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ABSTRACT

Electrowetting-on-dielectric (EWOD) is a new method for
handling droplets on the microfluidic chips. By applying
electrical potential, the interfacial energy of liquid-solid
interface changes, results altering of droplet contact lines. To
increase the flow rate of such a digital microfluidic system one
way is to raise the droplet velocity. One important factor for
enhancing droplet velocity in EWOD systems is the proper
switching the electrodes or “switching sequence”. To examine
the effect of switching in EWOD, the EDEW 1.0 simulation
tool is used in this paper. By simulating the motion of a 1uL
water droplet in a 1D electrode array, the resultant surface
energy curves during the motion of droplet in different
electrode switching sequences are obtained. The results show
proper electrode switching has a remarkable effect on
increasing of droplet velocity. To enhance the droplet velocity,
the electrode, which is placed next to the droplet at forward
direction, should be powered after droplet passed over it. In
addition, it would be more efficient to first turn on the next
electrode, and then turn off the previous one.

INTRODUCTION

An approach in microfluidic systems is the manipulation of
a liquid as a unit-size discrete microdroplet often refers to
“Digital Microfluidic System” (DMS) [1-7].

The EWOD is the most common droplet manipulation
method in DMS. It works base on control of surface tension of
a liquid-solid interface by applying electrical potential.

The wetting behavior of a droplet on a surface, measured by
contact angle, can be altered by applying electrical potential to
the droplet [8]. Figure 1 shows this effect.

Where y; ¢ the liquid/gas surface tension, 6, is contact angle
when the electric field across interfacial layer is zero (i.e. zero

potential), &, is free space permittivity and & are the relative
permittivity (also called dielectric constant) and d is the
dielectric layers thickness.
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Fig 1 Definition of contact angle and surface energies at different
interfaces, after application of an electric potential [5].

Variation of contact angle can be expressed by Young-
Lipmann’s equation as [7,9]:

cosO(V) = cos 6, + 5y
Vi2d

Figure 2 demonstrates the droplet actuation mechanism
after voltage application. By applying voltage to the electrode
which is placed at the forward direction (not to the electrode
that droplet is sitting on), the droplet seeks to increase its area
on that electrode and therefore a motion takes place [10].

The shape of a droplet on a surface when no external
influences are present is corresponding with the smallest
surface area for a given volume. The effect that leads to
minimization area is surface tension measured as energy per
area and can be calculated with the surface integral [10-12]:

Eq. (1)

E=[7,5dA Eq. (2)
A
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Fig 2 Charge distribution and droplet actuation mechanism [9].

In EWOD systems, the basic liquid unit volume is fixed by
the system geometry [1]. Therefore, to increase the transport
flow rate one way is to increase the droplet speed. One of the
most important parameters toward increasing of droplet
velocity is the proper switching sequence or correct switching
of the electrodes. Understanding the dynamic effects at the
beginning of droplet motion (when the droplet reaches to the
beginning of the next electrode) is crucial in the optimization
of switching time with respect to fast switching. This paper
will address this issue by a simulation approach.

For this purpose, 1D-path simulation module of EDEW 2.0
has been used to simulate a droplet on a series of electrodes
(not sandwiched). Based on our previous work [13], the
parameters are chosen as Table 1. A 1D path with three
electrodes considered and in all of the simulations, the droplet
volume is constant and equal to 1ul.

MATERIALS AND METHODS

“The Surface Evolver” [14] is a freely available command
line interactive program for the study of surfaces shaped by
surface tension and other energies. A surface is implemented

as a union of triangles. For a facet with edges §0 and §] the
facet energy due to surface tension y can be calculated by:

E=%’|§Ox§,| Eq. 3)
The surface energy of the free droplet surface can be
calculated by Equation 2 and the surface energy on the
substrate is calculated by line integral along the contact line

using the divergence theorem [11]:
E, = .S[}/SLdA = ! (V.5)dA = j V.dl Eq. (4)

as

Witha v such thatV.y =y, .

For modeling with surface evolver, it is needed to know
about the software and its programming language. To solve
this problem, Lienemann et. al. [15-16] provided a user-
friendly graphical user interface (GUI) called EDEW, which is
incorporated with surface evolver. The dimensional
parameters used for simulation are defined in Figure 3.
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Fig 3 Dimensions for the 1D path simulation [15].

For our purpose, 1D-path simulation module of EDEW 1.0
has been used to simulate a droplet on a series of electrodes
(not sandwiched). The parameters are chosen as Table 1. In all
of simulations, the droplet volume is considered to be constant
and equal to 1ul. The resulting force in each position can be
estimated by [11,15]:

F =—0E/dx=—0E/0x, Eq. (4)

Tab 1 The value of parameters for 1D path simulations

Parameter Value
Surface tension 72 J/m2
Contact angle bottom 1100
Droplet volume 1uL
Actuation voltage 50V
Dielectric layer thickness lum
Rel. dielectric constant 3
Electrode (pad) size x 1000pum
Electrode (pad) size y 1700pm
Electrode (pad) gap 50um
Spike length 200pum
Start position x 500um

Where E is the total energy or total surface energy and x, is
the droplet centroid, which can be calculated by calculating

the integral x, =dev /V. So by plotting the droplet energy
Vv

versus its centroid x position, also called “energy curve”, one
can easily estimate the resulting force acting on the droplet.

