
Abstract

MCLAWHORN, ROBERT ALLEN. Electric-Field Induced Movement of Microdroplets,
Models and Design. (Under the direction of Hans Hallen.)

The objective of this research is to model and design a microfluidic system that

uses electrostatic fields to induce movement of discrete droplets of solution. Of particular

interest is movement of droplets of H2O for use in biological testing with lab-on-a-chip

and mTAS systems. Using computer modeling, the electric-fields for planar electrode

configurations positioned on an insulating substrate are calculated for a hemispherical

drop of H2O on the substrate at various positions. From these electric-fields the force on

the drop is calculated. These models show that electrostatic actuation of droplets of H2O

is possible. However, as the complexity of the model increases the properties of the

system become less desirable and actuation may not be possible. Using microfabrication

techniques, the modeled microfluidic systems have been built for testing using a Kapton

substrate with copper electrodes. Hexadecenyltrichlorosilane (HTS), a self-assembled

monolayer, and its oxidant have been studied and found capable of providing

hydrophobic and hydrophilic surface coatings for the systems.
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 Chapter 1: Introduction

1.1: Microfluidics

In many areas of science and engineering there is a need for smaller, faster, and

cheaper testing methods. This has been a driving force in the development of micro total

analysis systems (mTAS) [Shoji, 1999] and lab-on-a-chip technology [Chow, 2002].

These systems are being designed to allow many chemical and biological tests to be

performed on a single substrate, using small sample volumes, typically around 1mL. By

using smaller samples, costs and excess byproducts can be reduced. By automating these

systems and also making them able to perform many operations in parallel, many tests

can be preformed without highly trained personnel, further reducing costs while

increasing output. For these systems to reach their full potential methods of accurately

moving small volumes of solutions must be developed.

 In chemistry, lab-on-a-chip technology and mTAS would have applications in

chemical analysis and processing [Chow, 2002; Shoji, 1999; Besser et al., 2001] and in

the development of many types of chemical and biological sensors [Althainz et al., 1996;

Lee, Park, and Shin 1997; Leistiko and Jensen, 1997]. These and other types of small-

scale tests would be safer and more economical than conventional testing methods

because only small volumes of chemicals would be required for testing. If needed, the

chemical reactions could be tried on a larger scale if the initial small-scale tests appear

beneficial.

 The same ideas apply to biology and medicine, where advances in microfluidic

and chip-based testing techniques would aid researchers in analyzing small samples of

DNA [Burns et al., 1996; Woolley and Mathies, 1994], studying cell biology [Neils et al.,
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2002; Bousse 1996], and performing highly parallel drug testing on single cells [Cheung,

Kubow, and Lee, Park, and Shin 2002; Schmidt, Mayer, and Vogel 2000; Hediger,

Sayah, and Gijs 1999]. New research tools may also be developed by replacing existing

testing methods with chip based methods. These new tools will help expand knowledge

of biological and medical researchers and decrease the time it takes to develop new

drugs.

1.2: Methods of Actuation

Since the beginning of microfluidic research numerous systems have been

proposed for the actuation of droplets. Microfluidic systems can be classified as

mechanical or nonmechanical. Mechanical microfluidic systems rely on moving parts,

usually a flexible membrane, for pumping liquids. By flexing the membrane fluids are

forced through small channels. Typically, it takes several membranes to accurately

position fluids. Non-mechanical actuation includes the use of thermocapillary [Sammarco

and Burns, 1999], electrochemical  [Gallardo et al., 1999], electrowetting [Pollack and

Fair, 2000], and electrostatic effects [Washizu, 1998]. Non-mechanical systems have no

moving parts and are therefore less likely to fail over long periods of use. Nonmechanical

systems are also easier to fabricate than mechanical systems, which often involve

complex microfabrication techniques to construct the small membranes, pumps, and

channels.

Thermocapillary pumping (TCP) has been shown to move discrete nanoliter and

picoliter sized drops of solution with speeds up to 20 mm/min [Sammarco and Burns,

1999].  This method of actuation requires for the droplet to be placed within a
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microfabricated flow channel etched into a glass substrate. The channels produced by

Sammarco and Burns ranged in depth from 20-50 mm. In TCP the droplet is heated at one

end to create a surface tension difference between the two ends of the droplet. The

difference in surface tension causes a capillary pressure difference between the ends of

the drop resulting in droplet motion [Sammarco and Burns, 1999]. TCP was preformed

using a temperature difference between 108C and 708C.

Electrochemical positioning of fluids on submillimeter scales has been described

by Gallardo [1999]. Surfactant species generated at one electrode and consumed at

another were used to manipulate the magnitude and direction of gradients in surface

tension and guide liquids through simple fluidic networks. Gradients in concentration of

molecules can lead to changes in surface tension and can be used to produce fluid motion.

These gradients were produced by using electrode surfaces to consume surface-active

species. The voltages required to produce the reactions were small, typically less than 1

V. Aqueous and organic solutions were tested along with solid particles. The liquids can

be positioned on unconfined surfaces, without the need for channels to guide the liquid.

Electrowetting produces actuation of discrete droplets by electrically controlling

their surface tension. As reported by Pollack and Fair [2000], the drop is positioned

between a grounded electrode plate and a series of control electrodes. The grounded

electrode plate and control electrodes are covered with a hydrophobic insulating layer.

