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ABSTRACT

Numerical Investigation of Droplet Actuation via Electrowetting in Microchannels

Alborz Arzpeyma

In Lab-on-a-chip devices (LOC), the handling of fluid droplets is one of the most
important issues. Among all the ways of microactuation, electrowetting has been shown as a
reliable actuation method in digital microfluidics. Its major advantages are the absence of
heat generation, a rapid switching response, flexibility, and low power consumption. While
most studies have been directed at performing experiments, numerical simulations of the
phenomenon and its application to the design of LOCs are very few and there is still much
work to do.

In the current work, a numerical study has been performed to simulate droplet
behaviour under electrowetting actuation. Due to the presence of the droplet in the domain,
a free surface flow problem must be solved. A Volume of Fluid (VOF) technique is applied
to track the interface. In addition, due to the variable nature of the applied electric field, the
relevant equation should be solved in time and space. The flow is considered laminar and
Newtonian and all equations are solved in three dimensions,

Several aspects of droplet morphology are studied: contact line deformation, onset of
actuation, and droplet deformation at different stages of actuation process. The droplet
velocity is studied in detail and the numerical results are validated by existing experimental
data in the literature. A velocity of 22 mm/s is achieved for the actuation voltage of 60 V.
For design purposes, other parameters such as the electrode switching frequency and the

electrode length effect on droplet velocity were also studied.
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1. Introduction

Through the past decades, rapid improvements in technology have facilitated the
fabrication of miniaturized instruments leading to a boom in the development of
Microelectromechanical devices (MEMS). Also, pressure sensors and other mechanically
moveable structures and fluid handling devices were developed including channels
(capillary connections), mixers, valves, pumps, and dosing devices.

At the beginning of the 1990s, Lab-on-a-chip (LOC) devices started to become a
special interest. The first studies were devoted to the development of micropumps, flow
sensors, and concepts for integrated fluid treatments for analysis systems. The goal was to
replace the room-sized laboratory with a credit card-sized one. The advantages of the LOCs
are remarkable reductions in the amount of required samples and reagents, shorter reaction

and analysis time, high throughput, automation and portability.



A lab-on-a-chip device is a small biological or chemical laboratory, usually around
few centimeters by few centimeters in area, built on a thin glass or plastic plate. It can
consist of microchannels, microvalves, pumps, sensors, and electric circuits.

Liquids are the most important media in biomedical analysis and diagnostics. The
liquids involved are often whole blood samples, protein or antibody solutions, and various
buffers. A lab-on-a-chip device is expected to do the following microfluidic tasks: pumping,
metering, mixing, flow switching, thermal cycling, sample dispensing or injection, and
separating molecules and particles [1].

Some specialized applications of the LOC’s were to develop an integrated DNA
analysis device in which the droplet was driven through a thermal chamber and into

electrophoresis chamber for analysis [2,3,4,5].

1.1 Continuous and digital microfluidics

Most technologies use continuous flow through microchannels, which are fabricated
from glass or plastic. There are several ways to pump the liquid such as applying external
pressure source, integrated mechanical micropumps, and electrokinetic mechanisms. In
these systems, the sample reagents are loaded into one end and move toward the output
which is at the other end. Between these two points different tasks may be performed such
as mixing, sample injection, and separation. Although these systems are sufficient for many
simple applications, they are not capable of performing more complex tasks which need
high degrees of flexibility or complicated fluid manipulation.

The difficulty in dealing with the continuous flows comes from the fact that the

governing parameters of the flow field, e.g. pressure, fluid resistance, and electric field, vary



along the flow-path, and as a result, at each location in the system the flow is dependent on
these properties. In the case of flow mixing and reaction, the problem becomes more
complicated and the flow behaviour becomes more unpredictable due to the changes in
electrical and hydrodynamic properties. As a result, the design and analysis of such systems
is challenging. Such fabricated systems are suitable only for a narrow class of applications,
as the structure and function are tightly coupled.

A way to resolve this problem is the application of discrete and independently
controllable droplets. This method allows for a repeated pattern of cells and connectors
which can be used for the small sets. Combination of these small sets may be used to
generate larger sets. Therefore, the design and analysis of arbitrary complex microfluidic
systems becomes feasible. Such cells may be reorganized both through hardware and
software, to attain new functionality. Thus, digital microfluidic systems are flexible,
scalable, and reconfigurable. In addition, there is no need for excess fluid to fill the
microchannel, so the amount of required sample and reagent decreases.

Surface tension gradients are capable of producing bulk flow of liquid films or
droplets. Such flows, called Maragoni flows, may be due to chemically or thermally
induced surface tension gradients within a liquid meniscus. More precisely, the Maragoni
flow is a surface flow which results in a bulk flow, and surface tension actuation may be

used as a direct driving force for the bulk flow of liquid droplet inside microchannels.

1.2 Actuation principles in microfluidics

In order to study actuation phenomenon, the droplet energy balance needs to be

analyzed. For this reason, a droplet at rest on a hydrophobic surface is considered. Due to



the very small scales, the gravity force is neglected. The force at the solid-liquid-gas

interface or the tri-phase contact line may then be described by Young’s equation:

Yso —Vs. = Vi C0sl (1-1)

In this relationy .,y , and y,, are the solid-gas, solid-liquid, and liquid-gas surface

energies respectively. This relation may be easily obtained by writing the surface energy
balance. Figure 1-1 shows the surface forces and the droplet sitting on the solid substrate. At

equilibrium, the force balance imposes a droplet contact angle € on the solid substrate.

YL G

Figure 1-1. The equilibrium forces on one side of non-wetting droplet at rest on a solid substrate

In the case of capillary rise where a small capillary of radius r placed in a pool of
liquid exposed to the atmosphere, cos& is positive. The liquid rises in the capillary
decreasing the lower energy solid-gas interface and increasing the higher energy solid-

liquid. The total energy reduction is (y, — ¥, )27 vh , where £ is the distance the liquid rises

in the capillary. The work done to raise the column of liquid is APz #*hwhich balances the

energy reduction. Combining the two equations yields the Young-Laplace equation:

AP = 2756 ~Vs1) _ 2Vic cos & (1-2)
r ¥

For an arbitrarily curved surface, the general form of Equation (1-2) is:



1 1 (1-3)
AP =y| —+—
R, R,

where y is the surface tension and R and R, are the surface curvature radii. Equations
(1-1), (1-2), and (1-3) are the basic equations for the surface tension and capillary
phenomenon.

When a droplet is in contact with a surface, exhibiting a surface energy gradient, it
imposes a contact angle gradient which causes an imbalance in the surface tension forces
acting on the contact line. This case is shown in Figure 1-2. Such a force may induce bulk
flow of the droplet. One of the earliest demonstrations of this principle was shown by
Chaudhury and Whitesides [6] where they produced a smooth gradient of surface energy by
exposing a silicon wafer to a diffusing front of decyltrichlorosilane vapor. The droplets of
water placed at the more hydrophobic end of the wafer, inclined 15°, moved up toward the
hydrophilic end with a velocity of 1-2 mm/s. In a similar case, where the droplet is limited
in a capillary or channel (Figure 1-3), the gradient of liquid-gas interfacial energy may
generate a force on the droplet. This force may be easily calculated from Equation (1-2).

A gradient in surface tension may cause motion of the droplet, if contact angle
hysteresis is not significant. In reality, contact lines are characterized by a range of contact
angles rather than a single equilibrium one [7,8] which is known as contact angle hysteresis.

A recently advanced contact line has a higher contact angle ¢, than a recently receded one
with the angle 6,. Since at equilibrium, the contact angle has a value between these two

upper and lower cases, an additional force is needed to start the droplet motion. Currently,

studies are being performed on this field, however, the origins of contact angle hysteresis



are not well-understood. Its majors causes are believed to be associated with roughness and

heterogeneity of the surface [9,10].

flow direction

lower ysg higher ysg

Figure 1-2. Surface energy gradient in a droplet at rest

flow direction

lower ygg higher ysg

Figure 1-3. Droplet in a capillary, The menisci surface energies are different



1.3 Droplet actuation by surface tension forces

There are different ways to actuate liquid inside microchannels. Some examples are
the application of air pressure, thermocapillary effects, electrochemical methods,
electromechanical approaches. Most of these methods are based on the change in surface
tension force as in the microdomain, these forces are dominant. A surface tension change
may be generated by chemical, thermal or electrical methods, each will be briefly described

below.

1.3.1 Chemical methods
In the electrochemical method, the surface tension gradient is generated along a

channel by the application of redox-active surfactants. Gallardo et al [11] proposed this
method. The surfactant is oxidized at one electrode and reduced it at another to generate a
concentration gradient. This gradient is then capable of driving the liquid droplets in a
simple fluidic network with a moderate velocity of about 2.5 mm/s using a low voltage of
less than 1 V. However, the limit to this method is that the liquid should be insoluble in the
electrolyte solution, in other words, it is suitable only for non-aqueous liquids. In addition, it
is not convenient to control different droplets independently since the electromechanical
gradient is generated along the whole channel length.

Another method is the application of light to generate a surface tension gradient. This
is known as the photochemical method. Although it is convenient to control the two-
dimensional movement of separate droplets on a chip without the fabrication of a

microstructure, the reported velocities are very small; 50 um/s [12]. This shows that the



force generated is small and often not enough to overcome the contact angle hysteresis of

many liquids such as water.

