead. Intermediate positions between those
are of course possible, but a clear tendency to one or the other is likely to appear.
Here, as with other physical systems, the quantity that seeks to be minimized is
the thermodynamic free energy. In such a system, the terms involved in the energy
summation can be written down in an equation, which we analyze in various ways
in the following pages.
These terms basically come from a single source in this case, the surface energy,
which at small scales, plays a very important role. This parameter quantifies the
energy per unit area of the surface of a material, and it is a consequence of the
disruption of the intermolecular bonds in its bulk. In other words, a cohesive
tension appears among the atoms at the surface, that is no longer compensated due
to the discontinuity that it represents. With liquids, this force tends to shrink the
area of the surface, until it is compensated by the overpressure that this generates
in the interior of the volume. Such pressure is called the Laplace pressure (Equation
1.1). This results in the typical spherical shape that bubbles suspended in air

8
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display.
When resting on a surface however, this perfect shape suffers the effects of
gravity. It has been shown [15] that for systems with a Bond number higher
than one, the actual shape of a droplet is that of a deformed spherical cap due
to gravity pushing the volume downward, with the force that it generates being
comparable to the Laplace pressure and the surface tension. For smaller volumes,
such deformation is insignificant, as is then the hydrostatic pressure.
For multi-interface systems, where various materials are in contact, their surface energies are different for each pair of touching materials. For instance, the
three materials in our system are the active fluid, the surrounding substance, and
the material of the resting surface and the walls, which is the same. This results
in a complex interaction in which describing the dynamics is extremely difficult.
With some simplifications and assumptions however, finding the static configurations of lower energy is possible, and hence the final state of the system, thanks to
the energy equation and a minimization algorithm. This allows us to compare the
various configurations of interest that we know to exist beforehand, and thankfully
be able to obtain them later in the laboratory by knowing the parameters involved.

2.1.1

Energy minimization algorithm to obtain the contact
angle

The goal of this simulation is to obtain the contact angle of minimum energy
by means of an energy minimization algorithm, and compare the value to the one
obtained through the Young’s equation (1.2), in order to see if they match.
While typical algorithms for this purpose are based on gradient descent methods, in the current case we have opted for a simpler strategy, since the evolution
of the system is quite well known when some light assumptions are taken. This
implies that there exist few variables to minimize, making this scheme possible.
More complex simulations in this area have been undertaken previously [18] with
different degrees of success, since minimization algorithms with a high number of
variables usually present convergence problems that prevent them from completing
or from getting any consistent results at all. For this type of research however,
there is software like Hydro (droplet simulator), or Surface Evolver [17] which can
be the only option to tackle some problems.
Nevertheless, we can assume that the droplet shape on top a surface, as is the
case of an EWOD experiment, is that of a spherical cap. Such shape is described by
the formulas in Equation 2.1, 2.2, 2.3, which can be found in [16]. This assumption
really depends on the volume of the droplet, since for values higher than 10 µl,
the deformation due to gravity starts to be noticeable. A thorough investigation
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Figure 2.1: Diagram of the geometry of a spherical cap inside a cylindrical well.

of this effect has already been carried out elsewhere [15]. The volumes that we
handle however, range from 1 to 10 µl, therefore this assumption appears to be
valid here.
 πh2
πh
3a2 + h2 =
(3r − h)
6
3

A = 2πrh = π a2 + h2
a2 + h2
r=
2h
Ac = πa2
a (1 − cos θ) (3 + cos θ)
3(2r − h)2
ẑc =
=
4 sin θ (2 + cos θ)
4(3r − h)


1 − cos θ
h=
a
sin θ
V =

(2.1)
(2.2)
(2.3)
(2.4)
(2.5)
(2.6)

Once the geometry is known, the objective function to minimize must be chosen. It is known that this kind of physical system tends to minimize the free
energy, therefore we proceed to explain the terms involved in it. As has been said
before, the interfacial surface energies are a key factor. In our configuration, there
exist three of them: σsl = 33 mN/m for the solid-liquid interface, σsv = 15 mN/m
for the solid-vapor interface, and σlv for the liquid-vapor interface or simply σ =
72 mN/m. Here the liquid is water, the solid the hydrophobic bottom surface and
walls, and the vapor the surrounding air. The solid-vapor and liquid-vapor values
have been taken from readily available tables, since these are common for materials
interfacing with air. The solid-liquid surface energy however is harder to find, and
for simplicity, it has been obtained using the well-known typical contact angle of
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104◦ , for water on Teflon, and the Young’s equation (1.2).
Since these are surface energies, their contribution to the free energy is multiplied by the area that the corresponding interface covers. Such areas are the
spherical-cap top area A shown in Equation 2.2, the bottom contact circumference
Ac (2.4), and the remaining solid area A0 , the total area of which is unimportant
for comparison purposes, as long as it does not change. Obviously, the contact
surface and the free bottom surface compete for a share of the same total bottom
area. Similarly, A1 is the area of the cylindrical walls.
Finally, the rightmost term appearing in the objective function is the potential
energy of the water droplet, the impact of which, as will be shown, is barely
significant for a 10 µl volume. In this term, ẑc is the height of the center of mass,
ρ = 1000 kg/m3 and g the gravity constant. With all this, the free-energy formula
is shown in 2.7.
G = A1 σsv + (A0 − Ac )σsv + Ac σsl + σA + V ρgẑc
= 2πR1 H1 σsv + (πR12 − πa2 )σsv + πa2 σsl + π(a2 + h2 )σ + V ρgẑc

(2.7)

The minimization algorithm is a bit unusual. Since typical minimization methods require the partial derivatives of the objective function in order to work, which
are frequently cumbersome to obtain, and since the analyzed system is not overly
complex, having in fact only two degrees of freedom, we have opted to use a simpler
method. It is based on a brute force algorithm, which calculates the energies of a
handful of positions that should cover as much range of feasible values as possible,
and then chooses the one with lower energy. This algorithm can be as accurate as
fine the value grid is made.
The steps of the algorithm are therefore the following. Firstly, the volume of
the droplet is chosen. Then the value grid of the variables is formed by choosing a
range for one of them, and solving the spherical-cap volume equation for the other
free variable. At this point the value grid satisfying the initial volume is ready, and
the energy of each position can be calculated with the previously shown objective
function. Then only remains to select the solution with smaller energy.
Some problems can be encountered during solving, specially if the range of
the fixed variable is ill-posed, so it is important to ensure that the range given
is feasible, or at least some of its values, depending on the robustness of the
library used for solving. The latter has been true in our case, where the Python
programming language has been used, together with Scipy and Numpy for their
numerical functions, and Matplotlib for plotting. These have been employed in an
IPython notebook environment, where the code has been written and run, and
the solutions analyzed and plotted seamlessly. The code to obtain these specific
results is found in Appendix A.
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Figure 2.2: Effect of gravity on the calculation of the contact angles. The blue
droplets have an angle of 104◦ , obtained by the algorithm excluding gravity. In the
titles are displayed the contact angles after including gravity.

With the previously shown values for the parameters of the system, the following results have been obtained (Figure 2.2). With a volume of 10 µl, the effect
of gravity is almost insignificant, as the obtained angles of 104◦ and 99.5◦ are already very similar. Note that the blue results have also been obtained through
simulation instead of the Young’s equation. They have the same value however,
which is a clear indication of the correctness of the algorithm. On the other hand,
when a volume of 100 µl is tested, the difference is no longer irrelevant with an
angle of 88.2◦ . In fact, as volume increases the assumption of a spherical cap shape
stops being valid, therefore this method can only be used for small volumes, and
especially for the verification of the free-energy equation in such a case.

2.1.2

Energy comparison between lens and droplet shape

Apart from the droplet configuration that a small volume of water contained
in a well can adopt under this conditions, there is another shape that is interesting
to investigate. This shape is similar to a lens with a topmost curved surface and
a bottom flat surface. This configuration is adopted by the drop when it fills the
lower part of the well completely, like the one seen in Figure 2.3. It is therefore
important to be able to tell in advance, which one of the shapes will the droplet
adopt, and under which conditions. In order to do this, an approach involving the
comparison of the free energy of both configurations is taken.
Since the droplet shape energy has already been described, only finding that
of the lens shape is left. For this we assume that the geometry is a combination
of a cylinder plus a spherical cap on top, with an aperture angle of θ0 = θ − 90o ,
where θc is the contact angle with the walls. With the same parameters as in the
previous section, the full energy equation is shown in 2.8.
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Figure 2.3: Diagram of the geometry of the lens shape. It is a combination of a
cylinder plus a spherical cap.
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G = (H1 − H) 2πR1 σsv + πR12 + 2πRh1 H σsl + πR12 1 +
σ
sin θ0
θ
(2.8)
The equation is factored in terms dealing with the different areas. The first
1 the walls, of a
term corresponds to the free areaRof
total height H1 , in contact with
the vapor. The second term involves the walls, of height H and the base of the
cylinder, of radius R1 . The last term is the area of the spherical cap (2.3), as a
function of the angle of aperture θ. Note that there is no potential energy term as
it has already been shown that its impact is negligible. With this parameters the
geometry is fully described.
Once the energies of both configurations are known, it is possible to solve the
system shown in Equation 2.9, so as to find the radius R1 of the well at which
the energies of both configurations are equal, for the same volume V0 . A system
of two equations, one being the volume of the cylinder, is necessary because after
fixing V0 and θc there still remains a degree freedom R1 = f (H), as opposed to
the droplet case.
Beyond the aforementioned radius, the free energy of the lens shape is higher
than that of the drop shape, and is therefore less favorable. For radii lower that
this critical value, the contrary happens. With this information one is able to
assess the viability of an electrowetting device that relies on one or the other
configuration, and also whether after electrically modifying the contact angle up
until the point where the droplet enters in contact with the walls, would it be
able for the droplet to return to its starting position after this. In fact, it is
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Figure 2.4: Left: plot of both configurations with the same energy and volume.
The black lines represent the walls. Right: plot of the critical well radius defined by
the points where both configurations display the same energy. Bigger radii present
lower energies in a droplet shape and vice versa, therefore being more favorable. The
dashed line marks the radius of the equivalent droplet when the well radius has the
critical value, i.e. the vertical distance between both lines is the free space between
droplet and wall.

expected that intermediate configurations exist, which render these conclusions
not as powerful. Still, they show that, most importantly, both configurations are
possible in reality. Furthermore, for design and theory assessments, we believe
that these results are useful enough.

GEWOD − Glens = 0

(2.9)

πhcap
πR12 H +
3R12 + h2cap = V0 
6
Nevertheless, this information is summarized in Figure 2.4. On the one hand,
a plot of the lens and droplet shape of equal energy is shown. Note that there is
free space left between the droplet and the walls. This is also shown in the figure
on the right with the dashed line. The blue line marks the critical radii dividing
the two more energy-favorable regions for volumes from 1 to 10 µl.