This layer is to prevent the droplet from shorting the electrodes and to control the shape

of the droplet between the electrodes. When an electric potential is applied to a control

electrode a layer of charge builds up, reducing the contact angle between the electrode

and portion of the drop that covers it. The reduction in contact angle between the
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energized electrode and the drop is due to a reduction in the interfacial energy [Pollack

and Fair, 2000]. This reduction in contact angle results in droplet motion toward the

energized electrode. Voltages of 40-80 V between adjacent control electrodes were used

to produce drop motion. Using the electrowetting method, 0.7-1.0 mL droplets of 100 mM

KCl solution with average droplet velocities of 30 mm/s have been reported [Pollack and

Fair, 2000].

Washizu [1998] has shown electrostatic movement of liquid droplets. Using this

method droplets are placed on an array of electrodes microfabricated onto a substrate.

The electrodes are covered with an insulating hydrophobic layer. This layer serves to

prevent the electrodes from shorting when the liquid is placed on top and causes the

droplet to maintain a spherical shape when relatively small volumes (~1 mL) are used.

The electrodes used by Washizu had widths and spacings of 100 mm. Applying a voltage

to the electrodes produces actuation of the droplet. The droplet moves into the region

with the highest electric field in order to minimize the energy of the system. The voltage

is then shifted to the next set of electrodes to continue drop movement. A channel with a

depth of 40 mm was fabricated onto the substrate to guide the droplet. Droplets with

volumes of 0.5-5 mL were moved with a speed of 400 mm/s. Actuation was produced

using voltages up to 400 V.

1.3: Limitations of Existing Actuation Methods

Microfluidic systems need to be easy to fabricate, low in cost, and either reusable

or inexpensive enough to be disposable. The systems should also be able to be easily

incorporated into mTAS and lab-on-a-chip designs, being able to move solutions from
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one test site to another without interfering with the test processes. Clearly, one design

will not suit all purposes; however, a system that can be used for many applications is

ideal.

 Mechanical systems usually involve complex designs, making them expensive

and time consuming to fabricate. If a microanalysis system is designed to be disposable it

is unlikely that a mechanical design will be used for this reason. Complex designs and

fabrication limit the ease with which mechanical systems can be incorporated into testing

systems, making the test sites have to work around the microfluidic system rather than

the other way around. Mechanical systems are also limited by their life times, being

likely to suffer from mechanical failure after extended use.

Nonmechanical systems, such as the ones described, require less involved

fabrication methods, making them less expensive and faster to fabricate. However, these

systems are still limited by several factors. Many of the designs require a channel to be

etched into the substrate for guiding fluids, increasing time and costs. The channels may

not be compatible with the testing sites, as with mechanical designs. Electrochemical

actuation can be used on a planar surface; however, it can only be used with certain

chemicals due to interaction with solutions being tested. Using thermocapillary pumping

the test solutions may need to be heated up to 708C, making it also unsuitable for use in

some chemical reactions. Electrowetting based actuation requires the solution to be

confined between electrodes making it complicated to integrate into other systems and

increasing fabrication costs. Electrostatic actuation has few limitations on solutions that

can be used, has a simple design, and has quick actuation of droplets but is still limited by

requiring a channel to guide droplets.
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An ideal solution to accurately move droplets is to use electrostatic actuation on a

planar surface. It is proposed that the electric fields be used to guide the drop instead of

using channels in the substrate. This may be accomplished with electrodes designed to

produce the strongest electric field in the region where the droplet is to be positioned. By

also creating a set of ground planes to line both sides of the droplet path the electric field

could be further localized to the region of the droplets path while shielding the droplet

from electric fields outside the region. This proposed design could conceivably be

fabricated using a single layer of electrodes covered by a hydrophobic insulating layer to

protect the electrodes from the solution. Due to its planar design, it could easily and

inexpensively be combined with a wide range of microanalysis systems. The goal of our

research is to model and design a microfluidic system with these proposed properties.

This thesis is organized as follows. Chapter 2 presents self-assembled monolayer

surface treatments for producing hydrophobic and hydrophilic surfaces for use in the

proposed microfluidic system. In chapter 3, two microfluidic systems are modeled to

determine the feasibility of the designs. Fabrication of the system is presented in chapter

4.  And in chapter 5, conclusions and future research are discussed.
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Chapter 2: Surface Treatments

For the proposed microfluidic system it is required to have a biologically

compatible hydrophobic surface treatment to allow near frictionless drop movement. It is

desired to have a coating which has a lifetime of weeks to months, showing little change

in hydrophobic properties. It would be advantageous to have a surface coating that can be

easily changed from hydrophobic to hydrophilic in areas of measurement and testing.

2.1: Hydrophobic and Hydrophilic Surface Treatments

For total microanalysis and lab-on-a-chip systems to perform multiple tests on a

single substrate and be able to move test solutions from one area to another on the

substrate, some areas on the chip need to be hydrophobic while other areas need to be

hydrophilic. Hydrophobic areas, where the contact angle between the solution and the

substrate is large, allow for ease of movement of droplets. In these areas where the

solutions, which are often times water based, are repelled by the substrate there is very

little friction and the solution is easily confined to a single droplet. For many testing sites

on the substrate, a hydrophilic surface allows for better contact between the test site and

the solution. A concern when choosing a surface treatment is compatibility with the test

specimen. For example, some surface treatments may harm biological specimen or may

react with chemicals being used. There may also be limitations on lifetimes of certain

treatments; many hydrophilic surface treatments may become hydrophobic over a period

of time due to hydrocarbons from the surrounding environment being deposited on them.