1.3.2 Thermal methods
Thermal methods are more promising than the chemical ones. The idea is to heat the

ends of a droplet in a capillary thereby producing a surface tension gradient which actuates
the droplet. The surface tension of a liquid meniscus decreases with increasing the
temperature. This method has been well-studied [13,14] and applied in simple DNA
analysis devices [3,4]. The advantage of this method is that the droplets can be
independently controlled if there are multiple independently controlled microheaters in the
microchannel. The disadvantage of this method is that the design is complicated since a
complete heat transfer analysis is required which is dependent on several factors such as
substrate type, channel geometry, and fluid type and velocity [14]. In addition, a relatively
high temperature gradient is needed to actuate the droplet. As an example, a temperature
difference of 20 — 40 °C is required to initiate movement of a water droplet. Such
temperature changes are unacceptable for many potential biological applications where the

temperature should remain almost constant.

1.3.3 Electrical methods
The change in the interfacial tension between two fluids was first studied by Lippman

[7] about 125 years ago. He studied the electrécapillary effect in which the height of a
mercury column in contact with an electrolyte can be controlled by means of an electric
potential. This method has the same problem of not being able to control multiple droplets
independently as it is necessary to apply the electric voltage to both the droplet and the

surrounding medium. In addition, the phenomenon is strictly dependent on the electric



double layer EDL at the interface, which means it is highly dependent on the type and
concentration of the electrolyte in the aqueous phase.

The idea of continuous electrowetting (CEW) was introduced later on [15]. In this
method, a droplet of a liquid metal is actuated by an external electric field along the whole
channel length. The capillary is filled with an electrolyte. A surface tension gradient is
generated by the electrostatic gradient due to the resistance of the electrolyte in the gap
between the droplet and the capillary wall. The actuation force was remarkable and the
velocities of up to 10 cm/s were achieved. The CEW system was applied in many
instruments [16,17] but the same problem of the classical electrocapillary persisted.

Steps have also been taken to achieve independently actuated droplets. Washizu [18]
studied a system of a series of electrodes in a hydrophobic insulator. The electrostatic
attraction between the conductive droplet and the electrode induced motion. He developed a
microreactor to transport and sort and fusion of different droplets of 0.5 - 5.0 ul. Relatively
small velocities of about 400 um/s were attained. This method has similarities with the
electrowetting method that appeared later on, though it is not completely dependent on the
electrical control of surface tension.

Another electrical method to actuate the droplets is electrowetting. In this method the
interfacial solid-liquid energy is changed by the application of an external electric field. As
oppose to the other electrical methods where the interface is between two liquids, in
electrowetting, there is a solid phase engaged that makes it possible to precisely control the
interfacial energy. The system can contain a series of electrodes which are each

independently controlled (Figure 1-4). As a result, several droplets may be controlled in a
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precise way through a single system. This makes it quite flexible and useful for digital

microfluidics.

ground electrode

msulator Teflon

T

B e

electrodes

Figure 1-4. Electrowetting actuation of droplet along a channel, the powered electrode is shown
darker

In this method, the electrical energy is stored in the solid-liquid interface at one end of
the droplet. The droplet initially rests on a hydrophobic surface and then starts to stretch
toward where the powered electrode is located. The extra energy decreases the interfacial
energy leading to a decrease in the solid-liquid contact angle. As a result, the hydrophobic
surface turns to a hydrophilic one at the electrode location. A detailed explanation of this
method is presented in the second chapter.

Due to the advantages and flexibilities of this method in digital microfluidic,
electrowetting has been studied widely recently. A remarkable number of these studies are
experimental ones. Tests have been performed to investigate the capacity and flexibilities of
the electrowetting-based instruments. Pollack et al [19,20] performed detailed experiments
in this field. They achieved a droplet velocity of 10 cm/s with the actuation voltage of 60V,

Different media may be used as the fluid in which the droplet is immersed. Experiments
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demonstrate that by applying the electric potential, the droplet starts to deform. However, a
certain voltage needs to be attained in order for droplet movement to begin. This voltage is
called the threshold voltage. Pollack et al [19,20] investigated two different surrounding
media: air and silicon oil. The threshold voltage for the system with a droplet immersing in
silicone oil is noticeably less than the one in air. In addition, the effects of electrode pitch
and channel gap on the threshold voltage were investigated. They demonstrated that the
method may be used for droplet transport as well as droplet dispensing and manipulation.
By using a specific array of electrodes different tasks may be performed such as droplet
mixing, merging, cutting, and splitting [21,22]. Also the system shows a very good accuracy
which makes it possible to dispense a precise amount of a liquid from a reservoir. These
characteristics are favorable for lab-on-a-chip devices and facilitate handling of droplets of
biochemical agents and DNA. In summary, the advantages of this technique include the
absence of heat generation, rapid switching response, flexibility, and low power
consumption.

Along with the experimental studies, analytical and numerical studies have been done
to explain the phenomenon. There are mainly three methods to derive the electrowetting
equations which will be further explained in Chapter 2 and the Appendix. The forces were
derived for the case in which the droplet is in the equilibrium condition sitting on a substrate
[23,24] and also the case for which the droplet is moving along a channel. In the second
case, a series of electrodes is involved. As a result, the droplet that moves in the domain,
changes the electric field pattern inside the channel. Also, the electrodes need to be switched
successively so that the actuation force is continuous. A capacitance model has been

developed based on an energy minimization method for this case [25]. In these analytical
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studies, the electrostatic force and charge distribution both at the liquid-gas interface and tri-
phase contact line have been studied for the advancing and receding fluid faces [26]. Also
the maximum and minimum voltage that is needed to actuate the droplet has been calculated
analytically [27].

Dolatabadi et al. [28,29,30] performed numerical simulations to predict the droplet
behaviour under electrowetting actuation. They applied a direct method to change the
contact angle based on its relation with the applied voltage and the contact angle is
considered constant at the location defined for the electrodes. Their results show acceptable
consistency with the experiments, however, a more precise model is needed to accurately
predict the droplet behaviour. In particular, they assumed an array of infinitesimal
electrodes which over predicts the droplet velocity.

Despite the large number of experimental studies in this field, very few numerical
simulations have been performed. In reality, doing many experiments can be difficult, costly
and time consuming. Usually the Teflon covering of the substrates is destroyed after several
cycles of actuation and needs to be recoated. Also, the mounting of the electrode on the
substrates is difficult. Currently, as the experimental device and its parts are very small in
scale, system preparations and handling becomes more difficult. Thus, it is quite favorable
to develop a numerical technique which is capable of simulating the system more precisely.
In such a case, the number of experiments decreases noticeably. The numerical simulations
may also help to study different aspects of droplet transport and manipulation to suggest
further experiments. Unfortunately, in current literature, there is not much work that has

been done to develop the simulation.
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1.4 Objectives

The objective of this work is to develop an accurate numerical model to simulate the
droplet behaviour under electrowetting actuation from first principles. To do this, the
electrohydrodynamics aspects of the problem are considered and the electric forces acting
on the fluids are derived. Their effect on the contact angle is studied with respect to time
and space. This allows further studies on the droplet behaviour which is a crucial issue in
the design process.

The next chapter is dedicated to the principles of electrowetting, the required
mathematical formulation which explain the phenomenon. The flow governing equations
along with the electric field equation, their discretization, the required initial and boundary
conditions, and the numerical approach to solve them are discussed in chapter 3.In chapter
4, the results are presented. Different aspects are studied such as the droplet actuation
procedure, droplet morphology, its velocity, and the effects of electrode switching

frequency and electrode length on droplet motion along the channel.
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2. Electrowetting

As it is discussed in the first chapter, electrowetting is a reliable means of actuation in
digital microfluidics. The concept of electrowetting is to change the interface energy by
applying an external electric field. This leads to a higher charge concentration in the tri-
phase contact line which affects the surface tension force. As a result, the energy balance of
the system changes. Figure 2-la shows a schematic of a droplet in equilibrium on a
hydrophobic surface. As it may be observed, the contact angle is large. By applying a
voltage, the solid-liquid interface energy decreases (Figure 2-1b). In order for the droplet to
adapt to the new energy balance, the liquid-solid interface contact angle decreases and the
droplet stretches over the surface. In this condition, the surface is hydrophilic.

At equilibrium, we can write the following energy balance:

Vs =V V16 €080 @-D
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This equation is known as Young’s equation which explains the relation between the

surface energies and the contact angle.

YLG

(b)

Figure 2-1. Schematic of the droplet: (a) not actuated; (b) in the presence of the electric
potential

The liquid is neutral, having the same amount of ions and counter ions. However,
under an electric field the charges at the solid substrate attract the ions in the liquid.
Therefore, the charge concentration increases in the vicinity of the solid substrate to balance
the substrate charges. Immediately adjacent to the charged solid surface, there is a layer of
ions strongly attracted to the solid surface which is called the compact layer. From the

compact layer to the electrically neutral bulk fluid, the charge density gradually reduces to
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zero. This layer is called the diffuse layer and together with the compact layer it makes the
electric double layer, EDL. Figure 2-2 is a schematic of the EDL with the compact and
diffuse layers. The thickness of the compact layer is normally on the order of several

Angstroms [1]. The total thickness of the EDL is about 10-100 nm [31].

N -
_ + +
+ -4 -
++ T+ -
-4 T4 -4+t
+ -+ + — +
Dif laver 7 + + EDL
iffuse laye G+ T+ T o+ o+ —
T i it AU Sl it S
e e e e e e e e e e e e e Zeta potential

Compact layer

Figure 2-2. EDL, consisting compact and diffuse layers.