2.2

Optics considerations on the device

The current section studies the theoretical viability of this device for the steering of light beams. Here, the effect that is exploited in order to achieve this feat
is refraction. Refraction is the deviation in the direction of a ray of light that
traverses from a medium with an index of refraction n1 to another medium with
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a different refraction index n2 . This is summarized in the Snell’s law, in Equation 2.10. The angles of incidence θ1 and refraction θ2 are the angles between the
normal to the surface and the incoming and outgoing beams. Judging from the
equation, when a ray crosses to a medium with a higher index of refraction, its
outgoing angle is lower than its angle of incidence, and vice versa.
n1 sin θ1 = n2 sin θ2

(2.10)

Regarding the device of interest, and as extracted from the results of the previous section, two possible configurations for the active fluid exist. In any of them
however, the interface between the fluid and the environmental phase presents a
curved surface. This results in an angle of incidence that varies along the surface
for a set of equally oriented incoming rays, which rather than deviating a beam
of light, has a dispersion or concentration effect. This is clearly seen in Figure
2.5, where the two dispositions are presented for indexes of refraction of n1 = 1.33
for water, n2 = 1.58 for some silicon oils, and n3 = 1 for air. Furthermore, the
diagrams show the resulting refraction of vertical incoming rays for two cases of
interest, one with only a water-air transition, and another with a water-oil-air transition. Here, the most important detail to note from the figures is that, while both
configurations present the same issue, in the lens shape it is reduced, thus allowing
to effectively obtain a useful deviation of the beam. Note that the presented lens
shape is assumed to be somehow actuated, increasing local wetting on the right
side, hence the reason for showing different contact angles. In fact, the flatter the
surface obtained through convenient actuation, the fewer dispersion occurring.
The actual values of deviation differ from those drawn in the diagrams, since
they are merely intended for illustration purposes. In order to assess the attainable deviation power of the device however, the response of these systems have
been plotted in Figure 2.6. The lines represent the total deviation angle that the
incoming rays suffer, as a function of the incidence angle on the curved surface.
The blue and green colors correspond to the water-oil-air (A) and water-air (B)
cases respectively. With this information, the behavior of both configurations is
characterized, and even that of a flat, inclined surface. This is due to the fact that
obtaining the angle of deviation of a set of rays is possible by averaging the plotted
functions over a range of angles of incidence. For instance, assuming that the rays
span angles from −45◦ to 0◦ , the mean deviation angles are −6.14◦ and 9.28◦ for
A and B cases respectively, whereas for a flat surface at −45◦ they are −13.5◦ and
25.1◦ . Note that in the flat surface configuration, no averaging is required, but
just the value from the figure itself.
These results show a clear difference between a flat and curved surface. Therefore not only is it desired to have as much a flat surface as possible through convenient actuation of the lens configuration in order to reduce beam dispersion, but
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Figure 2.5: Diagrams showing the expected optical behavior of the device. The
n3
n3 input. The lens shape is tilted
n3through elecn3
rays coming from the bottom
are the
trowetting. n1 = 1.33, n2 = 1.58 and n3 = 1
n2

n2

also because it increases the effective deviation. Additionally, the B case presents
n1 A case,
n1 but at the cost of a less linearn2response.n2It
higher deviation power than
should be noted as well that for transitions where n1 > n2 , as in the B case, there
exists a maximum angle of incidence beyond which rays are no longer
diffracted
n1
n1
but reflected, which for the current parameters is of about 48◦ . In the opposite
case, such limitation is also present, but due to different effects which require
deeper considerations for its assessment. With only this results it is difficult to
choose between one case or the other, therefore the decision is postponed until
more information on the differences is gathered.
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Figure 2.6: Plot of the input-to-output deviation of the systems shown in Figures
2.5b (blue) and 2.5d (green).

2.3

Finite-element simulations

While we currently have an idea of the general behavior and functionality of
the device that we intend to build and test, it is advisable to compare the voltage
application mechanism with a model as close as possible to reality. This allows
to easily check the working principles and find out any inconsistencies that could
have passed unnoticed in the initial design phase.
The equations of electromagnetism are known to be difficult to solve for nontrivial scenarios like those encountered in useful real-world applications. Thankfully, there are various computer programs that, with the advent of modern personal computers, are now capable of solving those equations to a good amount of
precision and within a reasonable timespan. In this case, we have opted to use
COMSOL Multiphysics. With this software, a number of simulations have been
run to validate the initial ideas, which will be hereby explained in more detail.
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2.3.1

Wall voltage distribution

The initial design of the device consists of an active liquid completely contained
inside a well. Due to the interaction with the surrounding phases, and with the
appropriate selection of surface energies, it is expected to adopt a lens like shape.
In this configuration, the contact angle between the fluid and the well is defined by
their surface energies, but also by the electric potential in that region, as shown
by the theory of electrowetting on dielectric (Equation 1.3). Hence, controlling
the potential means controlling the angle and therefore the curvature of the lens.
With this, the mechanical parts used in optics-related applications to vary the
focal distance or the refraction angle can be replaced, with the advantage of being
a simpler, less expensive and more compact system.
Such a system however, requires a way of setting the voltage along the vertical
surface of the walls. In order to achieve this, two options come initially to mind.
On the one hand, including a layer of vertical contacts inside the walls is optimal
in terms of a more direct application of an electric field. Unfortunately this is
difficult to fabricate since the usual microtechnology processes are insufficient, as
these work on an horizontal layer-by-layer scheme. On the other hand, with this
restriction in consideration, placing the contacts on the bottom of the well, could
be a plausible solution. However, it remains to be validated, whether the applied
voltage can reach the topmost surface of the electrolyte in order to, in theory,
change its curvature. This is checked in the following simulation.
For this task, the electric currents model is chosen, and the geometry simplified
to a 2D slice of the whole system, so as to obtain a clearer picture. A 3D simulation
is also possible, but for validation purposes it is not necessary. The scale of the
geometry is that of the real device, of the order of 2 mm tall and 2.5 mm wide, for
the well plus contacts region. Additionally, the sizes of the positive and ground
terminals are parametrized, thus allowing a sweep of contact size ratios of [0.1, 0.2,
0.3, 0.5], since these change the voltage distribution along the wall surface. The
positive voltage is 10 V, and the used materials are distilled water (DIW) for the
active fluid, air for the environment substance at the top, and Al2 O3 (alumina)
for the dielectric material. There is also a contact impedance component on the
base lines separating the electrodes and the liquid, to account for the 20 nm layer
of dielectric. The used mesh is a mixture of the default triangulation with a
reasonable density, plus a denser one in regions closer to the well surface, where
higher precision is desired.
Two similar simulations of this type have been run. One with a 0.1 mm gap
between the terminals, closer to the real value used, and another with a 0.5 mm
gap, in order to see the difference. The results of the former simulation sweep can
be seen in Figure 2.7.
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Figure 2.7: Potential surface plot of electrode size ratio of 0.2 and gap of 0.1 mm.
All sizes are in mm.

The results of these simulations can be better understood by plotting the voltage potential value along the surface of the wall. This is shown in Figure 2.8. On
the left side is the plot for the case with a 0.1 mm gap. A few conclusions can
be extracted from these graphs. First, the maximum potentials, which are found
at the x-axis origin since that is the closest point to the terminals, are between
5.8 and 5.2 V, approximately half the positive voltage of 10 V. Then, as the point
climbs away from there along the wall, the potential falls in a sigmoid fashion, still
to values close to the previous range. Additionally, smaller terminal size ratios
modify the function increasing its difference between the maximum and minimum
value. This happens as the positive terminal decreases and the ground terminal increases, getting closer to the wall. Even though this, for reasonable size ratios such
as these, the variation of potential is not extreme, which allows for simplification.
On the right hand size of the figure is plotted the other case, with a 0.5 mm
gap of dielectric. Here the potentials are higher overall, both for maximum and
mean values. This is an interesting advantage regarding the optimization of the
amount of potential that reaches the fluid surface. As for disadvantages of having
a bigger gap, none is currently apparent.
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Figure 2.8: Plots of the potential along the wall surface for a 0.1 mm (left) and a
0.5 mm gap (right).

2.3.2

Droplet shape simulations

Since the first batch of experiments testing the movement capabilities of the
device are performed without any walls, as this is more similar to the simpler wellknown EWOD experiments, it is interesting to have an insight of the potential
distribution for such a configuration. The fluid is in this case expected to be lying
on the holder surface, with a contact angle given by the different materials in play,
therefore its shape will be that of a spherical cap, as opposed to the lens-like shape
that has been shown before. As the volumes used are fairly small, there should be
not much deformation due to the force of gravity, which means that a 2D slice of
it looks like a circumference arc.
This geometry is shown in Figure 2.9a. While only two contacts where modeled
previously, now there are three, two positive terminals at the sides and the ground
terminal at the center. This brings the model closer to reality, as this geometry
is very similar to that of a slice of the real sample. Again, the voltage is 10 V,
the materials used the same as before, and a thin dielectric layer is also included.
In this configuration then, the voltage is applied from the bottom of the holder,
instead of from the sides, since this is easily fabricated with the processes available
in a typical clean room.
This however presents the disadvantage that the effective voltage that the
droplet sees is of about half the applied voltage, as opposed to the typical EWOD
case where one electrode is in contact the active fluid. The voltage distribution
appears to be quite uniform throughout the fluid, with values a bit higher in the
zones closer to the bottom surface. More specifically, at the triple line point, where
the air, the base, and the droplet meet, the voltage is of about 7 V. In the region
closer to the the dielectric gap however, the simulation shows a potential spike at
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(a) Central ground terminal.

(b) Central positive terminal.

Figure 2.9: Potential distribution for the droplet configuration.

the terminal corner. Since this is a coarse simulation, this anomaly could not be
very accurate. Nevertheless, this simulation provides enough insight so as to have
in consideration that this point, where a higher electric field is produced, is surely
present in the real device, which could present problems during the experiments.
In fact, this has proven to be true, as is explained in the experiments section (5).
It remains to be seen however, whether the advantages of this solution, avoiding
physical contact, overweight the disadvantages.
In the next simulation the terminals are reversed. Now the ones on the outer
sides are ground and the central one is positive. In this case, as can be seen in
Figure 2.9b, the overall potential is still close to 5 V, but now it is around 2 V in the
triple line. This result is interesting in order to note that this voltage application
scheme is also usable, even though the effective potential on the surface of the
holder is now even lower, hence a smaller change in the contact angle could be
produced. On the other hand however, the current flow in this configuration is the
opposite, which might be useful to bear in mind (see Section 5.2.4).
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Design of the masks
We intend to print a series of conducting paths on top of a glass substrate. However, due to its small size, microfabrication processes must be used. Unfortunately,
the small scale at which microtechnology operates poses restrictions that prevent
usual mechanization techniques to be employed. For this reason, alternative process that allow precise carving of very small features have been developed. One of
the most efficient and reliable processes for this purpose is called lithography, and
a complete explanation of it is found in the fabrication section (4.4). Here however,
it is important to know that such a process requires the use of a mask through
which to selectively expose parts of the target to an ultraviolet light. Therefore,
the shape of the mask defines the profile to be imprinted. Moreover, since the resin
used in the laboratory is positive, the transparent parts of the mask will be the
ones to be eventually filled by the final material of interest. With this in mind, we
will proceed to describe the masks that have been designed, along with the reasons
behind some decisions, the problems encountered and the improvements made to
subsequent versions.
There exist mask printing technologies yielding varied precisions. For our purposes, a minimum feature of 25 µm is achievable with an industrial toner plotter,
which can be found in a professional printing establishment, and is therefore less
expensive. For this reason, the minimum feature chosen is 50 µm, in order to
have a safe margin and avoid any problems in this regard. This means that in the
following masks, there are no gaps narrower or lenghts shorter than 50 µm. In
fact, that is the exact width of the gaps present in the designs.
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Mask position
Center
Left
Bottom
Right
Top

Interior radius
1000
600
300
750
300

Exterior radius
1550
1550
1550
1000
1000

Table 3.1: Summary of the characteristic radii of the masks. Units in um.