For microfluidic systems there have been many surface treatments used to

produce hydrophobic surfaces. A common choice is Teflon, which has a 1058 contact



8

angle with water and is commercially available [Pollack and Fair, 2000; Washizu, 1998].

Along with Teflon, many types of oxides have been deposited on to surfaces to create a

hydrophobic layer. With these types of surface treatments any additional hydrophilic

layers would have to be put on separately. If the substrate is pure silicon no surface

treatment is necessary to make it hydrophilic since silicon has a contact angle of 08 with

water. The silicon must however remain in a closed environment to avoid deposition of

hydrocarbons and increased contact angle.

2.2.1: HTS Self Assembled Monolayers

The ideal surface treatment would be one that could easily be changed from

hydrophobic to hydrophilic, or vice versa, in areas of interest. The coating would also

need to be inexpensive and easy to apply if it were to be used extensively in laboratory or

commercial applications. A surface treatment that exhibits some of these properties is

hexadecenyltrichlorosilane (HTS), a self assembled monolayer (SAM) that forms a

hydrophobic surface with a contact angle of 958-1058 [Netzer and Sagiv, 1983;

Wasserman, Tao, and Whitesides, 1989]. HTS is an alkyltrichlorosilane of the form

Cl3Si(CH2)nR, where n=15 and R = CH=CH2. The absorption of alkytrichlorosilanes on

silicon-silicon dioxide (Si/SiO2) substrates has been well documented [Wasserman, Tao,

and Whitesides, 1989; Netzer and Sagiv, 1983]. Figure 2.1 show a representation of the

formation a monolayer of an alkyltrichlorosilane on a Si/SiO2 substrate. In the figure, one

of the oxygens from the SiO3 of the compound bonds to the SiO2 while the other oxygen

atoms bond to adjacent oxygen atoms from other alkytrichlorsilane chains. This produces

a highly ordered monolayer with hydrophilic/hydrophobic properties determined by the
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polarity of the end group, R. For the case of HTS, the end group is CH=CH2 which

produces a hydrophobic surface.

Figure 2.1: Model for the formation of an alkyltrichlorosilane monolayer on a Si/SiO2 substrate as
described by Wasserman, Tao, and Whitesides.

2.2.2: Preparation of HTS Monolayers

 The procedure used for the preparation of HTS monolayers on Si/SiO2 substrates

has been described by Wasserman, Tao, and Whitesides [1989]. We used glass slides in

place of the pure Si substrate for testing purposes. The slides were immersed in deionized

H2O for 24hrs to allow the formation of a monolayer H2O, which is critical for the HTS

to bond. After this time the slides were removed from the H2O and rinsed in ethanol.

They were then dried under nitrogen to further remove any excess H2O from the surface.

H2O remaining on the substrate or in the HTS solution may cause the HTS to bond with

itself, causing the formation of a viscous white fluid on the substrate and preventing the

HTS from bonding to the desired regions on the substrate. Therefore, it was important to

keep the slides being coated from coming into contact with water after they had dried. To

minimize the chance of the slides being coated from coming into contact with water, all
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work coating slides with HTS was preformed in a dry box under nitrogen. The dried

slides were placed in a 2% HTS solution prepared from 1mL of HTS diluted with 49mL

of hexadecane. The slides were soaked in the 2% HTS solution for 24hrs. Once removed

the HTS coated slides were removed and rinsed in ethanol and wiped clean to remove

any excess HTS. The slides were tested with water and the contact angle was determined

to be approximately 908. Figure 2.2 shows a HTS coated slide with a drop of de-ionized

H2O on it. It can be seen from the picture that the slide has a large, ª 908, contact angle

with the H2O. Drops of water placed on HTS coated slide could easily move over the top

of the slide, exhibiting near frictionless properties. Movement of a droplet of water could

be produce by tilting the slide at a very small angle. The HTS monolayer was found to be

robust and could not easily be removed or altered by rubbing or cleaning with detergent.

The slides were also found to retain their hydrophobic properties after being left exposed

to laboratory conditions for an extended period of time. The contact angle remained

approximately 908 after one month.
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Figure 2.2: De-ionized H2O on a HTS coated substrate.

2.3.1: Oxidation of HTS

A key reason for the choice of HTS for the formation of a hydrophobic surface is

its ability to be oxidized. Wasserman, Tao, and Whitesides [1989] have shown that HTS

can be oxidized in a solution consisting of potassium permanganate (KMnO4), sodium

periodate (NaIO4), and potassium carbonate (K2CO3). By placing a HTS coated substrate

into this solution the authors report that the CH=CH2 end group of the HTS is replaced

with CO2H. This changes the hydrophobic properties of the HTS to hydrophilic and

measurements of the contact angle are reported to be between 108-308 with H2O.
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2.3.2: Preparation of Oxidized HTS Monolayers

Following the procedure of Wasserman, Tao, and Whitesidedes, HTS coated

slides were oxidized to produce hydrophilic surfaces. Solutions of 5mM KMnO4, 195mM

NaIO4, and 18mM K2CO3 were produced. The oxidizing solution was prepared using

3mL of each of the solutions diluted with 21mL of de-ionized water for a total of 30mL.