The thickness of the EDL is normally very small and does not store much energy. In order
to increase the energy stored in the system, a dielectric covering is used on the electrodes.
This is called Electrowetting on Dielectric, EWOD. Since the energy stored in the dielectric
is much more than the one that is stored in the EDL, the effect of electric double layer may
be neglected in modeling the phenomenon.

There are different approaches to study the electrowetting phenomenon: the
capacitance model, the energy minimization method, and the electromechanical approach.
The capacitance model is discussed in detail in the following section. The two other

methods are discussed briefly in the Appendix.
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2.1 Capacitance model

One of the approaches which has been suggested to model the electrowetting effect is
to consider the system as a capacitor. Then, the electric energy is calculated by the energy
stored in a capacitor and added to the Young’s equation (Equation (1-1)). The presence of
an external electric field affects the free charges in the liquid which leads to their
rearrangement. The resultant Coulombic force in the interface is the driving force for the
liquid.

The conductive droplet is placed on a hydrophobic surface. A positive electrode,
mounted below the plate, and the top ground electrode together with the conductive droplet

form the capacitor (Figure 2-3).

top plate (droplet + top electrode)

top electrode

dielectric

bottom plate (bottom electrode)

Figure 2-3, Capacitor model

Electrowetting originates from the presence of free charges at the solid-liquid
interface. The droplet is in contact with an electrode but there is no current crossing the
droplet-solid interface. The free charges on both sides of solid-liquid interface form a

parallel plate capacitor in which the gap is the electric double layer (EDL). In electrowetting
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on dielectric, the gap is a thin layer of insulating material between the liquid and solid
phases. In this research, a layer of Parylene C is considered as the dielectric and the
capacitor approach is used to model the electrowetting phenomenon. The energy stored in

the dielectric layer may be calculated as:

Ezlcw = Sl 2 (2-2)
2 2d

In this relation ¢,¢, is the dielectric constant of the insulator layer, d is the dielectric
thickness, and y 1is the applied voltage. By combining this stored energy with the energy

balance equation (Young’s equation (1-1)), a new relation is obtained:

cosO(V) = cos G, + fof1 2 (2-3)
2dy ;.

Equation (2-3) called the Young-Lipmann equation, is the relation between the actuated

contact angle &() and the applied voltage y . 6, is the non-actuated contact angle which

is the contact angle of the droplet sitting on a solid surface before applying the voltage. This
angle for the case of a water droplet on Teflon is 104°.

This concept may be adopted to make a droplet move along a microchannel. In this
case, an array of electrodes is needed on one of the plates (top or bottom) and the other plate
remains grounded. Figure 2-4 shows an array of electrodes used to actuate the droplet. To
make the droplet move inside the channel, the right electrode is switched on (darker
electrode), while all other electrodes are off. This leads to a decrease in surface energy at the
leading edge which consequently decreases the solid-liquid contact angle. As there is no
direct actuation at the droplet trailing edge, the contact angle is expected to remain constant.

This contact angle difference which comes from the imbalance in surface energies at the
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two edges generates a force towards the right which is called the electrowetting force. By

switching the electrodes successively, it is possible to move the droplet inside the channel.

ground electrode

msulator droplet g /» Teflon
3/ 3
Vo

electrodes

Figure 2-4. Schematic of droplet actuation in a microchannel

To calculate the electric force acting on the droplet, the electric field should be
calculated inside the channel. The location of the electric source, which is the powered
electrode, changes with time, and also the droplet position inside the channel, affects the
electric field pattern in the domain. Therefore, the electric forces acting on the droplet vary
with time and space. In order to capture these variable forces, the electric field should be

calculated for each time and at each point in space.

2.2 Electric Field Formulation

The electric field inside the domain may be formulated from Maxwell’s first equation.
Based on Gauss’s law, the total electric flux through a closed surface is equal to the charge

enclosed in the domain:

{D-ds= [p,dv or divD=p, (2-4)

Vol
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In this equation D is the electric flux density and p, is the volumetric electric charge

density. The relation between the electric flux and the electric field depends on the material
in which the electric field penetrates. For electrically linear materials, such as water without

biochemical agents, the relation can be written as:

D=¢,(1+ p)E (2-3)

&, is the permittivity of free space and y is susceptibility. Equation (2-5) may be written in
a simpler way as:

D=¢geE (2-6)

where g,¢ is the dielectric constant of the material which is the Parylene C covering layer
in this case. In addition, the relation between the electric potential and the electric field is

known:

F=-vy 2-7)

By combining the above equations, the differential equation is obtained to calculate the
electric potential inside the domain. In fact, the equation is a Poisson equation and may be

written as:

Pr_ (2-8)
E,E

Vi =-

Here the right hand side of the equation is the bulk charge density. In the cases where there
is no free charge, the Poisson equations simplifies to the well-known Laplace equation:

Vig =0 (2-9)

This assumption is valid for our case. As electrowetting deals with rearranging the surface

charges, there is no extra charge added or removed from the system. Thus, to calculate the
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electric potential in the domain we need to solve the Laplace equation with proper boundary
conditions.

The two other approaches which will be explained briefly in Appendix are identical in
the final results. In this research, the capacitor approach is considered to model the
phenomenon and the solid-liquid contact angle is calculated at each point which is then

applied as contact angle constraints to the flow equations.
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3. Numerical Approach

In this chapter the flow equations that are to be solved are explained. In addition, the
discretization, the boundary conditions, and the numerical scheme applied to solve these
equations are discussed. The governing equations for this specific problem consist of two
parts:

. Flow governing equations
. Electric potential equation
The flow governing equations are discussed in section below while the electric

potential equation solution is discussed in Section 3.3.

3.1 Mathematical formulation

The following assumptions are considered in all simulations:

. The liquid phase is considered incompressible and Newtonian.
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) The flow is considered laminar.

. The equations are discussed and solved in three dimensions.

3.1.1 Governing equations
The mass and momentum conservation equations in the liquid phase may be written

as:

V.V =0 (3-1)
§K+v.(17”)=_lvp+lv.1+§+_l_ﬁb (3-2)
ot P p p

V is the velocity vector, p the pressure, p the liquid density, 7 the shear stress tensor, g

gravitational acceleration, and Fb any body forces (per unit volume) acting on the fluid. As

the fluid is Newtonian:

T = ,u(VV + (V V)T ) (3-3)
These equations are written in the Eulerian reference frame. Since the liquid interface
deforms, a method should be applied to calculate the interface. In this work the Volume of
Fluid (VOF) method is used to couple the solution of flow governing equations with the
calculated interface position. A piecewise linear volume tracking algorithm is applied. In
order to use volume tracking method, a scalar function f'should be defined:

= {1 within the liquid phase

0 outside of the liquid

Since fis advected with the flow, the advection equation may be written as:

F (o _
5+(V~V)f—0 -
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The next important step is to convert the surface tension force between the two fluids
to a body force which is fed to the Navier-Stokes equation. The general boundary condition

expression that should be satisfied at the interface of fluid 1 and 2 is [32]:

— - 0
(Pl -Dy - 7”“)”;’ = (Tl,ik Ty )nk + ‘52/‘
X

i (3-5)
p, and p, are the pressures on either side of the interface, n, is a component of the unit

normal # directed into fluid 1,y is the interfacial surface tension, and x is the local

curvature:
=y
R R, (3-6)

where R; and R; represent the principal radii of curvature. Assuming the shear stresses zero,
and constant surface tension, Equation (3-5) reduces to the Laplace’s equation which
defines the surface tension-induced pressure jump across the liquid-gas interface:
Ap=p,—p, =7K @7
Surface tension is formulated as an equivalent volume force instead of the direct application

of Equation (3-7) at the boundary condition. This approach was originally proposed in the

Continuous Surface Force CSF model by Brackbill et al. [33]:

Fsr(i)z7J~K(5)A(y)6(5é—)7)d‘s (3-8)

n represents a unit normal to the interface directed into the liquid. & is the Dirac delta
function and the integration is performed over area of free surface S. k¥ and 7 are geometric

characteristics of the surface and may be written in terms of f;

K=-V-i (3-9)
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i=Y (3-10)
[V/]
The surface tension is now expressed as a body force and is considered in Equation (3-2) by

the term F, .

3.1.2 Boundary conditions
The conservation equations, the f'advection equation, and the surface tension equation

are all subject to boundary conditions applied at solid interfaces, at symmetry boundaries,

and at the fluid free surface. We define a unit vector 7, as normal to a solid boundary, and
a family of unit vectors 7, as tangential to the boundary, The fluid velocity satisfies the
usual no-slip and no-penetration conditions.

V., =0 (3-11)
Vi, =0 (3-12)
A zero pressure gradient is imposed across the solid boundary:

Vp-n, =0 (3-13)
Symmetry boundaries are employed for planar symmetry to reduce the computations
whenever the symmetry assumption is possible. Along the symmetry, the fluid velocity

satisfies slip, no-penetration conditions:

V(V'fu)' fy =0 (3-14)
V-, =0 (3-15)
Across the boundary, the gradients of p and f are inherently zero:

Vp -y, =0 (3-16)
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Vf -, =0 (3-17)
Boundary conditions are also imposed at the fluid free surface. The zero shear stress
condition is applied for velocity boundary condition:

7 =0 (3-18)

As the surface force has already been included in the Navier-Stokes equation, the boundary

condition on pressure reduces to:

p. =0 (3-19)
To evaluate Equation (3-8) we need to define 7 at the contact line, where a free

surface meets a solid surface. For a sessile droplet sitting on a solid substrate, =6, is a

thermodynamic property of the system at equilibrium condition. This angle is the one
expressed in Equation (1-1) and is the angle between the solid-liquid and liquid-gas surface
energies. The wettability of the liquid on the solid surface is also defined by this angle.
Further discussion on how to apply this contact angle is presented in section 3.2.3 of this

chapter.