3.1

First version

The first version of the mask is shown in Figure 3.2. A close-up of the central
pattern with the most characteristic lengths is given in Figure 3.1. The pads and
the paths connecting them to their corresponding central-contact parts are equally
distributed. The width of the gaps is exactly the minimum feature size, as previously said. With these simple guidelines, the pattern can be easily reproduced.
The remaining designs in the top mask only change the radius of the central
contacts, which allows us to present them in a concise manner through table, as
in Table 3.1.
There are a couple of ideas that have led to the design of these type of patterns.
On the one hand, the maximum radii of the central contact is directly related with
the electrolyte droplet volume. A quick calculation using the spherical cap formulas
already presented in Section 2.1.1, yields a contact area of a radius of 1.47 mm for
a 10 µl volume and a contact angle of 104◦ , whereas with 1 µl this is 0.68 mm.
Since both depending on the volume and the contact angle the radius can change
significantly, by providing more radii variety in the patterns, more flexibility with
the employed volume and the contact angle is guaranteed. This is also the reason
why at first sight, there seem to be two pattern sizes: the biggest is designed to
be used with 10 ul droplets, and the smallest with 1 ul droplets.
In addition to the overall size, the ratio between interior and exterior radii
is sweeped in the patterns, in order to provide different electric potential distributions, as seen in the simulations section (2), since this can be useful in later
experiments for the test device with the well configuration. Also, this way it can
be studied whether varied contact areas have any influence on the contact angle
change.
For flexibility as well, the central contact is divided into four parts, each connected through a narrow track to a periferal pad. Their small width is convenient
for minimizing its influence on the ideal electric potential desired, which would
exist if the central contact could be biased by means of a less intrusive method,
thus allowing tracks to be completely removed. The pads are placed as far as
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Figure 3.1: Close-up of the central design of the first mask version.

possible from the center, altough leaving some free space for the sample handling.

3.2

Second version

After many fabrication tests, a series of issues with the first mask design were
found, and then successfully corrected in the second version. Such revision is seen
in Figure 3.3. The most important problem appeared during the lift-off process.
As is explained in Section 4.6, this procedure is quite harsh on the sample being
fabricated, therefore quite often were parts of the tracks unwantedly ripped off,
thus destroying the connections between the pads and the contacts and rendering
the device useless. Due to this, the tracks in the second version are 200 um wide,
versus the 50 um of the previous one. The short track part running between the
central contacts however, was observed to be resistant to this effect, so it remained
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Figure 3.2: First version of the lithography mask.

untouched.
On the other hand, the inner contact is in this revision simplified into a single
piece. We realized after a few tests that so much flexibility was in fact excessive,
since much more time was necessary to set up the experiments, more of the scarce
test-probes were required, and the advantage was in the end nonexistant. This
change also helps in reducing the impact of tracks on the ideal electric field.
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Figure 3.3: Second version of the lithography mask.

3.3

Third version

A third version of the mask was developed, even though it was eventually not
used due to time constraints. Its design is shown in Figure 3.4. This time the differences are more noticeable. The main idea behind these changes was to increase
the size of the pads in order to ease the experiment setup process. Additionally,
higher pads surface means more room for error and less path resistance due to the
increased track width.
In making the pads bigger, the idea of joining them with their corresponding
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Figure 3.4: Third version of the lithography mask.

tracks appeared to be convenient as well for similar reasons. At the same time, this
removes the previously noticeable exterior contact profile, which could be an added
advantage due to actually not limiting the droplet volume as much. Moreover,
once the well is in place, there exists no difference in the inside region, between
this version of the mask and the previous one. Then, for alignment purposes,
an additional front mark has been included, so that the well or a new mask for
another layer can be easily positioned.
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3.4

Creation process

While the mask creation process is not especially complex, it presents however
a few difficulties that require some investigation. Thus, here follow the steps taken
to obtain a mask that is as accurate as our printing procedure allows. For a quick
and precise design of the models, a computer-aided design program is advisable.
While open-source choices exist, they are currently underdeveloped and therefore
present drawbacks that make using this alternatives more time-consuming than
their closed source counterparts. Currently however, Dassault Systemes offers
their CAD software DraftSight free of charge, and it is very complete. For this
reason, this is the software that has been employed for the design of the masks.
Once the profile of the mask is defined inside this program, it is important to
join those lines that belong to the same region into a polyline. It is easier to do
this at this point than later on. Then, the design is exported to a DXF file, which
the open-source vector-graphics software Inkscape is able to open.
With this application, the transparent and opaque (black) regions of the designs
can be easily defined. The line width should be kept to the minimum so that the
region-filling method of the software does not introduce undesired inaccuracies.
The designs can be then positioned in the mask and exported to a format that the
printing device supports.
In our case however, these tasks were carried out inside the software Freehand,
since the output files were required to be in the F11 format. Fortunately, after
some training, this software also allows a good degree of accuracy and a reasonably
quick workflow, altough it starts to show its age in some aspects. The conversion
between DXF to PDF using Inkscape is a mandatory step nevertheless, as other
formats have proven to be incompatible.
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Fabrication process
In this section we will discuss the tools and processes used in the fabrication of
the device that will be used to actuate the droplet in the subsequent EWOD
experiments.
A glass substrate is a great option for our purposes due to its inexpensiveness,
and particularly due to its transparency, which is compulsory for allowing future
experiments regarding light steering control. However this material presents a
difficulty when it comes to circuit printing. Standard circuit printing technologies
use substrates that easily bond with the copper used in the conductive tracks,
however this is not the case with glass. Additionally, copper is not transparent in
the range of thickness that we intend to deal with, which completely contradicts
the reason behind choosing a glass substrate. For these reasons, a more complex
circuit printing process is required.
The chosen conductive and transparent material is called ITO (indium-tinoxide) and is commonly used in photovoltaic technologies. The technique used to
deposit layers of this material on top of a substrate is called sputtering, and is
carried out by a sputtering machine. Unfortunately, during this operation only
the layer thickness can be controlled, which leads to the idea that if some kind
of patterns need to be engraved, then some sort of masking technique is compulsory, since mechanically removing the unwanted zones in the micrometer scale is
impossible with the current technology development. This is done by means of a
lithography, which is a process where a special photosensitive resin is coated onto
a surface, then exposed to an ultraviolet light through a mask, and that can eventually be selectively removed by submerging it in a certain chemical compound
called developer.
After depositing the ITO on top of the mask follows the lift-off process. This
technique is used to tear off the unwanted parts of the material by attacking the
remaining parts of the resin layer directly below, thus removing the excess material
in the selected zones. At this point the circuit is functional, but the sample is not
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ready for experimentation since a dielectric layer for protection and insulation is
yet to be deposited. Then, another layer of material is coated, which is Teflon in
this final stage, in order to obtain the highly hydrophobic surface that is required.
Additionally, an optional HMDS layer might be coated right before the Teflon to
achieve a greater resistance to electrical breakdown. After this, the holder is ready.
The fabrication processes used to produce the holders are very common in the
semiconductor industry. In fact, due to the small scale features involved, this
area of engineering is called microfabrication. In this sector, a carefully controlled
working environment is extremely important to guarantee that no extraneous particles adhere to the external surfaces between processes, since that compromises
the correct deposition of future layers. Hence, this processes are always conducted
in specially conditioned areas know as clean rooms. Thanks to a slight overpressure inside the clean room, a lower foreign particle environment is achieved, also
with the help of a dusting system used on the individuals before entering the room.
Since working with dangerous compounds is very common, there is also the need
to wear protective uniforms, gloves and even masks frequently, and to proceed
according to the rules, which vary depending on the clean room level as stated by
the corresponding ISO norm.
Our particular clean room at the UPC is class 100-1000, which is sufficient
for photovoltaics research on the micro and nano scale, and even more so for
our purposes since the processes are shorter and the outcome less fragile, with
a few exceptions, as is emphasized in due course. It has four different rooms,
one used for lithography, another with high temperature ovens and a dangerouscompound handling facility, a process room with various deposition machines, and
a characterization room. However, only the lithography room and the deposition
room for sputtering will really be used.

4.1

Condensed step list

Hereafter are presented the current fabrication steps, which normally yield
good results if followed exactly. Nevertheless, achieving a perfect yield is difficult,
hence it is desirable to fabricate the holders in batches with duplicate samples,
since the full process duration is longer than the added duration due to the extra
pieces.
Along with the steps, their approximate duration is also included, which hold
true for batches of 10 holders.
1. Holder cutting - 10’
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2. Cleaning - 20’
(a) Acetone bath
(b) Isopropanol bath
(c) Nitrogen gun drying and oven drying at 110 o C for 10’
3. Resin coating - 30’
(a) 0 to 500 rpm in 5 s
(b) 500 rpm for 15 s
(c) 500 to 3000 rpm in 5 s
(d) 3000 rpm for 30 s
(e) 3000 to 0 rpm in 5 s
(f) 2’ on the hot plate at 115 o C
(g) 2’ resting
4. Exposition - 20’
(a) Alignment of the mask with the holders
(b) Exposition for 7 s, with hard contact
(c) 2’ on the hot plate at 115 o C
(d) 2’ resting
5. Development - 30’
(a) 13 s of development
(b) DI water rinse
(c) 5 s of development
(d) DI water rinse and nitrogen gun drying
(e) Microscope inspection
6. ITO Sputtering - 3h
(a) Vacuum to at least 1.3 × 10−5 mbar (1h 40’)
(b) Source cleaning at 50 W for 5’
(c) Sputtering for 40’ at 1.3 × 10−3 mbar and 50 W
7. Lift off - 40’
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(a) Immersion of 3 holders in acetone with ultrasonic agitation for for 1’
(b) Transference to another container with ultrasonic agitation for 1’
(c) Transference to a third container
(d) DI water rinsing and nitrogen gun drying
(e) Microscope inspection for shortcircuits
8. Alumina deposition - 40’
9. Hydrophobic layer coating - 1h 30’
(a) HMDS coating using the lithography spinner program
(b) Teflon coating using the same program
(c) Oven drying at 105 o C for 10’
(d) Hot plate drying at 165 o C for 5’
(e) Repeat the previous 3 steps for a second Teflon layer

4.2

Cutting

In our tests, microscope slides have been sufficient as a material to be used for
the lens holder. However, their default shape is rectangular, which is not the most
convenient for our purposes. For this reason, the slides are cut into squares before
anything else. This can be tricky if not done with the right procedure, which is
actually quite simple.
In order to cleanly and effortlessly cut the slides, a straight scratch must be
made along the cutting axis. This can be done with a pencil with a diamond tip
usually used for cutting silicon wafers, and scratching the glass four or five times
is enough to get good results. After this, the slide is cut by bending it. To do
so, it should be held with both hands, with the scratch facing outwards, and with
the fingers placed close to it so that the bending force is concentrated around this
zone.
This procedure is fast and easy to carry out, and usually works as expected.

4.3

Cleaning

An unclean surface heavily hinders the adhesion of the resin to the glass, thus
it is of great importance to clean the holders properly. This is done by submerging
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them all in acetone first, then transferring them to another container filled with
isopropanol in order to eliminate acetone traces, and finally rinsing them with
distilled water (DI water) and drying them with the nitrogen gun. It is advisable
to have a look at the holders at this point to ensure they do not have any remaining
dirt. Lastly, they are put in the oven for 5 minutes at a temperature over 100 o C
to evaporate any remaining water, and then taken out and left to cool to room
temperature before starting with the next process.

4.4

Lithography

This step comprises the resin deposition, the UV light exposure through a
mask, and the development of the exposed resin.
The one used is Megaposit SPR220 3.0 for a thickness of 3 µm. It is a positive
resin, which means that UV light exposed parts are attacked much faster by the
developer. It is coated over the holders using a spin coating machine with the
following program:
1. 0 to 500 rpm in 5 s
2. 500 rpm for 10 s
3. 500 to 3000 rpm in 5 s
4. 3000 rpm for 30 s
5. 3000 to 0 rpm in 5 s
Slightly modifying the program is possible without compromising the outcome,
therefore speed feedback errors or parasitic resistances in the rotating shaft of the
spinner are not usually problematic. Particularly, the duration of the 3000 rpm
step has been gradually decreased from 60 seconds. This is due to the fact that even
though longer times yield higher surface uniformity, it is at the cost of increasing
the process duration. In the end, 30 seconds have proven to be perfectly reliable
in our tests.
After coating, the holders are placed on a hot plate at 115 o C for 2’, and then
removed from it and left to rest for 2’ more.
Next, they are exposed to UV light through the chosen mask, for an intensity
of 28.5 mW/cm2 during 7 seconds, using hard contact. Then, they are put on the
hot plate at 115 o C for 2’, and finally removed from it and left to rest for 2’ of
hold time.
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Figure 4.1: Damaged ITO due to bad development.