HTS coated slides were placed in the above solution for 24hrs. We found that the

oxidation reaction was difficult to produce. Several attempts were tried using the

procedure reported. The temperature and concentrations of the oxidizing solution were

varied without success to try to force the reaction. The time that the slides remained in

the oxidizing solution was also varied.  We found that by placing the substrate in the

solution described by Wasserman, Tao, and Whitesides and then placing it in an

ultrasonic cleaner the oxidation reaction could be produced. We believed that the

ultrasonic cleaner produces conditions that allow the polar water molecules to come in

contact with the hydrophobic HTS monolayer so that the oxidation reaction can occur.

The HTS coated test slides were left in the ultrasonic cleaner for 24 hours. Once removed

from the ultrasonic cleaner, the slides were taken out of the KMnO4/NaIO4/K2CO3

oxidizing solution and rinsed in solutions of 0.3M sodium bisulfate (NaHSO3), distilled

water, 0.1N hydrochloric acid (HCl), and finally ethanol. This was done to remove any

remnants of the oxidizing solution. The slides being oxidized were dried and the contact

angle tested using a small drop of H2O. The contact angle was found to be approximately

208-308. This is in close agreement with the results of Wasserman, Tao, and Whitesides.

The slide coatings were found to be durable. Rubbing and cleaning in detergent had no

effect on its hydrophilic properties. Slides left exposed to laboratory conditions showed
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little or no change in contact angle for 1-2 weeks and only a slightly higher contact angle

after 1 month. Once these slides were washed and rinsed in ethanol their contact angles

were approximately that of recently oxidized slides. Figure 2.3 show an HTS coated slide

after oxidation. It can be seen from the picture that the contact angle is drastically smaller

than that of the HTS coated slide in figure 2.2. Drops of H2O placed on the slide no

longer exhibited the near frictionless properties seen with the HTS coated slides. Rather,

the drops tended to flatten out on the surface and stay in the oxidized region even when

the slide was tilted at a slight angle.

HTS and its oxidant produce the flexible coating that we seek. Photolithography

and masking techniques can be used to obtain hydrophobic/hydrophilic patterns by

preventing oxidation in regions where photoresist remains.
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Figure 2.3: De-ionized H2O on an oxidized HTS coated substrate.

2.4.1: Patch-Clamping

An example of a lab-on-a-chip screening system currently being developed is a

high throughput patch-clamping system. Patch-clamping is a technique used to study the

function of ion channels in cell membranes. It allows a single ion channel in a cell

membrane to be isolated and the current through it to be measured. The technique was

first introduced by Erwin Neher and Bert Sakmann [1976] and was later improved to

allow for higher resolution current recordings [Hamill et al., 1981].

Cell membranes are composed of lipid bilayers that are impermeable to ions. Ion

channels mediate the transport of ions into and out of a cell. Ion channels are gated pores
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in the cell membrane made of proteins that open and close to allow the movement of ions

through the cell membrane. The electrochemical gradient between the intracellular and

extracellular solutions determines the velocity of ion movement through a channel.

Pumps and transporters in the cell membrane maintain the chemical and ion

concentrations on either side of the membrane. 

Due to the small amplitude of the current through a single ion channel, the

channel must be electrically isolated from all sources of background noise for an accurate

measurement of the current. This is done by sealing a glass micropipette against a small

patch of the membrane, insulating it from the rest of the membrane. The high resistance

seal between the cell membrane and the walls of the pipette is typically several gigaohms

or more. The pipette is filled with an extracellular solution that allows the flow of ions.

An electrode is inserted into the pipette to detect the current from the enclosed ion

channel. A reference electrode is inserted into the cell bath. The current is passed through

a current to voltage converter made from an operational amplifier with a large feedback

resistor. A diagram of a typical patch clamp setup is show in figure 2.4.
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Figure 2.4: Typical patch-clamp setup. An Ag/AgCl electrode measures the current produced from a small
patch of ion channels on the surface of a cell membrane. A current-to-voltage converter is used to produce
a measurable value of V by using a large resistor.

The study of ion channels is important in medicine because of their role in cellular

communication. Many diseases are caused by defective ion channel function, making the

study of ion channels of interest to the pharmaceutical industry. In the initial phase of

drug development tens of thousands to over a million drugs are tested against a target

such as a cell membrane surface [Chow, 2002]. For each drug tested against a cell

membrane the cell must be patch-clamped to measure the ion channel response. This

causes a severe bottleneck in the drug development process. Because of its scientific and

economic significance, many researchers are currently working on high throughput

patch-clamping methods [Cheung, Kubow, and Lee 2002; Schmidt, Mayer, and Vogel,

2000; Hediger, Sayah, and Gijs 1999]. In the following section a novel high throughput

patch clamping system is presented.
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2.4.2: High Throughput Patch-Clamping

In the pharmaceutical industry it is desirable to be able to test the effects of drugs

on the function of ion channels on many cells at once. A design to allow highly parallel

patch clamping is shown in figure 2.5. The device is designed to allow the measurement

of ion through a small channel produced through a SiNx membrane on a Si substrate. The

cell being tested is placed on top of the substrate, using suitable surface coatings to insure

the cell sits over the channel. The surface coating needs to allow a high resistance seal

between the cell membrane and the substrate so that only ions from the selected ion

channel are measured. This ionic current is measured by microelectrodes that have a

small potential difference between them.