3.1.3 Initial conditions
To initialize the droplet location and shape inside the domain, the £ field is defined as

a cylinder with the center placed on the desired position. At these nodes the value of f'is set

to one. The contact angle constraint affects the shape of the droplet after a few time steps.

3.2 Numerical technique: Flow equations

A 3D code developed by Bussmann et al. [34, 35] is used which itself is based on the

RIPPLE model [36, 37]. RIPPLE is a 2D fixed-grid Eulerian code developed specifically
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for free surface flows with surface tension. The details of the numerical applied technique
are discussed in this chapter.

Equations (3-1),(3-2),(3-4), and (3-8) are discretized on a Cartesian mesh. The Marker
and Cell method, MAC, is applied in which velocities are specified at the center of cell
faces while the pressure is specified at the cell center [38,39].

The discretization of /'is obtained by its integration over a cell volume Q,

1
fus=g—l, fdo
0 L (3-20)

Cells filled with the liquid are characterized by f; ;, =1, empty cells by f, ,, =0 and cells
partly filled by liquid (cells on interface) by 0 < f; , <1. It should be noted that the volume
fraction f, , is not a traditional scalar quantity. Where the pressure p, , represents the
value of pressure at the center of cell (i, j,k), the volume fraction f,.’ ik is an integral

quantity associated only with the volume of cell (i, j,k). It would be inappropriate to

interpret f; , as the value of f'at the center of cell (i, j, k).

Equations (3-1) and (3-2) are solved with a two-step project method, in which a

forward Euler timestep discretization of the momentum equation is divided into two steps:

1_rn ——\n 1 - ~ .
il =—-V-(VV) +—V-r"+g"+lFb" (3-21)
At P P
Vn+l_VI 1 .
—_—=Vp" 322
At o p (3-22)

First, an interim velocity V'is computed explicitly from convective, gravitational, and body

force acceleration of the known field V" for a time step At (Equation (3-21)). Next, V' is
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projected to a divergence-free velocity field. Combining Equations (3-22) and (3-1) at the

new time level n+/ results in a Poisson equation for pressure:

1 1 -
v . V n+l - VI
( o7 } At (3-23)

It is important that the density that appears in RHS of Equation (3-21) is the density of the

incompressible liquid while in Equations (3-23) p" remains in the divergence operator

since there is a density change at the interface. This is designed in RIPPLE [36,37] to attain
a smooth pressure distribution across cells which define the interface and are numerically

characterized byVp # 0.

The RHS of Equation (3-21) is discretized with respect to the typical convections of
finite volume method [40]. The equation is integrated over the volume:

1
At Y4

7-7")aa=-f, v-(7)a+ % Jy-7raa« [ grdas 1 , Fao

Q, J .k p
(3-24)
By applying Gauss’ theorem, the first two volume integrals on the RHS are converted

to integrals over the control volume surface.S We assume that the other integrants are

ij.k*
constant throughQ, ;. Equation  (3-24) becomes:

v’ 1

in,j,k

;tV” = Qil,j,k Lw,k v (17” A )dS + jsi,,,k (7" -4,)ds+g" + /—10—17“;

(3-25)
in which 7 is unit outward normal to S, , , .

Next, details of the special discretization of convective, viscous, surface tension, and

pressure terms in Equations (3-21),(3-22), and  (3-24) will be discussed. Also, the details
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on the electric field solution, including the equation discretization and the boundary
conditions are discussed in the last section of this chapter.
3.2.1 Convection
The discretization of the x-momentum of the convective term of Equation (3-25) in

the shaded region illustrated in Figure 3-1 is as follow:

v v (),
k 2772 2772

N N
1 _— ui+l,j,k <u> Lik _ui,j,k <u> . i, =, i+—, -k
_ J; u(V A, )dS - _ i+lJ, Ljk Y7 27 2
Q ., S, Ax Ay,
i+=—,j .k 2 i+—
2 2
S —_
i+%,j,k+-l~ <u>i+l,j,k+% i+%,j,k-l <u>i+—,j,k~—%
Az,
(3-26)
Uiv1/2j+1Lk
Vij+122, Viel2+1/2k

A
Visl/2,j+1/2.k

Hi1224.k

™ Ui+3nik -_— —

b

bl
Vi -12k

Vij-1/2,k Vir1/2j-1/2k

Ujv1724-1k

(a) b

Figure 3-1. (a) The shaded region is the x-momentum control volume about the velocity; (b)
The interpolated flux velocities at the control volumes faces
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A

u”, v/, and w” are the flux velocities which represent the rate of transport of the quantity

<u> in or out of the control volume shown in. In our case the grid size is constant in three

directions and through the whole domain. In a general form:

— Axi + Axi+1
= 2 (3-27)

4=

The same expression is valid for Ay | and Azk , - By interpolating the neighboring
.
2 2

velocities we can find the flux velocities:

u o, tu
i—, ).k i+, J .k
a7 _ T2 2
Uijk = 5
u +u 3
i+—,/,k i+—,/ .k
uﬂ _ i 2 J i 2 J
i+l ik T 2
Ax,v | +Axyv
J—k i+l,j-—k
v/ = 2
N =
ook Ax, + Ax,
Ax,,v | +Axy
J+—k i+l j+—k
v/ 2
1
ook Ax; + Ax,,
Mx,,w | +Axw
k—— i+, j k——
N _ 2
Vil gat T Ax, + Ax
5 i i1
Ax,,w | +Axw
1 k+-2— i+, j k+—
w’ =
l+5,] k+— Axl. + Axi+1

(3-28)

The flux quantity (u) can be approximated by the method of Van Leer [41] for the

control volumes between two cells filled with liquid. As an example, we can write the

following expression at the left edge of the control volume:
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where the velocity gradients are approximated as:

U | —U 4
i+, /K = J .k
(auj _ 1+2 J i 5 J
ox i-%, ik Ax, | + Ax,
U 3 —Uy
i+, ],k i——, ]k
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(3-29)

The terms in the square brackets shift the Taylor expansions to the center of the flux

volume. Further description of calculation of « and other terms are available in the same

reference [41].

3.2.2 Visco

sity

Expanding the viscous term in Equation (3-21) results in:
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The discretization of the 7 term for the control volume shown in Figure 3-2 is:
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(3-31)

(3-32)

The same equations may be written for jand k terms. The individual terms of the shear

stress tensor are calculated as the differences of velocity:
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Figure 3-2. Shear stresses at the faces of an x-momentum control volume
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3.2.3 Surface tension
The surface tension model used in the code comes from the Continuous Surface

Tension (CSF) model [33]. Equation (3-8) needs to be discretized considering a finite
approximation of ¢ that will convolve the surface tension force onto the fluid in the vicinity
of the surface, distributed in a way that the two sides of the interface experience similar
surface tension —induced acceleration.

The original discretization of Equation (3-8) results in a surface tension force
distribution which induces spurious fluid motion near surfaces [33]. To reduce the spurious

current a d, is considered which represents a radially-symmetric kernel that is non zero with

a finite radiuse. Therefore, a weighting function w=p/p 1is introduced in which

p= (,0, +p, )/ 2. At this point it is considered that § = wd, which results in a convolution
biased towards the denser side of the interface.

Fo(®)~ 7 [ xRS, (% - )i (334
To discretize this equation, a local volumetric surface tension force should be calculated for

each interface cell:

. 4;

_ i,k A
FST,-,M —}/Ki,j,k Q ni,j,k (3_35)

i,j.k

4, 1s the free surface area in the cell and «,,, and 7, ,, are the cell-centered curvature

and unit normal, respectively. F. 57, 18 convolved to obtain a smooth force field Fy, L

FST.v,j,k =Wk ZFST,,M,,, 58 (xi,j,k “Yimn )Ql,m,n
Lm,n (3'36)

where X, , and y,, , are directed at cell centers. The discretization for w is:
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kT (3-37)
The average value for fis considered as f =1/2 . Equation (3-36) is a summation over cells

within a radius ¢ of X, ,,. This could be applied for any mesh structure. For a uniform
mesh (Ax,. =4Ay, = Azk), a more precise version of Equation (3-36) is achieved by

calculating the kernel contribution exactly:

F_;i,j,k =W, ik Z(FST,M J.injvk 55 (xi,j,k - j;l,m,n )de (3-38)

l,m,n

The rest is the calculation of 7, ;, and x, ;, which reduces to the evaluation of unit normals

A

n asx =-V -7 . Further discussion on how to evaluate these values is available in [34].