Up until this point, the only possible difficulty might come from the alignment
of the mask with the holders, since they freely rest on top of the support and can
easily move. In order to help with this task, a guide printed on paper can be put
on the support, with the holders resting on top of it, to be able to place them in
the right position more quickly. With this and some practice, the alignment can
be carried out in less than 5’ for sets of 5 holders. In fact, the patterns are slightly
smaller than the holders by design, so as to allow room for some error in such a
manual task.
Next comes the development of the exposed resin. This step is very important
and poses some difficulties, so special care is advised. This is mainly due to the
fact that the development time is quite short, but also because the developed
resin tends to stick back when it gets in contact with air or water, which in turn
requires another development cycle. For these reasons, obtaining a clean holder
after developing is not a trivial task. It is however mandatory to eventually obtain
clean holders, since the bonding strength of the ITO to the the glass substrate is
very dependent on such thing. In other words, ITO deposited on resin leftovers
will probably be unintentionally teared off during the lift off stage, as is shown in
Figure 4.1.
The short development time constraint is mainly imposed by the type of resin
used, which is quite thin, and even unexposed parts are quickly affected by the
developer. This limits the amount of time that the holders can be submerged in
the developer, hence an effective developing technique is compulsory.
Some tests were performed in order to characterize the result of different development times, which can be seen in Figure 4.2. Note that images of the same
holder are vertically grouped together for easier comparison.
The first row of the figure shows that even after 22 seconds of development,
without any agitation, there is still a great deal of resin remaining. This is due to
the fact that small pieces that remain on the surface stick back when they enter
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in contact with air, while removing the holders from the developer. However,
with another short development cycle of about 5 seconds, the leftovers are almost
completely eliminated, as one can see on the second row of the same figure. The
only drawback is that as accumulated development time increases, the walls of the
pattern get more irregular since they get significantly eroded.

(a) 13 s

(b) 16 s

(c) 19 s

(d) 22 s

(e) 13 s b

(f ) 16 s b

(g) 19 s b

(h) 22 s b

Figure 4.2: Test of increasing development times. The samples in the second row
have gone through a short second immersion.

In addition to this test, the experience gathered through repetition of the whole
fabrication cycle shows that a second development cycle is not always enough. For
this reason it is advisable to inspect the holders with a microscope after the development to ensure good surface cleanliness, and repeat if needed. Other details to
consider are that manual agitation appears to aid in this regard, as does replacing
the solution with clean developer after the first cycle. With this in mind however,
the reliability of this step of the process is high and obtaining clean, well developed
holders is easy.

4.5

Sputtering of ITO

Once the resin mask is appropriately deposited on the surface, the transparent
and conductive ITO material is coated onto it using a sputtering machine.
Sputtering is a process whereby particles of a solid target are ejected due to
bombardment of the target by energetic particles. As a result, thin-film layers of
the target material can be easily deposited onto appropriate surfaces.
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In our case, the selection of glass as the substrate is a good idea for the additional reason that it bonds strongly with ITO, provided that the glass surface is
clean of impurities.
The sputtering process is quite straightforward and once the correct parameters are known, achieving good conductivity and transparency on the deposited
material is easy and highly repeatable. The most important process parameter for
controlling the quality of the conductive layer is the chamber pressure during the
deposition. In our experience, a pressure of 1 × 10−3 mbar yields a conductivity
of 5.2 × 10−2 Ω cm, which is a good result for the range of values that ITO can
present, even though it is evidently a far worse conductor than copper and aluminum. However in the area of transparent conductive materials, ITO is currently
a great choice.
The other important process parameter is the desired layer thickness. This is
mainly controlled by the duration of the process, but also by the electric power
directed to the plasma. The process power is a parameter that is also involved in
the quality of the outcome, and it is does so in a way that is difficult to control.
For this reason, it is advisable to keep it at a reasonable value and only modify
the process duration in order to vary the layer thickness without unexpected side
effects. For our interests, a conductive layer thickness of 90 nm shows a good
balance between process duration, conductivity and transparency. Such value can
be obtained by bombarding the target during 40’ at 50 W of power. For quick
verification after the process, a blueish layer color is usually a sign of a good result,
whereas a brownish tone is suspicious.
Apart from the aforementioned main process parameters, there are a few other
details that are quite meaningful. Firstly, a clean chamber environment before
the start of the sputtering has a significant impact on the bonding quality. For
this reason it is a good practice to let the pump reach as high a vacuum as time
permits. Values of 1.3 × 10−5 mbar or lower have been fine in our case.
Secondly, and also regarding cleanliness for the same reason, it is advisable to
let the solid target clean itself for a few minutes before opening the shutter and
allowing the atoms to reach the surface to be coated, since the exterior layer of
the target could contain dust or other unwanted particles.

4.6

Liftoff

The liftoff is the process whereby a layer coated on top of a patterned sacrificial
material is teared off from the substrate by attacking it with a chemical compound,
thus leaving unharmed only those parts of the topmost material that where not

36

Chapter 4. Fabrication process

resting on the pattern. Since we have used a photosensitive resin as sacrificial
material, an appropriate attacking agent is acetone of laboratory grade.
This is a technique that was developed so as to allow the precise patterning
of materials that are non-selectively layered during the deposition process. There
are however methods that allow using masks during sputtering, but the masks
and systems involved are much more complex and expensive, which makes those
solutions fitting only for high scale manufacturing. Nevertheless, the lithography,
sputtering and liftoff cycle is well tested and frequently used even in demanding
microfabrication applications such as photovoltaics research. For our purposes it
is therefore sufficient.
However, the fact that the substrate of interest is glass instead of silicon, poses
an important problem that may not appear in the latter case. This problem is
called redeposition and as the name implies, it stems from the tendency of the
ripped bits to stick back to the definitive conductive material. This phenomenon
is undesired not only because it deteriorates the surface quality of the conductor,
which could lead to difficulties in the movement of the droplet due to surface
irregularities, but also because it can easily shortcircuit nearby contacts hence
possibly rendering the holders useless for experimentation. Moreover, running out
of valid holders at this point is especially annoying since it means losing about 5
hours of continuous work.
After many tests, we believe to have found a sufficiently reliable approach to the
solution of the redeposition issue during the liftoff. The problem apparently occurs
when the holders are taken out from the acetone bath and the ripped bits resting
on the surface quickly bond together irreversibly in contact with air. Therefore
to minimize the effect the following ideas are useful. Firstly, proceeding with as
few holders at a time as possible has been proven to help considerably. Replacing
the acetone with fresh solution after a few runs is important as well. Additionally,
using at least two acetone containers and quickly transferring the holders between
them ensures that the bath is cleaner with each dive, before the DI water rinse
and the drying that will inevitably bond any remaining pieces.
Another idea that could even completely eliminate the problem would be to
position the holders vertically inside the acetone bath so that the teared pieces
would fall to the bottom of the container and stay away from the vulnerable
region reliably. Unfortunately however, this is difficult to implement with the
appliances of the laboratory. Nonetheless, useful results can be currently obtained
by following the aforementioned advices.
The precise steps to take for a correct liftoff are these. Firstly, a petri container
filled with acetone is put inside an ultrasonic bath, and then the first 2 or 3 holders
are submerged and the device is activated. After 1 minute in the bath, the holders
are quickly transfered into another container with clean acetone solution, which is
put in the ultrasonic bath for 1 more minute. Then the holders can optionally be
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transfered to another container, and finally rinsed and dried with a nitrogen gun.
After this, the results should be checked through a microscope to determine the
degree of success achieved, and dispose of the invalid pieces.
For faster ITO ripping, the holders can be exposed to an optional thermal
shock on the hot plate at approximately 115 o C during 1’, before putting them
in acetone. This is useful because it fractures the resin and allows the attacking
agent to act faster.

4.7

Alumina deposition

The alumina (Al2 O3 ) layer acts as the dielectric between the exterior surface
where the droplet rests and the contacts and tracks. For the range of voltages
used in our experiments, which are always lower than 50 V, a layer thickness of
20 nm is enough to guarantee no dielectric breakdown, as the posterior Teflon and
HMDS layers also help in this regard.
The pads should be protected from the alumina prior to the deposition, since
this material does not support liftoff unlike ITO, due to its high cohesive strength.
For this reason, we have chosen to use kapton for this task, since it can withstand
the temperatures during the process, and it is also easy to cut in the right shape
and then put on top of the pads. After the deposition, the kapton pieces can
remain on the holders, even during the Teflon coating step. Then, at the end of
the whole fabrication process, they can be safely removed by hand with some care,
in order to expose the conductive pads underneath.
Even if this procedure seems somewhat coarse and harmful to the hydrophobic
layer, our tests show that the central zone of the samples, where the droplet will
rest, remains conveniently intact.

4.8

Teflon coating

The final fabrication step consists in coating the alumina surface with a hydrophobic layer. The used compound is a mixture of a 10 to 1 weight ratio of
FC40 and DuPont Teflon respectively.
The coating process is similar to that of the resin used in the lithography step.
In fact, the exact same spinner program can be used, which basically is divided
in two velocity steps, one at 500 rpm for 10 s, and the other at 3000 rpm for 30
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s. Evidently, the velocity should be gradually varied to carefully blend the steps.
This parameters result in a layer thickness of about 100 nm.
An optional HMDS coating step comes first, and it is extended using the same
Teflon coating program. This layer improves the resistance of Teflon to the high
electric fields that it will endure, increasing the voltage at which it gets destroyed.
It is important to note that this is quite a toxic compound that should be handled
with care, wearing an appropriate protection mask and gloves. Additionally, it
should be deposited on the holders with a glass pipette of some type, since it
attacks usual polymers.
Right after coating the holders with HMDS in the spinner, the Teflon solution
can be deposited and the program started, since no drying step is required. After
the coating, the holders are put in the oven at 105 o C for 10 minutes. Then, they
are transfered to the hot plate for a final heating step at 165 o C during 5 minutes.
At this point the first layer of HDMS and Teflon is correctly deposited on the
holders. For additional layers, the process can be repeated, bypassing however
the HMDS step, since one layer is currently enough. Nevertheless, two layers of
Teflon have proven to be sufficient during experimentation, whereas only one is
not recommended because some parts of the surface could not be perfectly covered
in that case.
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Experiments and results
5.1