Figure 2.5: Schematic of high throughput patch-clamp. A SiNx coated silicon substrate has a portion of the
silicon etched to leave a thin layer of SiNx through which a small 0.1-1 mm hole is produced using ion
milling to allow ions to pass through the membrane and be measured.

Construction of the substrate begins with a double-sided standard thickness Si

wafer with SiNx coating. Using photolithography and etching techniques one side of the

SiNx is removed and the Si etched with KOH to produce a 100 mm wide structure. Using

ion milling, a channel is made through the SiNx. Figure 2.6 shows an image of an ion-
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milled channel. Channels with widths of 0.1-1 mm have been produced. The channels are

small enough to isolate a small region of the cell membrane containing a small number of

ion channels. As the ion channels open and close ions pass through the small channel

through the substrate. Oxidized HTS is used for the surface coating and is applied as

previously described. Other coatings have been used but became hydrophobic after being

exposed to laboratory conditions.  A reference electrode is placed on top of the substrate

with a second electrode mounted beneath the substrate. The electrodes are produced from

25 mm Ag wire. The ends of the wire are etched in a 10% HCl solution saturated with

KCl. This is done by placing a piece of the Ag wire and a carbon rod in the solution as

shown in figure 2.7. A potential of a few volts is applied between the Ag wire and the

carbon. The Ag is used as the anode and the carbon as the cathode. When the Ag wire

and the carbon are placed approximately one inch apart and a frequency of a few hertz is

used the Ag wire is etched. This is done to produce a flat surface to make contact with the

solution through which the current is being passed, reducing the contact resistance

between the electrode and the solution. A small potential is placed across the electrodes.

The cell is placed in a typical extracellular solution of 100-150 mM NaCl. For the

measurement of Cl- ions Ag/AgCl electrodes are used. The Ag/AgCl electrodes are

produced by placing a clean wire that has been wiped with alcohol in a 3M KCl solution,

and making the wire positive with respect to the solution. Properly plated electrodes will

appear light gray.  The current through the electrodes is passed through a current to

voltage converter as shown in figure 2.8. In the circuit diagram the current is passed

through a large resistor to produce a measurable voltage. By using the measured voltage
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and the known resistor value the current can be determined from Ohm’s law, V=IR. The

capacitor in parallel with the resister helps filter excess noise in the system.

Figure 2.6: Image of ion milled hole through the membrane of high throughput patch-clamp.
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Figure 2.7: Setup for electrochemical etching of Ag wire in HCl. The Ag wire is the anode and a carbon
rod is used as the cathode. A potential of 1-3 V a  frequency of a few hertz is used to etch the Ag wire.

Figure 2.8: Circuit diagram for current-to-voltage converter. Since the operational amplifer draws no
current all current is passed through a large feedback resister, R, producing a measureable voltage
determined by Ohm’s law.

Because the design described is fabricated on a silicon wafer many can be

produced on a single substrate and many measurement can be made in parallel, allowing
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increased speed in drug testing. The first tests of the system would be to show that a

current can be measured through the ion milled hole through the membrane. If successful,

measurements of the high resistance seal between the cell and the membrane could be

made. By combining a microfluidic system with the high through-put patch-clamp

design, the movement and testing of small volumes of drugs to test sites to test the effects

of the drugs on ion channel function may become automated requiring decreased

involvement of researchers.
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Chapter 3: Modeling Microfluidic Systems

Using numerical modeling techniques the feasibility of two planar microfluidic

designs based on electrostatic actuation are studied. The study presented models the force

produced from electrodes with varying voltages on a 1 mL drop of H2O.

3.1: Modeling Electrostatic Microfluidic Systems

Modeling techniques are important in the design and construction of microfluidic

systems. By modeling microfluidic systems one can determine the feasibility of a

particular microfluidic design, possibly saving time and fabrication costs.  Many of the

characteristics of microfluidic systems can be obtained from differential equations that

describe the system. In many instances an analytic solution may be difficult or impossible

to determine and numerical methods must be used.

 One type of numerical modeling technique is finite element modeling (FEM). In

FEM, the problem region is divided into many smaller regions called elements. The total

of the elements in the problem region is called the mesh. Numerical methods are

employed to find a solution at several points in the region. These points are called nodes.

The solution for the region between the nodes is then interpolated from these points. This

type of numerical solution is ideally suited for computer modeling which can handle a

large number of points in a small region. There is a trade off with the size of the solution

region, accuracy of the solution, and the amount of computing resource used. However,

as computer processing speeds increase this becomes less of a restriction. In regions

where the solution is changing very little, the elements of the mesh may be larger while
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in areas where the solution changes greatly it may be important to use smaller elements in

the mesh.

There are many FEM programs commercially available to solve a wide variety of

problems. These programs are designed to require minimal user input for the differential

equations being solved. The programs optimize the mesh in the problem region to obtain

the most accurate answer for the problem region with the available computer resources.

There have been many computational studies of microfluidic systems [Ulrich and

Zengerle, 1996; Koch, Evans, and Brunnschweiler, 1995; Zengerle and Richter, 1994].