To apply the contact angle constraint on the walls we calculate the surface tension
force at the cells adjacent to the solid substrate. Here the contact angle constraint should be
applied. This angle is a thermodynamic property of the matter and is defined by the solid-
liquid and liquid-gas surface energies. The way this angle is applied in the code is by
defining the direction of unit normals in the liquid cells adjacent to the solid substrate.
Figure 3-3 shows the boundary cells and the contact angle. Further details are available in

[34].
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liquid

|
—

solid P

x>

Figure 3-3. Contact angle constraint and the unit vectors defined based on that in the vicinity
of a solid surface

3.2.4 Pressure
Discretization of Equation (3-23) for the pressure is the next step. The 2D

representation of a seven point stencil is illustrated in Figure 3-4. To simplify the figure, the
two points in z direction, p;;.; and p;;+s, are not shown The discretization of this equation

results is the following algebraic equation:

A ixPijk T 24P = b', ik
ij i,J %: nbtn i,J (3-39)

The index nb includes each of the six neighboring cells. Following is the definition of the

coefficients:;



Figure 3-4. A seven point stencil for the pressure Poisson equation ( Pk and p; j k1 Ot
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where D, ; , is the non-zero divergence of the interim velocity field

Az, (3-41)

Densities at all faces are considered as the average density of two neighboring cells: for

example

Yo,
- — S .
PH%,M 2 (f;,,,k f:+1,1,k) (3-42)

For void cells, the pressure equation reduces to the Dirichlet condition, p, ;, = 0. For fluid

cells adjacent to the solid boundary, the proper coefficients are manipulated to reach the

zero gradient boundary condition.

The final step is to update the interim velocity field 7', based on Equation ~ (3-24).

3.2.5 Velocity boundary conditions
At each time step, the velocity boundary conditions are imposed first following the

n+l

calculation of V™' and second, following the evaluation of /"7, . Imposing the different

boundary conditions at solid surface and symmetry boundaries are achieved via the ghost
cells which are a layer of cells beyond the numerical cells. Slip, no-slip, and no-penetration
conditions are readily imposed. The velocity boundary conditions that are imposed at the
free surface are more complicated. These may be categorized into three types: tangential
velocities, new fluid velocities, and external velocities.

The first two, tangential and new fluid velocities are similar. Figure 3-5 shows a 2D
example. Tangential velocities are defined at faces between two empty cells next to one or

more interface cells. New fluid velocities are defined between two interface cells which



38

were empty before the latest time step. In each case, the velocity is set equal to the nearest
velocity within the fluid, reflecting zero tangential stress condition. External velocities are
imposed at cell faces between an interface cell and an empty cell, attempting to reflect the
zero shear stress condition while enforcing local conservation of mass. The local divergence

D, ; , should be zero:

U, -u v -V w -Ww

D i+5,j,k i-—%,j,k + i,j+%,k i,j*%,k + i,j,k+% i,j,k—é~ _ 0
i,k T - -
Ax, Ay, Az, (3-43)
Ujr12j Uiv 112
Vij-1/2 Vit+1,j-1/2 Vig-12 | Vit] =172 ]
I s ! !
***** S
Ui+1/2-j-1 Uiv1/2,-j-1
(@) (b)
Figure 3-5. Free surface boundary conditions in 2D: (a) tangential velocity, (b) new fluid
velocity; for both cases v | =u |
I i+, =
2 2
3.2.6 Volume tracking

The discretization of the advection of f equation, (3-4), requires a special treatment

since f, ;, is in nature volumetric. The interface should be kept sharp (limited to one or two

cells). Almost all the existing volume tracking schemes consist of two steps: an approximate
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reconstruction of the interface and then evaluation of fluxes of fluids across cell surfaces.
The algorithm used in this model is that of Youngs. This method was the first one that used
a piecewise linear interface calculation (PLIC) [42]. In Youngs’ approach, the interface is
reconstructed by locating a plane within each interface cell, corresponding exactly

to f; ;. and 7, ;. The interface in 2D is a line crossing the cell where in 3D it becomes a 3

ik
to 6 sided polygon depending on how the plane intersects the cell. Figure 3-6b shows the 2D
volume fraction field corresponding to the exact interface of Figure 3-6a. To determine the
fluid flux during each timestep, the position of the interface and the velocities at the cell

faces are used. A simple illustration of volume fraction is given in Figure 3-6c.

! _— |
/ .05 /.8 1 / ——ﬁ

/ liguid /? 1 1

/ !

(2 (b) ()

Figure 3-6.Volume fraction advection in 2D: (a) an exact liquid interface, (b) corresponding f;;and the
associated planar interfaces, (c) with u positive, the region to the right of the dashed line is advected into the
neighboring cell.

The advection calculation begins with a reconstruction of the interface, by evaluation

of a first interim field f; , :
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i+, ]k ';’b i—,j,k
fise = , (3-44)
Qi,j,k
in which:
Q. =Q, - Ay . Az, At
bk =2k [”% PR j,kJ YAz (3-45)
The interim field is reconstructed and the field is advected in a second direction:
ft E k2 ok [vl"jil k<f>i e T V,-nil k<f>i,j-~l»,k JAxiAzkAt
fle = 2 22 2 (3-46)
” Ql Ik
where:
n I3
Q= [ L+ Y Jg ]Ax"AZ"At (3-47)
The second interim field reconstructed at the next step, followed by the evaluation of f,”+1
" " n+l n+l
f; Qt gk [ i,j,k+l <f>i,j,k+% - Wi,j’k——l— <f>i,j,k-—-;— ]AX,A)’] At
fn+,1€ - 2 2 (3—48)
n Qi,j,k

The () refers to the volume fractions of the flux volume. So they are not equal to the

volume fractions of donor cell unless the cell is full or empty or the interface lies parallel to

the flux direction.
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3.2.7 Timestep restrictions
There are some restrictions on the magnitude of the allowable timestep to maintain the
stability of the solution. These restrictions are imposed by the explicit evaluation of the
convective, viscous, and surface tension terms. Momentum cannot be advected more than a

single cell, implying that the Courant number should be less than the following value:

max!‘u"j’k’m 'vi)j’klAt ‘wi’j’k}At} 1

Ax, Ay, T Az (3-49)

i J
As fluid volume can only be advected into neighboring cells, this condition is required by
the volume tracking algorithm as well.

In the same way, momentum cannot diffuse more than one cell in a single timestep:

(&, (e (a2, )Z}
ax, )+ 8y, (8 )+ (82, ) (82, F + (o, P

At <£-min{(

Y7 (3-50)

And finally, the timestep should be small enough to resolve the propagation of capillary
waves that cannot be allowed to travel more than a cell width. The following relation was

derived by Brackbill et al. [33].

v ERVRT I
At < 4—7[;-mln[(Axi)%(ij)Z»(Azk)z} (3-51)

The time step for any time level then is the minimum value allowed by any of these criteria.

3.3 Numerical technique: Electric potential

In this section, the electric potential equation derived in Chapter 2 is discretized. The
main contribution of the current study in the numerical algorithm is adding the electric field

equation to the flow equation and solving them simultaneously to capture the effects of the
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imposed electric field at each timestep throughout the computational domain. Laplace’s
equation (2-9) is solved at the beginning of each timestep, with a finite difference approach.
Here an approach with second order accuracy has been chosen. The discretized version of
Equation (2-9) in space is:

1 [ ] (3-52)
Viik = 'é' Vinjk TWisijn TV e TV jmn TWijnn TV jaa

The electric potentialy is calculated at each node ij,k. Equation (3-52) is solved with an

iterative method with the precision of 10° V. Having known the value of the electric
potential at each node the Young-Lippman’s equation, (2-3), is applied in a discretized form

to calculate the surface energy change due to the applied voltage:

i),k i, j.k
LG

O™ =cos™ {COS g, + '———2208 (Wn )2} (-5

Subsequently, the newly calculated values for the contact angle at each grid, are imposed as
contact angle constraints on the solid-liquid interface. Figure 3-7 shows two different cases.
In case (a), there is no electric potential present in the domain, while in case (b) the values

of the electric potential calculated throughout the domain is shown with v, ;. The value of

the electric potential used in Equation (3-52) should be calculated. Since the electric
potential for the cells partly filled with liquid is considered zero in the boundary conditions,

its value is replaced by the average value of the next two empty cells:

‘/7i,j,k = (‘//i+1,j,k + ‘/’i+2,j,k)/2

As it may be seen, the contact angle has decreased in case (b) due to the existence of the
electric potential on the nodes. This yields a change in the direction of the normals which

then affects the value of the surface tension force calculated with CSF model discussed in

Section 3.2.3.
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Figure 3-7. Contact angle constraint and the unit vectors defined (a) before applying the voltage; (b) after
applying the voltage

3.3.1 Electrical boundary conditions
The electric field pattern through the domain is variable with time and space. There

are two main reasons for such behaviour. First, the electrodes are switched on and off
sequentially and second, the droplet position in the domain changes the electric field. The
top electrode is grounded and the conductive droplet is in contact with this electrode. Thus,
the droplet potential is considered zero. The moving droplet imposes a zero potential
moving boundary condition. To apply this boundary condition, the electric potential of the
cells with the values of f # 0 (where there is liquid) is assigned to zero. The powered
electrode location is also defined. This location changes when the electrode is switched. A

schematic of the computational domain with the required electrical boundary conditions is

shown in Figure 3-8.
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ground electrode

Figure 3-8. The electrical boundary conditions, the powered electrode is shown darker

The following flow chart shows the complete numerical algorithm employed to solve

the problem.



Figure 3-9. The numerical algorithm applied in this study
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3.4 Geometry

The geometry used in the following simulations (shown in Figure 3-10) is the same as
the one used in the experiments performed by Pollack et al [19]. The droplet diameter is
1900 um. At the beginning, the droplet is defined to be cylindrical between the channel top
and bottom plates. The equilibrium contact angle of 104° is considered for the non-actuated

condition, where the droplet sits on a Teflon-covered plate.