Typical EWOD experiments

An initial set of typical EWOD experiments have been performed before continuing with more complex configurations, in order to check the correctness of
the fabrication results. These tests are based on the usual setup employed to
record the contact angle variation when a voltage difference is applied between the
droplet and the bottom electrode. In this case the electrode is therefore a single
piece spanning the whole substrate area, on top of which is the Al2 O3 dielectric
layer and the topmost hydrophobic layer made of Teflon AF 1600. Additionally,
the surrounding phase is air.
The acquisition method uses a video camera with high magnification to be
able to properly focus on the droplet, of the order of 1 mm in diameter. On the
opposite side of the camera lies a flashlight pointing to it, so that the droplet
profile is clearly displayed. This way, the acquisition software on the computer
can calculate the contact angle by approximating the spherical cap shape to a
circumference through numerical methods. The user only needs to specify the
base line in order for the software to find the values automatically.
A high-voltage programmable power supply has been used to drive the EWOD,
since voltages of up to 50 V are applied. Furthermore, it provides the capability
to program a staircase function, which has been configured to generate voltages
from 0 to 50 V, in steps of 5 V and 0.2 s. Apart from the two outputs connected
to the droplet and the electrode, a third one is connected to a small led pointing
to camera. This is programmed to light up at the start of the experiment in order
to fire up the video acquisition, since the software is able to detect such change.
Various tests have been run, and the best results that have been obtained for
both fluids are shown in Figure 5.1. These are distilled water (DIW) and a mix of
DIW and ethylene-glycol-glycerol (EGG) of a 1:1 ratio in volume. The volumes of
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Figure 5.1: Contact angle variation as a function of the applied voltage. The signal
is a staircase function increasing from 0 to 50 V in steps of 5 V every 0.2 s. The
DIW experiment ends at around 1.5 s. EGG at 1.1 s. Registered DIW data starts
at 10 V. EGG at 25 V

the droplets are 6 µl for both.
The following information can be extracted from the DIW graph. Most notably,
the variations seem to occur when steps of 10 V or more accumulate. In other
words, there is significant hysteresis. These jumps are of about 4◦ . At instant
1.4 s, the 45 V step comes in, and there is an overshoot in the contact angle
variation, which further supports the hysteresis statement. After the current is
withdrawn, the angle moves back to its initial position, although this conclusion is
not extracted from the figure but from the known initial conditions. The registered
data starts at 10 V.
The EGG graph shows a much more irregular behavior. Again, this is due to
a worse hysteresis effect. The data starts at 25 V now, where the contact angle
is higher than in the DIW case. EGG presents a higher contact angle than DIW
on Teflon. The angle jumps are bigger, of 5◦ or more. At instant 0.6 s, with 40
V applied, a big step appears. This means that, together with the lower angle of
60◦ compared to the 80◦ that DIW eventually reaches, EGG is more controllable
than DIW, since it presents a higher variation for the same amount of voltages.
Unfortunately, hysteresis ruins their reliability. This is seen also on the resting
angle that the droplet adopts after finishing the experiment. In this case it clearly
does not go back to its initial condition. In the following section, the effect of
using an oil as the surrounding phase on the hysteresis issue is assessed.
The resistance that the system displays in both cases, shown in Figure 5.2,
does not present any anomaly in the jump instants. This gives no new indication
on the effects related with hysteresis. Also, there is no clear correlation between
voltage and resistance, even when water hydrolysis starts to be noticeable, starting
at 25 V. The impact of this effect however, was indeed evident when inspecting
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Figure 5.2: Resistance presented by the EWOD system. Values on the MΩ range in
both cases. EGG seems a bit less conductive. There is no clear correlation between
voltage and resistance.

the holders after the experiments, since it resulted in observable damage on the
surface.

5.2

Custom EWOD experiments

The previous experimental setup is sufficient for the purposes of characterization of the contact angle and for the gathering of insight on the basic physics
and dynamics of electrowetting. Such a simple setup however, is a bit unrealistic
when compared to a real world application where the conditions are not as forgiving. Moreover, having such a simple control action prevents testing more complex
control schemes and collecting more information on this phenomena that is not
yet very well understood. And this of course, might be very interesting in the
development of this technology and its potential applications.
For this reason, we have designed a variation of the simple EWOD experiment
previously explained, that allows greater control over the variables of the system.
Its main difference is the use of a patterned holder, in order to be able to apply
voltages from various positions, and possibly gain some control over the shape and
situation of the drop, by means of contact angle variations. This however, requires
the use of a custom controller, since the power supply used in the previous experiments does unfortunately not offer such fine control through its default user
interface. Thankfully, this small problem is easy to circumvent, by means of a computer, a custom user interface, and simple circuits for augmenting the power supply
capabilities. In our case, such scheme has been implemented using an Arduino microcontroller, for simplicity and availability, using discrete electronic components,
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and developing a series of functions and interfaces, specifically designed for this
purpose.
The aforementioned approach has allowed us to collect very useful information
that will surely benefit the current research on applied electrowetting.

5.2.1

Experimental setup

This more complex series of experiments, as previously mentioned, use a totally
different combination of devices, which will be hereby explained in more detail.
One the one hand, the droplet resting on top of the holder will now be surrounded by an oil called OS-20, from DOW Corning, instead of air. This is a
silicone based oil, that is designed for cleaning applications, since it tends to evaporate in contact with air, at room pressure and temperature, leaving no remainings.
It is useful for our purposes since it is immiscible with distilled water (DIW) and
ethylene-glycol-glycerol (EGG), which are used as the droplet liquids, and especially since it is non conducting, avoiding shortcircuiting issues. This is expected
to result in a much higher contact angle, and aid in decreasing the resistance to
movement (contact angle hysteresis) that has been observed in the previous simple
EWOD experiments, due to the droplet and the surface now being more isolated
from the surrounding environment. This liquid has also been used successfully in
other electrowetting experiments [19].
On the other hand, the holders have now five pads on the outer part that allow
voltages to be applied to the contacts located below the center of the holder, where
the droplet rests. Four of them are uniformly distributed in a circle, similarly to
cake slices, and the fifth contact is in the very center. This shape is clearly shown
in the mask design section (3).
The voltage is applied to the pads by means of test probes, as has been done
before. This time however, they are not connected to the high voltage power
supply that was previously used, since for the purposes of this experiments, it is
actually less convenient when it comes to quick and direct manual control. For
this reason, a smaller bench top power supply, able to deliver at least 20 V, is in
fact sufficient.
Since the power supply has only one output, and the holders have five pads,
a multiplexing circuit is necessary, along with a controller of some kind. For this
task, we have chosen an Arduino (UNO Rev. 2) as the controller, and developed a
custom program to be able to communicate and manage the experiment from the
computer. Another possible option would have been to use the Native Instruments’
LabView software and their digital to analog converter (NI DAC), but the cost of
this option is much higher, and therefore its availability in the laboratory lower.
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The Arduino plus a control program option is, on the contrary, very inexpensive
and presents similar complexity in its implementation for someone who is not too
familiar with any of both ecosystems. It is true however, that this setup is less
precise than another where the high voltage power supply were to be used, but
achieving such precision would force us to develop a much more complex setup
that, for the current tests, is simply out of scope.
Regarding the multiplexing circuit, readily available integrated circuit components have been used with success. Starting from a single output, a few operational
amplifiers allow us to easily obtain four independently controllable output voltages. Moreover, these can be conveniently set with the computer interface, so that
complex voltage application schemes can be tested. In addition to that, another
circuit stage comprised of a few switches, allows us to provide either the voltage
that is available, or a high impedance output, in order to have more flexibility and
assess the impact of this difference on the system.
The experiment controller runs on the computer, for which two complementary
interfaces have been developed. One is a library of functions that allow to easily
connect to the microcontroller and control the state of the outputs. This is done
through a command line interface, explained later. The other interface, built on
top of the former, is simpler to use, since it is based on a web application that
has a straightforward user interface. Adding functionality to it however, is much
more time consuming than doing so to the command line interface, therefore only
the most convenient functions have been implemented there for the moment. In
this way, new functionality can quickly be added and tested with the command
line interface, and if proven useful, it can then be wrapped in a nicer and friendlier
graphical user interface.
The acquisition of results is basically made by inspection. Since the droplet
size is of the order of a millimeter in diameter however, a magnification system is
required. For this purpose, an inexpensive USB microscope has been employed,
giving quite good results and allowing us to capture both still pictures and videos
of the target. Perhaps, the weakest point in this decision is the slight difficulty
in getting the microscope to simultaneously point to the droplet and be in focus.
This is due to the fact that the only easily available mounting system has been
an articulated arm, which does not present great precision in its positioning. We
believe however, that this issue is justified by its advantages.
The final goal of these experiments was to be able to control the droplet shape
in a way that would allow us to actively steer a laser beam, similarly to how this
is done using a mechanically-actuated solid lens. Unfortunately, due to the issues
encountered, which have not been solved yet, and also for the time constraints in
a Master’s Thesis, such goal has not been reached. The infrastructure however,
has been laid down, and some useful conclusions have been extracted. For instance, the web interface has an already functional module that, using a webcam,
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Figure 5.3: Schematic diagram of the first circuit. Each unit of the represented
circuit is used to convert an analog input ai to an output Vj .

automatically detects a laser spot in a grid and calculates its position, so that the
deviation can be easily calculated in a way that allows batch testing, or just better precision and processing speed. Similarly, some other functionality is included
that will not be fully used here, but is ready for future experimentation.

5.2.2

Circuit design

The idea behind these circuits is to augment the capabilities of the single output
power supply that is being used. Two circuits have actually been built. The first
one is intended for controlling the voltage that is applied to the pads by means
of the computer. The second, on the other hand, has fewer outputs, but presents
the added capability of being able to provide high impedance outputs, as well
as switching the current direction on the fly. These circuits can be used either
separately or together, in order to combine their benefits. In that case however,
extra routing than the one shown here is necessary.
The diagram of the first circuit is shown in Figure 5.3. It is basically a combination of four non-inverting amplifiers (LM358) with their corresponding potentiometers for range adjustments. They amplify four signals that come from four
Arduino pins, which are in the range of 0 to 5 V, so that the circuit can output
voltages in the range of 0 to approximately 15 V, depending on the initial adjustment. The maximum amplification is therefore, by design, of about 3 times, which
should be sufficient for our experiments, since high voltage values produce water
electrolysis.
The microcontroller does not have digital to analog converters, so the output
signals that it provides are pulse width modulated (PWM) of 5 V in amplitude.
For this reason, they are fed into an RC low-pass filter prior to the amplification
stage. Since the PWM frequency is of 490 Hz, a cutoff frequency of 33 Hz (R = 220
kΩ, C = 22 nF) has been selected. This lets through a ripple of approximately
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Figure 5.4: Schematic diagram of the second circuit. Four digital inputs di are
needed to provide the described funtionality to two outputs Vj .

200 mV, which after the220k
amplification is only about 3 % of the total range, and
a
VA
thus acceptable. 1
Regarding precision
as22n
well, the PWM signals are generated
with 8 bit counters,
a2
VB
therefore the minimum voltage step for a 5 V signal is of 20 mV. At the output of
a3
VC
the circuit this translates
into about 60 mV,100k
which is much
lower than the voltages
47k
required to obtain
a4 any movement. In other words, this
VD guarantees a sufficiently
4x
fine-grained control.
The adjustment potentiometers are useful for fixing the amplification ratio.
The easiest way to do such adjustments is to set the microcontroller outputs to the
maximum value, with the computer interface, and while measuring the outputs of
the amplification circuit, rotate the trimmers until the readings display the desired
values.
The diagram of the second circuit is shown in Figure 5.4. It is composed of four
operational amplifiers (LM358) and four switches (HCF4066). The main objective
of this circuit is to provide the ability to set any of the two outputs, which are
connected to the test probes, to either ground, positive, or high impedance. This
allows us to reverse the current at any moment, to generate a PWM signal of any
duty cycle and an amplitude given by the voltage of the power supply, or even to
virtually isolate the system from it, without needing to reach for the cables.
The first stage of the circuit converts the 0 or 5 V digital signals from the microcontroller output pins, to a range suitable for the control inputs of the switches,
which judging from the datasheet, can go up to 11 V when the supply voltage is
at 15 V. This is implemented with operational amplifiers used as comparators.
The reference voltage is obtained by simple voltage dividers of a 1 to 6 ratio of
the supply voltage. The chosen value guarantees good operation up to 30 V, in
theory, since at this value the reference would be at 5 V, which is already equal
to the maximum voltage that the Arduino can deliver. In practice however, the
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a
1
0
0
1
0

b
0
1
1
0
0

c
0
1
0
1
0

d
1
0
1
0
0

A
V+
0
0
V+
Z

B code
0
a
V+
b
0
0
V+ v+
Z
z

Table 5.1: Truth table for the correct behavior of circuit two. It assumes that
digital pins (2, 4, 5, 6) are connected to control terminals (a, b, c, d) of the switch,
as stated in its datasheet, and the inputs of (a, b, c, d) are (V+, 0 V+, 0). A and
B are the outputs of pairs (a, b) and (c, d) respectively. A value of 0 represents an
open switch. Z accounts for high impedance. The column named key is the selection
code used for testing.