However, most of these studies focus on the flow of continuous fluids through

micromachined pumps and valves. There is relatively little literature on modeling

electrostatic actuation of discrete drops of solutions.

Modeling of electrostatic actuation is a problem of electrostatic fields and the

forces produced on objects by these electric fields. A commercially available program

that solves for electric and magnetic fields is Maxwell 3D, produced by Ansoft. This

program allows the user to specify the geometry, materials, and sources of voltage and/or

current of a problem. Using this information the program produces an optimized mesh

and from that can calculate the electric and magnetic fields for the problem geometry.

Using this information the force produced on an object by the electric and magnetic fields

can be calculated by the program.

For electrostatic field calculations, the program solves for the electric potential in

the equation,

 —.(er eo —V) = -r (3.1)
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where V(x ,y, z) is the electric potential,  er(x, y, z) is the relative permittivity, which

varies for different materials, eo is the permittivity of free space, and r(x, y, z) is the

charge density.

Gauss’s equation in differential form is given by,

—.D = r (3.2)

where D(x, y, z) is the electric displacement and is given by

D  = er eo E. (3.3)

Gauss’s law states the net electric flux passing through any closed surface is equal to the

net positive charge enclosed by the surface. For static electric fields

E = -—V. (3.4)

It can be shown that substituting equation (3.3) and (3.4) into equation (3.2) will give

equation (3.1). By solving equation (3.1) for the electric field potential, V, the electric

field, E, and the electric displacement, D, can be determined. It is by this method that the

program solves for these functions.

Once the electric field has been solved, the force, F, can be determined by the

equation,

F = -—U, (3.5)

where U(x, ,y, z) is the energy of the electric field and is given by

 (3.6)

.
2
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The output of the program provides plots of the electric field as well as calculates the x,

y, and z components of the force using methods similar to those described.

From equation (3.6) the energy of the electric field, E, in a region can be

determined. If an object with a higher relative permittivity er is placed in the electric

field, such as a drop of H2O surrounded by air, the electric field in the region of higher er

will be decreased by equation (3.3) and hence the energy given by (3.6) will be changed.

This change in energy will produce a force on the object given by equation (3.5),

producing movement in the direction of higher E. This movement will continue until the

energy of the system is minimized and the force on the object is zero. It is from these

principles that the desired electrostatic actuation is to be produced.

Also, from equation (3.6), it can be seen that the potential energy, U(x, y, z), is

dependent on the square of the electric field, which is proportional to the potential, V,

from equation (3.4). Combining equations (3.6) and (3.4) with equation (3.5), it can be

shown that the force is also proportional to the square of the voltage, F~V2.

3.2: Setup and Calculation of Electric Fields and Forces

Initially, there were two microfluidic design considerations called the Street and

Train Track design. These designs are shown in figure 3.1 and 3.2 respectively. Both

designs are modeled on a polyimide substrate with a thickness of 50 mm. The substrates

for each model have a length and width of 6000 mm. The electrodes and ground plates for

each model are made of copper and are given zero thickness in the model. This is to save

computing time, since the mesh in these regions would be extremely small in comparison

with the other regions of the model. This is assumed to have little effect on the model.
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Over the electrodes in each model is a thin, 1 mm, insulating layer of SiO2. SiO2 has been

chosen for the insulating layer because it is available in many laboratories and by using it

a hexadecenyltrichlorosilane (HTS) self assembled monolayer could be used to produce a

low friction hydrophobic layer, if one goes beyond the modeling process and begins

fabrication of the design.

Figure 3.1: Simple Street microfluidic design for computational study. A polyimide substrate with a copper
electrode pattern to produce electrostatic fields is covered with a SiO2 insulating layer for the model.

Shown in figure 3.1 is the Simple Street model. In this model there are four

electrodes in a single line down the middle of the model. Two large ground plates are

placed along either side of the electrodes. The purpose of the ground plates is to shield

any electric fields from outside the region in hopes of keeping the drop of solution to be

moved inside this region. The electrodes are 900 mm long and 50 mm wide. The distance
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between two electrodes is 100 mm. The ground plates are 5000 mm long and 900 mm

wide. The ground plates are separated by a distance of 2200 mm. The spacing of the

ground plates was chosen to allow a 1 mL drop of solution to be confined between them.

Figure 3.2: Train Track microfluidic design. A polyimide substrate with a copper electrode pattern to
produce electrostatic fields is covered with a SiO2 insulating layer for the model.

The Train Track model shown in figure 3.2 has a set of four electrodes as in the

Simple Street model but with a different geometry. In this model the ground plates have

the same size and spacing as in the Simple Street model. The central electrodes in this

model consist of four electrodes with an I-shape. The length of the center section for

these “tracks” is 2000 mm. The length of the ends of the tracks is 900 mm, centered on the

end of the center section. As with the Simple Street model, the width of the track was

chosen to accommodate a 1 mL drop of solution to be moved, confining the drop of

solution between the ground plates
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For the electrodes in each model a potential difference of 3 V was applied. The

top electrode in each figure was set at 0 V and the bottom at 3 V. From these voltages an

electric field is produced for each model. Using the Maxwell 3D software these electric

fields were calculated and plots are shown in figures 3.3 and 3.4.