Electrodes

Figure 3-10., Model geometry in 3D

The channel gap, H, is set to 300 pm which is constant for all the simulations. The
electrodes are squares with a dimension of L=1500 um unless stated. The size of the grid is
set to 50 pum. In the experiments performed by Pollack et al., interdigitated electrodes were
used. These are the electrodes that have the zigzag configuration minimizing the separation
distance between the two adjacent electrodes in the absence of electrical connection. Such
electrodes are illustrated in Figure 3-11. To achieve the same pattern in the numerical
simulations, the spacing between the two adjacent electrodes is set to zero. The insulator

layer thickness is set to 900 nm. The insulator is Parylene C with the permittivity of 3¢,. A
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plane of symmetry can be identified; therefore, symmetry boundary condition is applied and

only half of the domain is solved.

VAVAVAVAY
A

Figure 3-11. Schematic of two interdigitated electrodes
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4. Results and Discussion

In this chapter, the results of the numerically solved equations with the proper
boundary conditions are presented. This work mainly focuses on the droplet actuation and
droplet transport in microchannels. The onset of actuation procedure and its effects on the
droplet deformation and motion are investigated. In addition, the droplet velocity and the
effects of different switching frequencies and electrode sizes on droplet actuation are
studied.

The Laplace’s equation governing the electric potential, with the required boundary
conditions is solved. A channel gap of 600 pum is chosen to show the electric potential
distribution and the f field representing the droplet. Symmetry boundary condition is
imposed at the center plane to reduce the computational time. The actuation voltage of 55V
is applied. A typical solution of the electrohydrodynamic equations is shown in Figure 4-1.

This figure shows the interaction between the droplet and the electric field. The droplet is
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located at the left side of the electrode while the powered electrode is seen after the droplet.
The two other electrodes are also illustrated. These two electrodes are not powered at this
step. The equipotential surfaces at the right side of the droplet are shown along the channel
gap. The existence of the electric potential at this section leads to the change in surface
energy. The energy imbalance between the droplet leading and trailing edges then, induce
the motion of the droplet toward right. There are basically two sorts of electrowetting forces
acting on the droplet: first is the force on the liquid-gas interface, second, is the force on the
tri-phase contact line. The first force is due to the presence of the charges at the interface
and is directly proportional to the ratio of dielectric thickness to the channel gap as is shown
in Equation (a - 12). In cases where the dielectric thickness is much smaller than the
channel gap, like the cases studied here, the value of this force is negligible. The second
force is important and plays an essential role in the droplet actuation. This latter force is due
to the existence of the free charges at the tri-phase contact line. The tri-phase contact line is
the line where the three interfaces of solid-liquid, liquid-gas, and solid-gas meet. The
electric potential distribution on this line leads to a variable electric force field on this
region that stretches the droplet and changes the energy distribution in the region.

A closer view of the tri-phase contact line is shown in Figure 4-2. The potential
variation is also shown. As it may be observed, the tri-phase contact line which is affected
by the electric field is smaller when the electrode width is smaller. This also affects the
droplet deformation. In case (b) the deformation is rather local, near the affected tri-phase
contact line while in case (a) with the electrode size twice the case (b) the whole droplet has

deformed to an oval shape.
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Figure 4-1. The electric potential pattern inside the channel; the powered electrode is shown in red
(only half of the domain is shown.)

tri-phase contact line
(a) (b)

Figure 4-2. A closer view of the tri-phase contact line and the potential variation on it, the
electrode width in case (a) is twice as case (b)
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4.1 Droplet actuation

After calculating the electric field that surrounds the droplet, its effect on the droplet
should be studied. Two different aspects are investigated; 1) the droplet morphology while
approaching the electrode and advancing on it, 2) the droplet deformation while traveling on

a series of electrodes along the channel.

4.1.1 Onset of actuation
In Figure 4-3 different steps of droplet actuation are shown. The droplet is primarily at

rest and there is no actuation force. Then, the electrode located at the separation distance of
300 um from the droplet leading edge is switched on. The objective is to see how the
droplet is actuated and deformed while approaching the powered electrode. In the graphs,
the contact angles formed between the droplet and the bottom plate, 8, are plotted for
various polar angles, & . The symmetry boundary condition is used to simulate the droplet.
Hence, only half of the domain is modeled. The contact angles shown in Figure 4-3 are for
the modeled half (the upper section of the center line). The other half is only a mirror image
and is not shown in the line graphs.

As it may be observed, for an actuation voltage of 55 V, when the separation distance
is 200 pm, there is no contact angle change due to the actuation. The contact angle remains
104° for all grid points (Figure 4-3a). In Figure 4-3b, the distance is 150 um and a portion
of up to the polar angle of 24° is influenced by the electric field. In case (c), the droplet
touches the electrode with an actuated portion of a = 28° and the contact angle, @, reduces

significantly to 63°, while its value is 93° for case (b).
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Figure 4-3. Droplet actuation process while approaching to the electrode: (a) 200 pm and (b) 100
pm (¢) 50 pm separation of droplet leading edge with the powered electrode; while on the
electrode (d) 50 pm and (e) droplet 300 pm
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The actuated portion increases until we reach to the point that the droplet touches the
electrode edge. For the next two cases (d) and (e) the droplet is on the electrode. Case (d) is
an instant after touching the electrode and in case (e), the droplet has advanced about 300
um on the electrode. In case (d), the droplet advancement on the electrode is only 50 pm
and it encounters the maximum actuated portion which is 82° which is also larger than when
the droplet is completely covering the length of the electrode (Figure 4-3¢). That is because
when the conductive droplet sits on the electrode, the electric potential pattern around the
contact line undergoes an acute change from the electrode potential to zero.

In the case of Figure 4-3e only the portion of the tri-phase contact line that is on the
electrode is actuated while in Figure 4-3d a large portion before the electrode is also
affected. Any further advancement of the droplet on the electrode results in the same
actuated area represented in Figure 4-3e. Since a larger portion of the contact line is
actuated for an approaching droplet (as shown in Figure 4-3d), one may conclude that an
array of electrodes with smaller length would better actuate the droplet. In such a case, a
small portion of the droplet is placed on the electrode and the influence of the electric
potential is present in a larger portion of the leading edge.

The electrodes with smaller lengths are believed to have a better performance as the
backward effect of the electrowetting force decreases. The electric force is a radial force on
the droplet periphery, oriented outward from the droplet. The existence of the electric field
at the regions other than the leading edge results in the outward forces in that region. These

forces are not favorable when their resultant is not in the direction of droplet motion. In the
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case that they exist at the tailing half of the droplet, a resultant backward force is exerted to
the droplet that reduces its velocity. This also shows that the smaller lengths help preventing
from such unfavorable effects. However, such electrodes are difficult to be fabricated.

As it has been discussed before, once the droplet touches the electrode, the contact
angle distribution changes along the tri-phase contact line. The consequence is the droplet
stretching on the electrode. Figure 4-4 shows both the top and side views for two different
timesteps: first at the onset actuation (Figure 4-4a), and then after 600 us when the droplet
leading edge reaches almost half of the electrode (Figure 4-4b). In the first case, the droplet
has a circular shape which shows that the electrowetting force has not deformed the droplet
yet. As time passes and the electrowetting force influence appears, the contact line will be
drawn toward right and as a result, the droplet stretches on the solid surface. In case (b), the
droplet has achieved an oval shape. This means that the droplet diameter in the direction of
motion increases, while, to conserve the mass, the diameter decreases in the direction
perpendicular to the motion. The increase in diameter is also obvious in the side views.

Figure 4-5 shows the actuation process at various times on the first electrode. It can be
seen that the contact angle at the leading edge (right end) is smaller than the one at the
trailing edge (left end). The results are shown for different times after starting the actuation.
At 700 ps the droplet leading edge passes almost half of the electrode. The changes in
electric potential pattern by advancement of the droplet on the electrode are obvious. In
addition, the droplet elongation in the direction of motion may be observed. The droplet
behaves differently while moving on a series of electrodes along the channel. This is

discussed in the next section.
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Figure 4-4. Top and side views of the droplet: (a) just at the beginning of actuation, (b) after a
short time
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Figure 4-5. Droplet advancement on the first electrode at different times
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4.1.2 Actuation over a series of electrodes
The droplet is still accelerating while it travels on the first and even second electrode.
Further on, the affected portion of the contact line is different along the channel. Figure 4-6
shows the droplet at the beginning of the first four electrodes. It is observed that the oval
shape is remarkable for the third and forth electrodes and the droplet stretches more in the
direction of motion than in the other directions. In addition, by reaching to an almost steady
state velocity, the droplet deformation reduces. At this stage, the overall behavior of the

droplet remains almost constant while it faces bounded instantaneous changes.

Figure 4-6. Droplet morphology when traveling along different consecutive electrodes; the
electrode number is indicated by latin numbers in each case.
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4.2 Droplet Velocity

Droplet velocity is important in microfluidic devices responsible for delivering
liquids. In this section, droplet velocity is discussed and the validation of numerical results
against the experimental data in the literature is presented.

The droplet motion induced by electrowetting is a very complex phenomenon in
nature. As it is shown in the last section, this motion is a combination of deformation and
transportation. The force source is variable both in time and space meaning that in the
domain, there exist variable forces in each point at the interface. Observations show that the
droplet stretches in the direction of motion while its diameter decreases in the direction
perpendicular to the motion. The contact line moves with a variable velocity. (Figure 4-7)

shows the instantaneous velocity of the leading edge versus droplet location.