maximum voltage supported by the switch is 20 V.
In the second stage are the switches, which when appropriately routed, can
behave as a multiplexer. Such routing is clearly seen on the aforementioned figure,
where most importantly, the outputs are shortcircuited in pairs, one of them being
the common ground and the other an output. The pair selection is in fact unimportant, however it must be taken into account later, when designing the truth
table for the control signals. It should be noted that, by design, the switches open
quicker than they close, avoiding shortcircuits. Finally, the inputs going through
the switches are the positive and ground rails from the power supply, thus allowing
to manually control the applied voltage. In fact, due to having four control signals
available, the outputs can be set to the useful combinations shown in Table 5.1.
As previously said, this circuit also provides the ability to switch the outputs
electronically. Such functionality would be a useful addition to the first circuit
explained, therefore having full control of the experiment through the computer.
Connecting these two circuits together in order to achieve this is possible, however
it does not appear to be the optimal solution, since it requires many components,
greatly complicates the truth table of the switching control signals, and seems
redundant overall. A simpler alternative is to add an extra controllable output,
such as those provided by the first circuit shown, and connect it to the central
electrode, previously fixed to the ground terminal. Then only remains to properly
manage the five outputs so that the current can be inverted, with either the positive
voltage being in the external electrodes, or in the internal one. The downside to
this is that the response time is higher due to the low-pass filter stage.
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5.2.3

Computer interface design

The experiments are governed by the functions and graphical user interfaces
running on the computer. These communicate with the microcontroller through
the serial port, managing its inputs and outputs in a way that is useful for our
purposes.
The program running on the microcontroller is very similar to the code of the
Standard Firmata example that is included in its development environment, with
only a few modifications. It is an implementation of the Firmata communcation
protocol for the Arduino, which is a protocol based on the midi message format.
Basically, it provides some predefined short commands for the exchange of the most
usual types of data, but also allows to easily extend it with custom commands, in
order to use messages of any length. This protocol has been chosen over others due
to its simplicity, popularity, the availability of documentation, and for its GNU
public license. The details of its specifications and implementation can be easily
found online.
The aforementioned modification is the addition of a custom command for a one
time reporting of the voltages read in the analog inputs of the microcontroller. In
fact, while there is already a value reporting functionality implemented in Firmata,
it is specifically designed for periodic broadcasting, which in this case is unsuitable
since it is inherently less precise unless very fast frequencies are used. Eventually
however, the commands that we have mostly used are those used for controlling
the duty cycle of the PWM pins, and the state (high or low) of the digital output
pins.
The computer communicates with the microcontroller through the serial port,
with a USB cable. In order to send and receive Firmata messages however, the
most convenient alternative is to chose a high level programming language which
provides simple functions for managing the serial port, either in its standard library or in third-party modules. For this purpose we have chosen Python as the
programming language, also because we had previous experience with it. It is a
very powerful high-level programming language, which is easy to read and use,
and most importantly, is very extended. For this reason, there exist already such
libraries as pySerial, for easy interfacing with the serial port, or even better, pyfirmata, which uses the former library and allows us to communicate with the
microcontroller using Firmata commands. There are other alternatives, however
these perfectly satisfy our requirements.
Using these libraries we have proceeded to develop even higher level functions
that allow us to change the outputs with the use of a single line of code. Other
functions facilitate the connection and disconnection with the board, guaranteeing
correct clean up of the resources even on the event of an unexpected exit. Moreover,
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Function name
__init__
connect
disconnect
reset
serial_write
_vset
_vread
_sw_control

Description
Class initializer.
Connection to the board.
Safe disconnection from the board.
Clean board reset.
Generic interface to write to the board.
Directly set the voltage of the pwm pins.
Directly read from the analog pins.
Set the switches to either direct, reverse, high impedance,
or zero mode.

Table 5.2: Summary of the functions used to control the microcontroller. See the
source code for details (link at the end of the subsection).

the library has been designed with modularity in mind, so that it is easy to expand
adding new functionality, or even rewrite some of its parts without breaking the
whole module. All these functions are in the file named serial controller.py. Since
it can be used on its own, as will be explained later, the most useful functions are
shown in Table 5.2 along with a short description.
The experiment can be controlled from a command line interface. For this
task, we have also used the application IPython, which is widely used as a Python
interpreter, since it has a workflow that is very convenient for quick testing of
functions. Thus, with this program plus the serial controller module that has
been developed, connecting to the microcontroller is very simple. In fact, an extra
small helper module has been written to further reduce the effort and increase
productivity. In this case, the connection procedure is done by simply running
the file experiments convenience functions.py. An example session is shown in
Appendix D.
While a command line interface is convenient in numerous scenarios, some
others are much more suitable for a graphical user interface with support for a
pointing device. Thus, we have also built such interface for various tasks that
will be hereby explained. The chosen infrastructure for the interface is based
on web technologies, and thus implements the graphical interface in HTML and
Javascript. On the server side, there is an application developed in Python and a
library called Cherrypy, which abstracts and encapsulates much of the boilerplate
that this type of developments require. Thanks to this combination, building a
responsive application is not overly complex, and yet provides a great amount
of flexibility. It is true that for high speed communications and other scenarios
requiring extreme performance this solution could not be viable, however for our
purposes, it seems a perfectly good fit. The most prominent disadvantage is really
only the fact that building a web application is quite more time consuming than
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Figure 5.5: Main page of the graphical user interface.

building a terminal utility. With this in mind however, it is easy to take informed
decisions on the most useful implementations and those not so necessary and thus
left for future versions.
Web applications have two main parts. The server, which runs on the server
computer, and the clients, which request information from the server. The user
interface, described using HTML, is displayed on the clients, and can be very
dynamic thanks to scripting in Javascript. The server on the other hand, which is
in this case written in Python, usually waits for clients’ requests and answers with
the appropriate information. With this scheme it is easy to develop a modular
application, and since it is a well established technology, learning and utilizing
it is open to anyone. More specifically, in our case, the client sends requests to
the server, depending on the buttons clicked in the user interface, and the server
executes the corresponding commands that may change the state of the outputs
of the microcontroller. The user interface can be seen in Figure 5.5.
Since the most used functions in these experiments, are those for setting the
voltages on the pads, such has been the first thing to be implemented. Moreover,
the application provides two ways for such control. There is a straightforward
one, which drives the output voltages independently of the rest, under section
titled VSet. And also a more elaborate system, which by clicking on a grid with
the mouse, allows to simultaneously set all the outputs to their corresponding
value depending on the correspondence between the semi-axes of the grid and the
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outputs. This is useful for both saving time and also preventing the situation where
two opposite pads might be simultaneously actuated, which seems contradictory
for the type of control that a light-beam steering device requires.
There is also a section intended for reading voltages from the analog inputs of
the microcontroller (VRead ). In addition, the history of commands is displayed
in a list like fashion, the items of which can be clicked in order to execute them,
for convenience. In a different section, a list of various simple scripts is shown, for
automating various tasks. These should be written and stored in the corresponding
folder of the application. More complex functions however, are designed to be
developed differently. A list of such complements, or addons, is shown as well in
the main page of the interface. This type of extensions, when clicked, open up in
a new tab and display their custom controls. The camera calibration module is
such an example.
This addon is intended to aid in the acquisition of data for laser deviation
experiments. After properly calibrating it, by taking a snapshot with the camera
and framing the target area, it can automatically extract the laser spot coordinates,
which can then easily be further converted into a deviation angle. The algorithm
used for this task is based on the assumption that the laser spot is the brightest
group of pixels in the picture. Hence, by calculating the histogram of the picture,
and then choosing the brightest bin that also has a minimum number of pixels, the
binary threshold between spot and background is found. After this only remains to
perform a binary closing to eliminate small disjointed artifacts, and then label the
output and extract the region properties in order to obtain the spot coordinates.
The algorithm has been tested and proven to work for quite a wide range of lighting
conditions with high reliability. It can be found in the file deviation.py.
Further details on how to start the front end are explained in Appendix D.
Technical information on how to modify, add modules or simple functions to the
web application, is found online at its public GitHub page 1 .

5.2.4

Experiments and results

In this section, we will explain in detail the experiments that have been carried
out using the systems that have been explained in the previous sections, for a custom EWOD-based experiment. The ultimate goal of this research is to obtain a
device where a droplet of a liquid enclosed in a compact package, can be deformed
by applying a voltage to a circuit underneath it, so that such deformation can be
used to, for example, divert a light beam. Before reaching that point, it is important to ensure that the droplet shape control is well established and functional.
1

https://github.com/eltechnic0/arduino_control
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In order to do that, the encapsulation is left out for the moment, and only the
droplet and the holder are studied.
The experiment has been set up in the following way. The holder, with the
kapton on the pads removed, is put inside a small container that is then filled with
the DOW Corning OS-20 silicone-oil fluid. Then a drop of between 5 to 15 µl is
deposited at the center of the holder, inside the liquid. Since the surface is highly
hydrophobic, it is easy that the droplet slides off of the center due to a small tilt of
the resting surface. In this case, one can continue with the rest of the preparations
and return to the centering issue later, when there is some voltage already applied,
since the droplet tends to stick to the contacts then.
Next, the circuits are connected to the microcontroller outputs and to the
power supply. The results shown here have been obtained using only the circuit
with the switches, which allow manual control of the applied voltage through
the power supply itself. Therefore only two electrodes have been used, one for
the positive terminal, connected to any of the exterior electrodes, and the other
for the ground terminal, the one at the center. This way only two test probes
are required, which are used to connect the pads of the holders to the two circuit
outputs. The circuit inputs, coming from the microcontroller output pins, are those
programmed in the software, and shown previously in Table 5.1. Note that the
ground terminal must also be connected to the ground pin of the microcontroller.
Then, it is connected through USB to the computer, the IPython interpreter run,
and a command executed in order to establish communications (Appendix D).
Finally, for video and image acquisition of results, the USB microscope is also
plugged in to the computer, and the capturing program run. At this point the
final adjustments should be carried out, such as recentering the droplet on the
holder, ensuring that the test probes are making contact with the pads, and that
the image from the microscope is focused.
The experiments have been performed with two types of liquids for the droplet,
one being distilled water (DIW), and the other a mix of DIW and ethylene-glycolglycerol (EGG) in a 1:4 ratio in volume. Additionally, various electrode shapes
have been tested, depending on the chosen holder. Moreover, two slightly different
voltage application schemes have also been tried, one being the usual EWOD
configuration, with one probe touching the droplet and the other one of the pads.
The second scheme however, involves no droplet contact (contactless), with both
probes touching two different pads. In both cases, one of the pads is always the
central one.
The initial experiment used 5 µl of DIW and contactless voltage application.
The first observed difference with respect to the previous simple EWOD experiments is that, by using the OS-20 fluid, the contact angle is much higher, close to
154◦ . When suddenly applying 10 V in either direction, a change in the contact
angle appears always on the same side, which agrees with the results obtained
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Figure 5.6: Damaged surface due to hydrolisis.