Figure 3.3: 3-dimensional plot of the magnitude of the E-field for the Simple Street model at 3 V. The
electrode at the top of the model was set at 0 V with the next three center electrodes at 1, 2, and 3 V
respectively.

Figure 3.3 shows a plot of the electric field produced by the Simple Street model

with 3 V potential difference across the electrodes. From the figure it can be seen that the

highest electric field is in the region of the 2 V and 3 V electrodes, shown the bottom of

the figure. It is expected that in this region the highest force would be produced on a drop

of conducting solution. A drop at a position with a lower voltage would experience a

force in the direction of increasing voltage, the x-direction. The field is centered on the
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substrate indicating that the drop would experience very little force in the y-direction that

might pull it toward the sides of the substrate.

 Figure 3.4: 3-dimensional plot of the magnitude of the E-field for the Train Track model at 3 V. The
electrodes are set at 0-3V from top to bottom of the model. It can be seen the largest field lies in the region
between the 3 V electrodes and the ground plates.

Figure 3.4 shows the plot of the electric field for the Train Track model. As in the

Simple Street model the magnitude of the electric field increases as the electrode at 3 V is

approached. Again indicating that a drop of conducting solution would experience a force

in the x-direction. In this model the electric field is however not centered. The highest

electric fields are between the edge of the 3 V electrode and the ground plates. This is due

to the small separation distance between the two. If a drop of solution were offset for the

center by even a slight amount the force produced by the electric field at the side may
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pull the drop to the sides of the substrate. Due to this expected behavior of the design, the

Train Track model is likely not a feasible design.

Figure 3.5: Plot of the magnitude of the E-field for the Simple Street model at 3 V with a 1 mL drop of H2O
at its initial position. The electrode voltages range from 0-3V as in figure 4.1. However, the electric field
has changed due the drop of H2O.

After determining that the Simple Street model is more likely to exhibit the

desired properties of the microfluidic system, the electric field produced when a 1 mL

drop of H2O is placed on the substrate is calculated. Figure 3.5 shows a plot of the

magnitude of the electric field when the drop is centered between the electrodes at 0 V

and 1 V. It can be seen in the figure that the magnitude of the electric field has increased

when compared to figure 3.3. With this configuration the force on the drop can be

determined.
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Figure 3.6: Plot of the magnitude of the E-Field for the Simple Street model at 3 V with the drop of H2O
displaced from its initial position shown in figure 4.5.

In figure 3.6 the drop has been displaced from its position in figure 3.5. In this

figure it can be seen that the magnitude of the electric field has changed. The magnitude

of the electric field has decreased in the area where the drop was positioned in figure 3.5,

while an increase in the electric field can be seen at its position between the electrodes at

2 V and 3 V. These two plots show that the electric field is clearly dependent on the

materials in that region, as one would expect from equation (3.3).  If a salt solution with a

higher dielectric constant than H2O is used the force on the drop would be higher due to a

larger change in the energy.

To test the voltage dependence of the force, the drop of H2O was placed on the

center of the substrate between the 1 V and 2 V electrodes. The force on the drop was

calculated as the voltage was increased from 3-300 V. This data is plotted in figure 3.7.

From the plot it can be seen that the relationship is F ~ V2, as expected, providing a first

test of the modeling program. The force experience by a drop of solution under
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electrowetting based actuation is proportional to the voltage, F ~V, giving a smaller

increase in the force as the voltage is increased [Pollack and Fair, 2000]. A closer

inspection of the data listed in appendix A.1 reveals that the relationship is exact. If the

force on an object is known at a certain voltage then using this relationship one could

determine how much the voltage would have to increase to produce a desired force on an

object. This also means that when modeling the microfluidic system one voltage can be

used and the results can later be scaled to another voltage if necessary.
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Figure 3.7: Plot of the force as a function of the voltage applied for the Simple Street model showing the
V2 relationship.

It can be seen from figures 3.5 and 3.6 that the electric field in a region changes

when the drop of H2O is moved. This implies that the force the electric field exerts on the

drop changes as a function of the position. It is therefore necessary to obtain the force on

the drop as a function of its position in the electric field. This is done in the same manner
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as figures 3.5 and 3.6. The drop is moved to different regions throughout the substrate

and the electric field and force on the drop is calculated at that position. This data is

presented in appendix A.2. The data gives the x, y, and z components of the force on the

drop as a function of the position. The magnitude of the force at the position is also

given. In the given data and plots to be shown, the model is treated as a three dimensional

Cartesian coordinate system, with the origin as shown in the electric field plots and with

unit lengths of 1 micron. A coordinate of (50, 3000, 3000) would therefore be centered on

top of the SiO2 coated polyimide substrate.

Force in X-direction vs. Position
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Figure 3.8: Plot of the force in the x-direction vs. position. The force is calculated for three different y-
positions. The Force at 3000 plot represents the drop positioned at the center of the substrate, directly above
the electrodes in the Simple Street model. The electrodes begin at x= 1000, 2000, 3000, and 4000 and range
from 3-0 V respectively. The length of each electrode is 900 mm with a 100 mm space between adjacent
electrodes.

In figure 3.8 the force in the x-direction as a function of the position of the drop is

plotted. The scale of the x-axis is in microns and corresponds to the length of the
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substrate. The force was calculated at y-positions of 3000, 2500, and 2000 mm. The y-

position at 3000 mm is the center of the substrate. The drop was positioned directly above

the electrodes. The force on the drop was calculated every 500 mm from 1000-5000 mm.