To study the effects of electrode switching, the energy curve
corresponding to each case is plotted. Figure 4 shows a typical
of our simulation.
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Fig 4 A typical simulation: droplet at rest (left) and during movement
toward activated electrode (right)
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RESULTS AND DISCUSSION
For simulating the effect of switching sequence, here we
have two aspects that should be taken into account.

1. The position of the water droplet related to the face
forward electrodes in the movement direction.

2. The sequence (or timing) of switching between the
electrodes (2™ and 3" electrodes here) in gear with the
process.

The first aspect determines the best position of droplet with
respect to the face forward electrode for powering this
electrode. The second aspect determines the best timing for
switching between two electrodes.

To determine the switching effect some scenarios have been
simulated includes all possible cases for switching of
electrodes. Note that as the surface evolver tool performs the
simulation in steps or iterations, instead of performing in time
domain, so we can control the simulation by the number of
steps. This means that during the simulation we cannot define
a specific time for activating the next electrode, but we can
define a specific simulation step (which is proportional to
time) for activating the electrode instead.

For the first aspect the afterward electrode has been
powered in several situations. It varies from the case before
droplet reaches to the electrode to the case which we let the
droplet to be settled on the electrode completely. The numbers

of iterations varies between S-step (or iterations) to 10-step.
Here by powering the electrode number 3 the second electrode
will turn off simultaneously. Figure 5 schematically
demonstrates how the position of the water droplet determines
the sequence of powering of the electrodes. In addition, the
relation between the number of iteration and the position of
electrode is shown.

For the second aspect, the sequence of switching of two
electrodes that contain the droplet differs. For a specific
position of the droplet, we have three classes:

1. Second electrode is first turned off and then the next
electrode (third electrode) is turned on. This case simulated in
one-step and two-step switching timing in EDEW.

2. The next electrode turned on and simultaneously the
previous one (2" electrode) is turned off.

3. The next electrode is turned on first and then the middle
electrode is turned off. This case also simulated in one-step
and two-step switching timing in EDEW.

Figure 6 shows the different timing cases for timing
sequence related simulations. Comprehensively, the first
aspect (for position-related switching simulation) includes six
separate simulations, which are 5-step to 10-step simulating.
The second aspect (for time-related switching sequence
simulation) includes five separate simulations, which are:

V (voltage),

------ 2™ electrode
— 3" electrode

.

Kel ;C (droplet position)

------ 2" electrode
— 3" electrode

X, (droplet position)

V (voltage)
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.

»
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Fig 5 Schematic representation of the position of the water droplet for powering the 3rd electrode.
(Up) before the droplet touch the electrode, (middle) as soon as the droplet touch it, (down) after the droplet mover toward it
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Fig 6 Switching between the electrodes. (Up) first turn off the
second electrode and then turn on the third one, (middle) switching
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simultaneously, (down) turn on the third electrode at first.
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Fig 8 Energy curve for 6-iteration case
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Fig 9 Energy curve and position with respect to iteration for 7-
iteration case

The energy curves (as described above) for all six case
simulations (regarding first aspect) in different switch timing
(regarding second aspect) is shown in Figures 7 to 12.
Furthermore, for one case, an extra graph, which is centroids x-
position of droplet versus solving iteration (steps), is shown.
We call it position diagram.

From the figures, one can easily find the effect of both
switching time and switching sequence. For example in Figure
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7, when we switch the electrode switched on very soon, the
droplet remains in its place. Increasing the number of steps (or
moving the droplet more toward the third electrode), prevent
this problem.
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Fig 12 Energy curve for 10-iteration case.

Note that one issue is the smoothness of the position
diagram, which represent the velocity of droplet during the

motion. For example in position diagram of Figure 9, we can
found that when we turn off the current electrode (second
electrode) and after a while turn of the next electrode (third
electrode), the droplet motion is not completely smooth. By
changing the timing sequence (in this figure), the diagram
becomes more smooth that means the motion of the droplet is
more continuous is therefore droplet velocity would be higher.

In addition, the level of energy of droplet in every case is
another important issue. Lower energy level causes easier
motion of droplet. The energy level difference of droplet in
Figures 10 and 11 shows droplet motion is more continuous
when first we turn on the next electrode and the turn off the
previous one.

CONCLUSIONS

In this paper, the effects of electrode switching of
Electrowetting On-Dielectric (EWOD) with respect to fast
switching sequence for obtaining the maximum possible droplet
velocity are discussed by simulating this phenomenon using
Surface evolver and EDEW 2.0.

From the results, it is clear that for applying a force that is
more effective on droplet to have higher droplet velocity, the
position of droplet with respect to electrode is more important
than that was thought. The sequence of switching is important
as well.

The results show the best position of the droplet for
switching the face forward electrode is where the droplet just
passes over that electrode. Late or early powering the forward
electrode caused stopping the movement of the droplet or
discontinuity in the velocity (non-smooth motion) respectively,
which both of them decrease the droplet velocity. In addition, it
is much more effective to first turn the forward electrode on
and after a while turns the previous electrode off. This timing
of power switching has an optimum value that can be found for
a specific geometry and voltage.

Future works should be focused on implementing the results
in a real case setup. In addition, it would be more precise to
model and calculate the surface energy and resulting force
while the droplet is passing over the electrode gap and not the
overall surface energy. Another interesting work is the
simulation and experimental study of the similar work on other
configuration types of EWOD especially when the droplet is
sandwiched.
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