through the simulations, shown in Figure 2.9, since independently of the current
direction, the voltage in the contact line is always positive.
Then, when the voltage is switched off, the droplet tends to get back to its
initial position. The movement however is not very reliable and reproducible, and
after a few cycles it decreases until there is none. This is probably due to charge
building up and getting stuck in the droplet after a while, which is an effect that
can be reduced by alternating the current direction, as we show below.
There is another unwanted effect that can be seen when applying voltages,
which is hydrolysis (Figure 5.6), showing up in the form of a stream of bubbles
floating towards the surface, and a group of them that accumulate on the holder
surface. This is slightly apparent from voltages around 3 V, and more easily visible
as the voltage rises. Not only this causes the droplet volume to decrease, but most
importantly, it destroys the hydrophobic surface in some parts, which can kill the
movement completely. With some luck however, the damage can still allow contact
angle variations, but as we said, this hinders the device reliability. It also means,
that after a holder has been experimented with, it must usually be thrown away
and changed for a new one, since being able to reuse it has proven to be quite
hard.
Interestingly, while this effect was also observed in the simple EWOD experiments, it began to show from voltages higher than 25 V. Such great difference can
be explained by the sharp corners of the conducting tracks, which where inexistent
in the former case. In the proximity of those corners, the electric field is higher
than expected, which may create a voltage that exceeds the dielectric breakdown
value. Moreover, the damaged is specially focused on the edges of the electrodes,
which further hints an issue in this regard. Future efforts should test bigger dielectric widths or better dielectric materials, so as to clarify whether the problem
is dielectric breakdown, or has to do with the Teflon layer directly.
The second experiment used the exact same conditions, with only the difference
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Figure 5.7: Second experiment, with 5 µl. Resting (left) and biased (right). Right
contact angle change is 16.9◦ .

that in this case the current flow direction is alternated. This is made possible
by the previously described circuit, which allows to switch the current direction
electronically, without having to reach for the probes. The voltage however, remains always positive, only the probe through which the positive voltage is applied
changes, so that it is once on the central contact, and then on a peripheral one.
This idea really helps in reducing the charge accumulation issue, although not all
signal periods and step durations work. In the performed tests, a pulse duration of
0.5 s and a recovery time of 1 s, before inverting the direction, allowed movement
for more than 5 minutes (at which point the experiment was intentionally stopped),
whereas longer pulse times, and particularly shorter recovery times, could kill the
movement in less than 30 seconds.
While the probes were at high impedance during the recovery phase, further
experiments suggested the same behavior for either high impedance or ground
voltage in both contacts. Additionally, releasing the accumulated charge once
there was no more movement was quite difficult, and either applying high voltage
or ground voltage to the pads was ineffective. The only solution seems to keep
driving the holder with alternating current, although at such point this does not
always work and then the drop must be changed for a new one, with the uncertainty
of whether the holder will remain being functional as well.
In this experiment, the achieved contact angle variation is of about 16.9◦ , for
10 V of applied voltage. This is measured and shown in Figure 5.7, where some
stuck bubbles can also be seen on the bottom surface. Such variation might not be
sufficient for light beam steering applications but it is still higher than the values
obtained in the previous simple EWOD experiments, which is probably due to the
use of the silicone oil.
Next, two more similar experiments were performed (Figure 5.8), only changing
the droplet volume to 10 µl. The first was still contactless while the second one
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used an EWOD voltage application scheme (direct contact). The contact angle
variations were respectively 15.3◦ and −2.8◦ . The negative value is rather strange,
however it should also be noted that due to the characteristics of the measuring
method, the surface damage caused by hydrolysis, and the charge retention, some
uncertainty is expected. Nonetheless, there appears to be quite the same amount
of movement in the horizontal direction as in the other case.
Apart from this, there appears to be a significant difference in the quality of
the movement. In other words, the contactless case tends to have more difficulty
in moving, particularly for one of the two voltage pulses. This effect however,
is inexistent in the other case. This is probably explained by the fact that the
effective voltage difference, the one that sees the drop, is higher in this case, since
only one dielectric jump is present in the path of the current. Additionally, charge
does not accumulate as there is a direct connection between the droplet and the
terminal. Such thing can also be assessed by looking at the way in which the
droplet lies on the surface, which appears to be much more natural in the direct
contact case. Furthermore, due to faster movement upon biasing, the effects of
inertia are much more apparent and a slight overshoot is observed, which was
unnoticeable previously, also probably due to the relatively high volume in terms
of the Bond number.
The described tests were performed with different electrode patterns without
much change in the droplet response. For the 5 µl experiment, the design with the
small inner electrode was chosen, whereas the others, having bigger volumes, used
the designs with the bigger inner electrode. This was intentionally made, so that
when the droplets are positioned at the center, the are also sufficiently close to the
exterior electrodes so as to undergo the desired wetting variation. Even though
this was taken into account during the mask design phase, correctly positioning
the droplets during the experiments was still difficult, which resulted in a timeconsuming setup process until the sweet spot was found and the droplet finally
started moving.
Similar tests with EGG remain to be carried out. However, in order to extract
all the information that these experiments can provide, it is compulsory to eliminate the hydrolysis problem first. It is true that thanks to the use of the OS-20
fluid, contact angle variations have been possible with very low voltages, which
is already quite a feat. The alternating current direction driving mechanism has
also allowed many movement repetitions that were otherwise unattainable. Still,
the results found are somewhat hindered by the irreversible sticking caused by
hydrolysis.
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Figure 5.8: Third and fourth experiments, with 10 µl. Contactless biasing (left)
and direct contact biasing (right).
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Conclusions
Firstly, the effects of gravity on a droplet of liquid lying on a hydrophobic surface
were studied. Results showed that volumes lower than 10 µl of water present a
very similar contact angle, either considering or ignoring gravity, and even more
so as volume decreases. This agrees with the Bond number value, lower than one.
Moreover, the algorithm showed good agreement with the Young’s equation in the
contact angles.
The energy states of two very common geometries of a drop of fluid inside a
cylindrical well were compared. Those geometries are that of a spherical cap, and
that of a lens when the fluid covers the bottom surface and rises to a certain height
in the well. The size of the cavities and the volumes were equal for both cases, so
as to make a fair comparison. The critical radius of the well showing the value at
which both systems possess the same energy was plotted for volumes from 1 to 10
µl. The results indicate that both configurations are indeed possible, and allow to
know the one with higher probability to appear in a real scenario.
The viability of the device for light steering was examined. Such feat is based
on the inclination of the fluid surface at the point of incidence of light, and the
refraction indexes of the traversed media. Two cases were considered, this is,
with water-silicone oil-air and water-air interfaces. Both options were proved to
be useful, although with some limitations. Furthermore, it was found that waterair produces higher deviations for equal inclinations. Most importantly however,
the effective achievable deviation is heavily dependent on the curvature of the
refractive surface, since this translates into a variation of the angle of incidence,
which in turn has a dispersion effect on the incoming beam. Avoiding this issue
could be accomplished by controlling the contact angles on the walls through
electrowetting in order to flatten the interface. Then, deviations of 13.5◦ (wateroil-air) and −25.1◦ (water-air) for a 45◦ inclination could be possible.
A convenient voltage application technique which could be implemented with
usual microfabrication processes was explored. It relies on horizontal electrodes to
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modify the contact angle on the walls. A handful of finite-element simulations were
run in order to obtain the electric potential distribution of such a system. Results
show a potential value of about half the total voltage difference. The potential
along the wall remained mostly unchanged independently of the ratio of sizes
between the positive and negative electrodes. With a wider dielectric gap between
the electrodes on the contrary, it clearly increased. If no other disadvantages
arise later due to a bigger gap, this tendency seems beneficial in terms of energy
efficiency.
Similarly, the potential distribution of the typical EWOD configuration, although now using only the bottom electrodes, was calculated. Again, the voltage
was around the average. This happens independently of the chosen positive and
negative terminals, even though when the negative is at the center the triple line
shows higher values, which actuates the droplet better.
A mask design with five similar electrode patterns was designed and subsequently improved in two later versions. The designs share a common partitioned
pie pattern with a single central electrode and various exterior electrodes. The diameter of the central one varies, with only two external electrode diameters (1.55
and 1 mm), thus allowing testing of various fluid volumes and electric potential
distributions. Later versions eliminated excessive complexity on the initial design,
and increased the minimum track width to solve damage issues encountered during
fabrication, and also to reduce path resistance.
The device was fabricated on a normal glass substrate with success. Thin resin
lithography (3 µm) was helpful in reducing the process time. Resin development
times were therefore short, which presented some difficulties. This step was studied in more detail and proved to be quite critical, since resin leftovers prevented
good ITO adhesion resulting in its tearing during liftoff. With two development
phases, manual agitation and outcome inspection, good results were however easily achievable. Liftoff was another critical step, since redeposition can shortcircuit
electrodes together. Avoiding it completely was hard and required frequent acetone renewal and quick maneuvering. Protecting the pads with kapton was enough
during the alumina deposition process. Finally, two layers of Teflon were deposited
to guarantee a smooth surface, and HMDS was used to increase dielectric strength.
Experiments for the characterization of the contact angle variation as a function of the applied voltage were performed, using a typical EWOD configuration.
They proved the correctness of the fabrication process and provided insight on the
response of distilled water (DIW) and a mix of water and ethylene-glycol-glycerol
(EGG). A staircase function from 0 to 50 V was employed, and the contact angle
was observed to present high hysteresis and resistance to movement. EGG presented higher contact angles and wider variation than DIW, however it did not
return to its initial condition after cutting the current. Also, voltages over 25 V
damaged the Teflon surface, as water hydrolysis appeared.
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Further experiments were performed using a more complex setup with patterned electrodes and OS-20 (silicone oil) as the surrounding medium. These
required the development of a computer software, a microcontroller and some circuits, allowing different driving schemes and options that are useful for current
and future tests. Results show that with volumes of 5 to 10 µl of DIW, contact
angle variations of about 16◦ are achieved. Both a direct-contact and a contactless
voltage application were tried and proven to work. With direct contact however,
the movement was quicker and more natural. An alternating current direction
was very helpful in maintaining movement after many repetitions. Otherwise it
was observed to quickly stop, probably due to charge retention issues. The use of
OS-20 seemed to help in reducing hysteresis, and also increased the resting contact angle compared to air. Hydrolysis was apparent from voltages of 3 V, and
irreversibly destroyed some zones of the Teflon surface, particularly those close to
electrode edges. The droplet tended then to stick to this parts, compromising the
reliability and reutilization of the device.
Future research along these lines should firstly focus on resolving the hydrolysis
issue, since it prevents deeper investigation due to the very short life span of the
test devices. Then, the effect of differently sized electrodes could be assessed. An
improved, ideally automated, data acquisition method would also be very useful,
since the current contact angle measurement method is slow and error prone.
Positive voltage biasing on more than one electrode still needs to be tested as well.
EGG should be more thoroughly looked into, and then compared to the findings
with DIW. Finally, after these phenomena is better understood and controlled,
a method to fabricate the well, dispense the fluids and close the pixel should be
developed. A more complex observation method will then be necessary, due to the
confined nature of such configuration. At this point however, the controllability
of the whole system and the effectiveness of the horizontal electrodes could then
be finally determined.
The issues ahead are still numerous, however the advantages of a novel light
steering device based on electrowetting are interesting enough to keep investing
the effort.
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Appendix A
Code for the energy minimization
algorithm
Here is summarized the algorithm used for calculating the energy of a handful of
positions, and the choosing the one with minimum energy. This code has been
run in IPython 3.1, with Python 3.4.3, Numpy 1.9.2, Scipy 0.15.1, and Matplotlib
1.4.3. Using a different environment will probably require additional imports, and
an alternative displaying function for the plots.
from scipy . optimize import fsolve
def ewodenergy (a , h , H1 , R1 , grav = False ) :
"""
a : droplet bottom radius
h : spherical cap height
H1 , R1 : wall height and base radius
"""
# surface energies in contact with the liquid
gamma2 = 33 e -3 # water - teflon
gamma = 72 e -3
# water - air
# surface energies in contact with the second phase
gamma10 , gamma20 = 15 e -3 , 15 e -3
# teflon - air
# formulas
R = ( a **2 + h **2) /2/ h
A = 2* pi * R * h
Ac = pi * a **2
V = pi * h /6*(3* a **2 + h **2)
# contact angle
theta = arcsin ( a / R )
if h >= R :
theta = pi - theta
# height of the center of mass
Zc = a / sin ( theta ) *(1 - cos ( theta ) ) *(3+ cos ( theta ) ) /4/(2+ cos ( theta ) )
# energy
if not grav :
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G = (2* pi * R1 * H1 ) * gamma10 + ( pi * R1 **2 - a2 ) * gamma20 + a2 * gamma2
+ gamma * A
else :
G = (2* pi * R1 * H1 ) * gamma10 + ( pi * R1 **2 - a2 ) * gamma20 + a2 * gamma2
+ gamma * A + V *1000*9.81* Zc
return { ’G ’:G , ’A ’:A , ’ Ac ’: Ac , ’V ’:V , ’a ’:a , ’h ’:h , ’R ’:R , ’
theta ’: theta }
# return the minimum - energy item from the calculated set of
positions
def solve_ewod ( V0 , R1 , H1 , a_range , grav = False ) :
sols = []
for a in linspace ( a_range [0] , a_range [1] ,80) :
sol = fsolve ( lambda h : pi * h /6*(3* a **2 + h **2) -V0 ,1 e -3)
h = sol [0]
sols . append ( ewodenergy3 (a , h , H1 , R1 , grav ) )
return min ([ s for s in sols ] , key = lambda x : x [ ’G ’ ])
# plotting function
def draw_ewod ( theta , R ) :
# function parameters are the contact angle and the droplet
radius
ax = gca ()
x0 = 0
y0 = -R * cos ( theta )
xy = list ( zip (*[( x0 - R * sin ( alfa ) , y0 + R * cos ( alfa ) ) for alfa in
linspace ( - theta , theta , 20) ]) )
ax . plot ( xy [0] , xy [1])