35 ’
30 4 P
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15 1

Leading Edge Velocity (mm/s)

10 4 { 4

2 3 4 5 6 7 8 9 10
Leading Edge Location (nm)

Figure 4-7. Droplet instantaneous velocity
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In order to be able to study the droplet velocity, the average velocity should be
defined. For the cases where the droplet steady state velocity in the domain is studied, the
velocity of droplet leading edge is calculated by knowing the location and the time of two
arbitrary points along the channel. The two points should be far enough from the starting
position since we need to exclude the effects of the acceleration at the beginning of the
motion. Also these points should be far from each other so that the instantaneous
oscillations do not appear in the resulting velocity. Based on this study, depending on the
actuation voltage (less than 60V), the droplet reaches to a quasi steady state condition after
reaching the second or third electrode. This will be discussed and studied in detail on graphs
in the next section. Each pair of points (with the distance of at least one electrode length) in
this region should result in a unique velocity. In this case, the velocity based on the droplet
leading edge displacement along more than two electrodes is calculated.

Figure 4-8 shows the droplet leading and trailing edge velocity. According to the
leading edge curve, the droplet accelerates until it reaches a steady state condition. The
trailing edge velocity is also shown in this figure. It may be observed that the trailing edge
accelerates and decelerates continuously. For the rest of this work, the velocity of the
leading edge is chosen since the leading edge has a more stable behaviour and its velocity

pattern is easier to study.
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Figure 4-8. Droplet velocity change through the channel; both leading and trailing edge velocities
are shown.

Obviously, the droplet velocity is proportional to the applied actuation voltage. Higher
actuation voltages result in larger velocities. Figure 4-9 shows the numerically obtained
results by varying the actuation voltage from 35V to 60V. The experimental data are also
provided from [19] to compare with the simulation results. A threshold voltage always
exists, below which the droplet does not start moving. When a droplet advances on a
surface, it has a contact angle which is different from when it recedes. This difference is
known as the contact angle hysteresis. As reported by Pollack et al. [19,20], for a system of
water as liquid and air as the surrounding medium, this voltage is about 47V. By increasing
the voltage from zero, the droplet starts to deform. The contact angle changes from the non-

actuated equilibrium value of 104° to smaller ones. This means that the droplet stretches on
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the plate while staying at the same position. Before any forward movement, it has to
overcome some restrictions, such as the viscous forces and the contact angle hysteresis. The
advent of actuation was studied in detail in Section 4.1. In those simulations, no model for
contact angle hysteresis is considered. In effect, primarily, the droplet started to move in a
voltage of 30V. This threshold is due to the existence of the viscous forces between the

liquid and the solid wall.
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Figure 4-9. Droplet velocity comparison between the numerical results and the experimental data
of Pollack et al. [19]

To consider the effect of the contact angle hysteresis, which has been neglected in the
simulation, the numerical curve has been shifted to a value of 5V to right. This allows

including this effect with a simple shifting into the current model. This assumption for the
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contact angle hysteresis effect is fairly satisfying. The numerical curve and the experimental
results are almost in the same range. However, the slope in the numerical curve differs
slightly from the experimental one. This is believed to be due to the assumption of a
constant contact angle hysteresis for all the cases.

It should be noted that the origins of the contact angle hysteresis is not still well-
understood. Only few empirical models for very specific problems exist. Pollack et al.
[19,20] explain the source of this threshold voltage as the difference between the leading
and training edge equilibrium contact angles. It means that the equilibrium contact angles
between a particular liquid-solid pair are not unique, and vary over a finite range. Several
studies were performed to investigate the source of the contact angle hysteresis and the
resulting delay in movement of the droplet. They indicated that surface roughness and
surface heterogeneity (both physical and chemical) are related to this phenomenon [9,10].
What is known is that the hysteresis is a highly case-dependant phenomenon which means
even for a same configuration, e.g. Teflon, water, and air, it depends on the surface
characteristics, which can come from the preparation procedure.

To reduce the effect of the hysteresis, the surrounding medium can be changed.
Pollack et al. [19,20] performed experiments with silicone oil as the surrounding medium.
In fact, they studied most of their cases with silicone oil rather than air. It is more favorable
as the droplet evaporates faster in the air and also the threshold voltage decreases with
silicone oil, to a value of about 20V (27V less than air). To do experiments with the silicone
oil, first the channel is filled with oil. Then the water drop is dispensed between the two
plates in the oil. By this way, there will be a very thin layer of silicone oil between the

droplet and the plates which decreases the threshold voltage. When a voltage is applied, the
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silicone oil layer between the drop and the substrate disappears after a while and the droplet
will be in direct contact with the substrate and starts moving. As it can be noticed, this
complex phenomenon requires a two-fluid tracking model. For this reason, in this work, all
the simulations are done considering air as the surrounding medium.

From Figure 4-9, one can see that in the range of 50-60V, the values of the droplet
velocity for both numerical and experimental data are close. Hence, all further studies are
performed with the same actuation voltage range in order to have more realistic prediction

of droplet behaviour.

4.3 Grid dependency test

In order to do the simulations, one needs to define the grid size to discretize the
domain. As it has been mentioned in Section 3.2.3, to achieve more accurate results, the
grids should be cubes, means that their sizes in all directions should be the same. A fine grid
is needed to capture the channel height of 300 um while due to the model restriction, the
same grid size is needed along the channel length which is 1cm. This increases the total
number of grids in the computational domain. In this study, two different grid sizes are
applied and the results are shown in Figure 4-10. The first case consists of 38 grids per
droplet diameter (50 pum grid size), while this increases to 76 grids per diameter for the
second case (25 pum grid size) .The number of grids in the second case is 8 times more than
the first one. Farther decrease in the grid size leads to a very long computational time and
needs much bigger memory size. Due to the consistency of the results for both cases, the 38

grids per diameter case is used in the current work.
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Figure 4-10. Grid dependency test results

4.4 Electrode switching frequency

An important issue in handling the electrowetting-based actuated devices that are used
to transfer the droplet through microchannels is the electrode switching time. It would be
ideal to turn on the next electrode at the exact moment that the droplet leading edge reaches
to the end of the current powered electrode. This is the perfect case, based on that the
previously presented results have been obtained. However, while performing experiments, it
would be very difficult to control the system with this ideal switching time. The first step is
to determine the value of this time interval, and second is to know how various switching
times would influence the droplet motion. Since experiments in that scales with such

devices is both expensive and challenging, the numerical study is performed to predict the
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droplet behaviour and hence, make it possible to choose the required time intervals for
further experimental investigations.

In order to proceed, the definition of electrode switching frequency should be
explained. This frequency is the inverse of the required time that the droplet leading edge
needs to travel from the beginning to the end of a single electrode. As it is known, the
droplet velocity over the first few electrodes is variable; as a result this frequency is variable
too. Hence, what is considered as the frequency is the one that is obtained when the droplet
reaches to the quasi steady state condition. Therefore, the droplet average velocity may be
expressed as:

V=F.L @1
where L is the electrode length and F is the switching frequency.

Figure 4-11 shows the effect of different electrode switching frequencies on the
droplet motion and velocity through the channel. The actuation voltage is set to 60V while
the droplet switching frequency is varied to the values both higher and lower than the ideal
case. This case is highlighted with a bold black curve with the steady state switching
frequency of 14.3 Hz. As it may be seen, the droplet accelerates within the first two
electrodes and reaches to a plateau region in which the average velocity change is negligible
representing the steady state section. The steady velocity is achieved only in the ideal case.
This velocity is about 22 mm/s. For all other cases, the velocities fluctuate which means

they remain in a certain range, or drops to zero depending on the input frequency.
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In all cases, the droplet accelerates within the first and some times the second
electrode. If the switching time is suitable enough, the droplet continues moving. As an
example, the switching frequency of 11.8 Hz results in a velocity pattern close to the ideal
one. The difference is that the velocity will not become steady and it fluctuates but with the
values near to the maximum velocity. In the case of 12.5 Hz, although the droplet continues
to move, its velocity drops to the value of about 16-18 mm/s and it fluctuates.

When the timing is not proper, the droplet stops in the middle of the channel. This is
due to the fact that the cause of motion is the electric force and if the current electrode is
switched off while the droplet still has a remarkable distance to travel to reach the end of the
electrode, its inertia would not be sufficient to pull it all the way to reach to the next
electrode which has been switched on. As a result, it stops after some times. This happens
with the frequencies of 13.3 and 16.7 Hz, one more than the ideal frequency and one less
than that.

By decreasing the frequency, which means delaying the time that each electrode is
powered, one may manage to decrease the velocity of the droplet. For instance, the
switching frequency of 8.3 Hz leads to a fluctuating velocity. In that case, the velocity drops
while oscillating but for the current channel length, 90 mm, it does not stop.

The frequency study shows various droplet behaviors while facing different switching
frequencies. This concept can be used for design and fabrication of microdevices actuated
by electrowetting. In addition, it can be a means of controlling the droplet motion and

velocity through the channel.
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Figure 4-12 shows the change of droplet velocity with position along the channel. The

actuation voltage is 60V. The droplet starts accelerating when it is still on the first electrode.

The velocity reaches to a steady state condition after a while. The graph shows the velocity

curve for three different electrode sizes. It shows that by increasing the electrode size the

ultimate velocity increases as well. However, it should be noted that the velocity will

decrease due to the backward force, if the electrode size is larger than the droplet size.