The EWOD plot comparing the effects of gravity is obtained with:
fig = plt . figure ()
ax = fig . add_subplot (111 , aspect = ’ equal ’)
dibujarewod ( params [ ’ theta ’] , params [ ’R ’ ])
dibujarewod ( params_grav [ ’ theta ’] , params_grav [ ’R ’ ])
show ()

And the obtained angle can be compared to the result obtained through the
Young’s equation:
V0 = 10 e -9 # 1 ul == 1e -9 m ^3
gammaSV = 15 e -3
gammaSL = 33 e -3
gammaLV = 73 e -3
params_grav = solve_ewod ( V0 , 2e -3 , 2e -3 , (1 e -4 ,20 e -4) , grav = True )
theta = arccos (( gammaSV - gammaSL ) / gammaLV )
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print ( ’ Gravity minimization theta ( deg ) : {:0.2 f } ’. format (
params_grav [ ’ theta ’ ]/ pi *180) )
print ( " Young ’s theta ( deg ) : {:0.2 f } " . format ( theta / pi *180) )

Which gives:
Gravity minimization theta (deg):
Young’s theta (deg): 104.27
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Code for the energy comparisons
Here is presented the a condensed version of the code used to obtain the plots
comparing the geometries of equal energy for the droplet and lens configurations.
Some functions from the code for the energy minimzation algorithm are required,
as well as the previously described prerequisites.
from scipy . optimize import fsolve
def wellenergy (a , H , H1 , grav = False ) :
’’’
a : well radius
H : cylinder height
H1 : well height
’’’
# surface energies in contact with the liquid
gamma2 = 33 e -3 # water - teflon
gamma = 72 e -3
# water - air
# surface energies in contact with the second phase
gamma10 , gamma20 = 15 e -3 , 15 e -3
# teflon - air
# angles
thetac = arccos (( gamma10 - gamma2 ) / gamma ) # contact with walls
theta = thetac - pi /2 # sph cap aperture ( ewod CA )
if theta < 0:
raise ValueError ( ’ theta is negative - negative cap not
supported ’)
# formulas
h = a *((1 - cos ( theta ) ) / sin ( theta ) )
As = pi *( a **2+ h **2)
A2 = pi * a **2 # area of base
Acw = 2* pi * a * H # area of the cyclinder walls
Vs = pi * h /6*(3* a **2 + h **2) # vol of sph cap
Vc = pi * a **2* H # vol of cylinder
# heigh of the center of mass of the sph cap
Zs = a / sin ( theta ) *(1 - cos ( theta ) ) *(3+ cos ( theta ) ) /4/(2+ cos ( theta ) )
Zc = H /2 # center of mass of the cyl
# energy
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if not grav :
G = (2* pi * a * H1 - Acw ) * gamma10 + ( A2 + Acw ) * gamma2 + gamma * As
else :
G = (2* pi * a * H1 - Acw ) * gamma10 + ( A2 + Acw ) * gamma2 + gamma * As + (
Vs + Vc ) *1000*9.81*( Zs * Vs + Zc * Vc ) /( Vs + Vc )
return { ’G ’:G , ’A ’: As , ’ Ac ’: A2 , ’V ’: Vs + Vc , ’a ’:a , ’h ’:h , ’H ’:H ,
’ H1 ’: H1 , ’R ’: a / sin ( theta ) , ’ theta ’: thetac }
# values for a given volume , with and without gravity
def solve_lens ( V0 , a , H1 , grav = False ) :
sol = fsolve ( lambda H : wellenergy (a , H , H1 , grav ) [ ’V ’] - V0 ,1 e
-3)
return wellenergy (a , sol [0] , H1 )
# calculate the R1 of equal energy between EWOD and lens configs
def c r i t i c a l _ w e l l _ r a d i u s ( V0 , theta , H1 ) :
def energy_diff_sys ( R1 ,H , V0 , theta , H1 ) :
a = calc_a ( V0 , theta ) # fixed by V0
h1 = (1 - cos ( theta ) ) / sin ( theta ) * a # fixed too
halfpi = pi /2
h2 = (1 - cos ( theta - halfpi ) ) / sin ( theta - halfpi ) * R1 # fixed too
Vs = pi * h2 /6*(3* R1 **2 + h2 **2)
Vc = pi * R1 **2* H
dE = ewodenergy3 (a , h1 , H1 , R1 ) [ ’G ’] - wellenergy ( R1 ,H , H1 ) [ ’G ’]
V = Vs + Vc - V0 # volume of the lens config minus V0
return ( dE , V )
# system of 2 equations : R1 and H
t = lambda x : energy_diff_sys ( x [0] , x [1] , V0 , theta , H1 )
sol = fsolve (t ,(4 e -3 ,2 e -3) )
return sol
# auxiliary function
def calc_a ( vol , theta ) :
a = ( vol *3/ pi * sin ( theta ) **3/(1 - cos ( theta ) ) **2/(2+ cos ( theta ) ) )
**(1/3)
return a
# plotting function
def drawlens ( theta , R , a , H , H1 ) :
# se usa el anglo entre la gota y el INTERIOR de la gota , y el
radio del spherical cap
ax = gca ()
theta = theta - pi /2
x0 = 0
y0 = -R * cos ( theta )
xy = list ( zip (*[( x0 - R * sin ( alfa ) , H + y0 + R * cos ( alfa ) ) for alfa in
linspace ( - theta , theta , 20) ]) )
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ax . plot ( xy [0] , xy [1])
ax . plot ([ -a , -a ,a , a ] , [ H1 ,0 ,0 , H1 ] , ’k ’) # draw black lines

The geometry comparison plot is obtained with:
V0 = 10 e -9 # volume in m ^3
theta = 104/180* pi # same sigmas as before
a = calc_a ( V0 , theta ) # fixed by V0
H1 = 2e -3
R1 , H = c r i t i c a l _ w e l l _ r a d i u s ( V0 , theta , H1 )
params2 = solve_lens ( V0 , R1 , H1 )
params = solve_ewod ( V0 , R1 , H1 , (1 e -4 ,20 e -4) )
fig = plt . figure ()
ax = fig . add_subplot (111 , aspect = ’ equal ’)
drawlens ( params2 [ ’ theta ’] , params2 [ ’R ’] , params2 [ ’a ’] , params2 [ ’H ’] ,
params2 [ ’ H1 ’ ])
dibujarewod ( params [ ’ theta ’] , params [ ’R ’ ])
show ()

And the plot of the critical base radius with:
theta = 104/180* pi # same sigmas
H1 = 2e -3
sols = []
V = linspace (1 e -9 ,10 e -9 ,10)
for Vi in V :
R1 , H = c r i t i c a l _ w e l l _ r a d i u s ( Vi , theta , H1 )
params = solve_ewod ( Vi , R1 , H1 , (1 e -4 ,20 e -4) )
sols . append (( Vi , R1 ,H , params [ ’a ’] , params [ ’R ’ ]) )
fig = plt . figure ()
ax = fig . add_subplot (111)
ax . plot (V , [ x [1] for x in sols ] , V , [ max ( x [3] , x [4]) for x in sols
] , ’k - - ’)
show ()
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Code for the deviation
characterization
Here is shown a compact version of the code used to obtain the deviaton values
and the figure of the deviation characterization. The prerequisites are the same as
before.
from scipy import integrate
# deviation in degrees from a vertical , as a function of point of
incidence in the circumference
# the rays are assumed to arrive vertically
def lens_dev ( ang , n1 , n2 ) :
’’’
ang : ( degrees ) is zero when vertical , and negative going
counterclockwise
n1 , n2 : refraction index of droplet and surrounding medium
’’’
theta1 = ang /180* pi
theta2 = np . arcsin ( n1 / n2 * np . sin ( np . abs ( theta1 ) ) )
return ( theta1 - np . sign ( theta1 ) * theta2 ) / pi *180
# deviation in degrees from a vertical , after passing through the
droplet and the oil medium into air
def device_dev ( ang , n1 , n2 ) :
# same params as before
theta1 = lens_dev ( ang , n1 , n2 ) /180* pi
theta2 = np . arcsin ( n2 * np . sin ( theta1 ) )
return theta2 / pi *180

The angle results are obtained with:
# mean deviation of the beam for water - oil - air ( A )
a , b = -45 , 0
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devA_mean = integrate . quad ( lambda x : device_dev (x ,1.33 ,1.58) ,a , b )
[0]/( b - a )
# mean deviation of the beam for water - air ( B )
devB_mean = integrate . quad ( lambda x : lens_dev (x ,1.33 ,1) ,a , b ) [0]/(
b-a)
# deviation at constant angle for water - oil - air
devA = device_dev (a ,1.33 ,1.58)
# deviation at constant angle for water - air
devB = lens_dev (a , 1.33 , 1)
# maximum incidence angle for n2 < n1 transitions
in_max = arcsin (1/1.33) *180/ pi
print (( ’ {:.2 f } ’ *5) . format ( devA_mean , devB_mean , devA , devB ,
in_max ) )

And the plot of the deviation characterization:
f = figure ()
ax = f . add_subplot (111)
x = np . linspace ( -48 ,48 ,30)
x1 = np . linspace ( -60 ,60 ,30)
ax . plot ( x1 , device_dev (x ,1.33 ,1.58) , x , lens_dev (x ,1.33 ,1) )
show ()
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Example control session
Here is shown an example control session of the experimental setup using the command line interface. For further details the code can be found at https://github.
com/eltechnic0/arduino_control. Firstly, a terminal or console must be started
in the path where the file experiments convenience functions.py is present, which
should be located in the folder console mode, inside the main project folder. Then
IPython can be executed and the following written:
# run the file which opens communications and loads some functions
run e x p e r i m e n t s _ c o n v e n i e n c e _ f u n c t i o n s . py
# alternate the current direction with pulses of 0.2 s and 1 s
recovery time
# interrupt the function with ctrl + c
cycle_pulses (0.2 , 1.0)
# ...
# disconnecting and exitting
ard . disconnect ()
exit

The variable ard is the controller interface object, with the functions listed in
Table 5.2.
On the other hand, the front end is started also through a terminal in the main
project path, by typing:
python3 app . py

Executing the main file without arguments implies that the default serial port
(COM3 on Windows) is used, and the application mounted in http://localhost:
8081. Then access this direction in the browser to get the graphical interface. To
stop it, simply interrupt it with ctrl+c in the terminal.
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