Therefore, there is always a limit for increasing the electrode size.
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5. Conclusions and Future Work

5.1 Conclusions

The droplet behaviour under the electrowetting actuation in microchannels was
investigated. Since the problem involves free surface flows, the Volume of Fluid (VOF)
method was applied to solve for the location of the interface along with the flow governing
equations. A numerical algorithm was added to the flow governing equations to solve for
the electric field. The equations are solved simultaneously and the effect of the imposed
electric field was captured by calculating the electric forces which then were fed to the
Navier-Stokes equation as the actuation forces at every timestep.

Different aspects were studied to predict the behaviour of the droplet under the
electrowetting actuation. The droplet deformation at the beginning of the actuation, while
approaching the first powered electrode was discussed. In addition, the contact line

deformation was shown at each step. Droplet morphology was investigated while traveling
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on the first electrode (the advent of actuation) as well as on a series of electrodes inside a
channel.

The droplet velocity along the channel was calculated for different actuation voltages.
These results were compared with the existing experimental data in the literature. The
numerical results showed acceptable consistency with the experimental data. The existing
deviation is believed to be due to the influence of the contact angle hysteresis. A maximum
velocity of 22 mm/s was calculated for the actuation voltage of 60V. In addition, the droplet
leading edge, trailing edge, and the instantaneous velocities are discussed.

For the design purposes, different electrode switching frequencies were examined.
Their effects on the droplet motion were investigated in detail. Different velocity pattern
may be achieved by changing the switching frequency. The droplet velocity may start to
fluctuate, decrease, or even drop to zero for certain frequencies; while, in the ideal case, it
accelerates and reaches to a steady state value.

Finally, the effect of electrode length on the droplet velocity is studied. It was shown
that by changing the electrode shape from squares to rectangles with smaller length but the
same width as before, one can improve the actuation. However, there exists a limit for the
electrode length; it should not be larger than the droplet diameter. This is to prevent the
possible backward actuation effects that can slow down the droplet while traveling along the

channel.

5.2 Future work

There are many opportunities to continue working in this field. This work serves as a
start for the numerical simulations for design the electrowetting-actuated devices. Some

other phenomena such as contact angle hysteresis and contact angle saturation should be
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studied and added to the current model so that it includes several effects and consequently
to improve the results.

The contact angle hysteresis effect has been modeled by shifting the results in the
current work. A more sophisticated model which considers the various physical aspects
such as the surface roughness and heterogeneity would certainly result in more realistic
simulations.

In reality, there is a limit to increase the voltages. It has been observed that the contact
angle decreases by increasing the voltage. However, after a certain angle, further increase in
the voltage does not yield in the contact angle change. This is so called contact angle
saturation [24]. Few studies have been performed in the literature to explain the
phenomenon and more is needed to be able to model it numerically. Adding this effect also
will help to attain more realistic results in simulations.

In this work, the contact angle is considered to be static. It should be noted that in fact
this angle is dependent on the contact line velocity. This is called dynamic contact angle.
More studies should be performed to link the contact line velocity to the values of the
contact angle in the contact line.

And Finally, Lab-on-a-chip devices are used basically in biochemistry and
biotechnology where most of the samples such as proteins, blood, buffers, and other
biochemical reagents behave as non-Newtonian fluids. These fluids cannot be studied with
the actual governing equations because of their particular characteristics. Both the flow and

electrical equations are needed to be modified for every sample to be examined.
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Appendix

In this section the two other methods to explain the electrowetting formulation are

explained. The first method has been explained in Chapter 2.

Energy minimization method

The shape of a droplet when placed on a solid surface is a function of both the liquid
characteristics (solvent, and ionic and surfactant solutes) and the composition and
morphology of the solid. Applying an electric potential across the liquid droplet leads to a
redistribution of ions and dipoles in the liquid and in the solid or both, depending on the
relative material properties.

Shapiro et al.’ studied the different physical effects such as gravity and electric fields,
electrical resistance, and ionic double layer (EDL) on a droplet. Below is a brief explanation

of the effect of various fields on the droplet.

iB. Shapiro, H. Moon, R. Garrell, C. J. Kim, Equilibrium behaviour of sessile drops under surface tension
applied external fields and material variations, J. Appl. Phys. 93, No. 9, 2003
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In this section we deal with energies instead of forces, as these forces are derivative of
a potential energy (conservative forces). Also, the mechanism of raising the force in the tri-
phase contact line and its relation with the ion diffusion at this area is not known. So here
we deal with potential energy associated with an ion distribution field.

The geometry investigated here is a droplet sitting on a hydrophobic plate. It is
assumed to be a perfect sphere truncated at the solid plate. We also assume that the
gravitational and electric fields are small enough so that the droplet does not squash. As the
third assumption, we consider there is no deformation at the tri-phase contact line because
we are only interested in the bulk shape of the droplet and not the local changes. By these
assumptions we can define the shape of the droplet just by two parameters: the radius R and
the contact angle 6.

At equilibrium the droplet has a shape with minimized energy E which means that the
derivative of the energy with respect to R and € (shape factors) is zero:

CE OE
dE =| —I(R.G: dR - ; -
l:aR( 99>p)} +|:89(R’9’p)j|d0 O (a- 1)

here p is a system parameter such as an applied voltage. This relation states that the
infinitesimal change in energy must be zero and any change in one R or 6 leads to a change
of the other one. This means if € increases, R must decrease to keep the droplet volume

constant. The droplet volume is calculated as follow:

2 3cosé cos39j
P (a-2)

V(R,0) = 75R3( +
3 4 12

As the volume is constant, its derivative is zero and the relation between R and 8 can be

found easily:
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(a-3)

2
dR = Rq(6)d0 = R(_ 2c0s°(0/2) cot(&/z)jde
2+cosd

Now we can calculate the change in energy with contact angle by applying equations (1-1)

and (a - 3):
2+cosd \dE 2+cosé OE OE
- |—=| =———— | | =—(R,; p) |{Rq(0) +| —(R, b, =0
( 27szsin9)d0 ( 2;rR2sin9MaR( p)} ( )+[6R( p)D (a- 4)

In Equation (a - 4), to reach to the traditional Young equation, the equation is multiplied by
a strictly non-zero negative term of— (2 +cos@)/27zR?sin @ . If E includes only interfacial
energies of liquid-solid, liquid-gas, and solid-gas with a constant surface tension, Equation
(a- 4) becomes exactly Young’s equation.

By assuming a linear electric field where E =V /d in dielectric (E is the electric field,
V the applied voltage, and d is dielectric thickness) and neglecting the edge effects, the

stored energy in dielectric may be calculated as follow:

2 2
E,(R,6) =%g(-V—) dd, = 822 R? sin> @

d (a-5)
Combining Equations (a - 4) and (a - 5) we find the Young-Lippmann equation:
— 2
cos@ — Vo 7V + &l 0
ylg zylgd (a B 6)
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The electromechanical approach

In this approach, the electrohydrodynamic, EHD, forces are calculated. The electric
properties of a fluid inside an electric field may be described by the following constitutive

law™:

E =E(a,,ay,...a,,D) (a-7)

where E is the electric field, D is the electric displacement , and ¢, is the material property

of the fluid. The EHD force density exerted on the fluid is:

m oW
[ =pE -—Za,-V(g——] (a- 8)

i=1 a;

i

where p,is the volumetric charge density and W is the volumetric density of the electric

energy defined as:
D
W= _[E(al,az,...,am,D’)dD' (a- 9)
0
Equation (a - 8) shows that there are two different electric forces acting on the fluid: the
first term is the Coulombic force, which is due to the existence of free charges in the bulk or
at the interface; the second term is the dielectrophoresis, DEP, force which is due to the
effect of electric properties of the material.
No free charge exists in the two-fluid interface as its normal is perpendicular to the

electric field E; so the free charges are only at the droplet-insulator interface. The surface

charge density may be written as:

il J. R. Melcher, Continuum electromechanics, The MIT Press, 1981, Section 3.7
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Vs
O, =&,€ dl (a- 10)

where ,, is the electric potential at the liquid-solid interface and d is the insulator
thickness.

For a specified control volume, the electric force can be calculated by differentiating
the energy in the direction of displacement:

- 11
F=v,[wav (a- 11)

The integral is over control volume and the gradient is with respect to the material
displacement £ .
The EHD force at the two-fluid interface may be found as:

“2—’5{ 2
ey’ h

F1 =
8d2 2 (a- 12)
[1+gﬁf—“«j
h ¢

where /4 is the channel gap size and the subscripts @ and i refer to the ambient medium and

the insulator. The EHD force acting on the tri-phase contact line is as:

2 1 (a- 13)

The latter force is in the tri-phase contact line plane and perpendicular to this line while
pointing away from the droplet. Usually, in real cases, the ratio of the dielectric thickness to
the channel gap d/h is very small. In our case d = 900 nm and h is about 300 pm. Therefore,

we can consider the ratio to be zero. By this assumption F; becomes zero which means that
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with such ranges of gap size and insulator thickness, the value of the electric force on the
two-fluid interface is negligible.

The other term of the electric force can be simplified as:

2
_EY
=37 (a- 14)

This force term along with Young equation gives the same result of contact angle changes
as of Equation (2-3).

Here the force terms regarding the effect of dipole moments are not mentioned. These
forces are called the dielectrophoresis force DEP and exist when the liquid is dielectric itself

which is not the case in electrowetting.