The same calculations were repeated for y = 2500 and 2000 mm. In figure 3.8 it can be

seen that the force varies as the drop is moved toward the ground plates, reaching zero

when y = 2000 mm. Because the electrode configuration is symmetric, it is assumed a

force plot for the opposite side of the substrate would produce similar results.

From figure 3.8 it can be seen that the maximum force in the x-direction occurs

when the drop is positioned at 1000 mm from the end in the x-direction and at 2500 mm in

the y-direction. At this point the force has a value of approximately 8.0310-10 N, pulling

the drop to the position where the force equals zero at approximately x=1500. If the drop

is displaced slightly in the x-direction from x=1500, y=2500 position it will experience a

force pulling it back toward x=1500. This is a stable equlibrium point. A second stable

point is just past x=1500 along the y=3000 plot. The plot at y=2000 is approximately

zero. Assuming a 1 mL drop of H2O, the drop has a mass of 1310-6
 Kg. Using the

maximum force and assuming a frictionless surface results in an acceleration of 8310-4

m/s2. From this acceleration the velocity and position of the drop as a function of time

can be determined. Using the maximum acceleration the time to travel 1 mm, the distance

between adjacent electrodes, is estimated to be 1.5 s. Scaling the voltage can produce the

desired acceleration. Using the F~ V2 relationship the time to travel 1 mm at a 30 V

potential difference is estimated to be 0.15 s. It is important to mention that the velocity

of the drop across the substrate is not only dependent on the acceleration produced by the

force but also on the rate at which the voltages across the electrodes is switched.
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By examining figure 3.8 it can be seen that electrostatic actuation is possible. If

the drop is at x=1500, y=2500 and the electrode voltages were shifted by -1000 the drop

would effectively be positioned at x=2500 in figure 3.8 and would experience a force in

the negative x-direction pulling it back toward x=1500. By repeatedly shifting the

electrode voltages electrostatic actuation of the drop is possible. It is assumed that this

argument also hold for y=3500 on the opposite side of the substrate since the field should

be symmetric. Similar motion could be expected for a drop at x~1500, y=3000 but with a

smaller acceleration.
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Figure 3.9: Plot of the force in the Y-direction vs. position. The force is calculated for three different y-
positions as in figure 3.8. The largest forces are at y=2500.

Figure 3.9 has the same form as figure 3.8 with the exception that the force being

plotted in figure 3.9 is in the y-direction. In this figure that plot at y=3000 has small

fluctuations, indicating there is little force pushing or pulling the drop toward the ground
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plates. At y=2500 the fluctuations in the force become large, indicating that the drop may

be forced off the desired region of the substrate in some regions. Examining the region

between x=1000-2000, where there is assumed to be stable equilibrium for the x

component of the force, it can be seen that the plots at y=3000 and y=2000 are positive

while y=2500 is negative. This indicates there are at least two positions between y=3000

and y=2000 where the force in the y component of the force is zero. It can not be

determined from the graph if these points are stable. Combining this with the information

from figure 3.8 it is possible to produce electrostatic actuation on a drop of H2O. The

drop will likely be positioned between x=1500-1800 and slightly offset to either side of

y=3000. By shifting the electrode voltages by x=-1000 electrostatic actuation may be

produced.

In practice the geometry for the electrode configuration will be more complicated

and may not appear as those shown in figure 3.3. The increased complexity is due to the

wiring to connect the electrodes to a voltage source. Electrodes running past the ground

plate will have to be produced and the ground plate will no longer be one piece if the

system is to be produced with only one metal layer to keep production costs low. These

electrodes will alter the electric field. Another consideration is the electric field produced

by the adjacent set of electrodes and its effect on the drop. These factors are taken into

account in the design shown in figure 3.10 called the Street model. In this model, the

electrodes are connected by conductors that run past the ground plate to be connected to a

voltage source. The materials of the electrodes, substrate, and electrodes are the same as

in the Simple Street and Train Track models. Due to the added features in the Street

model the size of the substrate is larger, having a length and width of 10 mm or 10,000
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mm. The center electrodes have the same dimensions as before, with the connecting

electrodes having the same width and a length of 4000 mm. The ground plates also have

connecting electrodes with the same width and a length of 2000 mm. The ground plates

have spacings of 250 mm to allow the electrodes to pass.

Figure 3.10: Street microfludic design with electrodes for supplying voltage. The 4 central electrodes
comprise a complete set of electrodes with 2 electrodes from the adjacent sets on either side. Electrodes
extend to the edge of the substrate to be connected to a voltage source.

In this model the first two electrodes on both ends of the central set of electrodes

are included. The voltage values on the electrodes starts at the top of the figure at 2 V

with the next electrode being 3 V. Then an entire set of electrodes with values from 0-3

V. Finally the last two electrodes have values of 0 V and 1 V respectively. As with the

previous model the electric field first was calculated without the drop of H2O. This is

shown in figure 3.11. As expected the electric field is much more complex than the
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Simple Street model. It can be seen in the figure that the highest values of the electric

field are in the regions between the electrode connectors and the ground plates. This is

due to the large potential difference between the electrode and the ground plates and the

small distance between them.

Figure 3.11: Plot of the magnitude of the E-field for the Street model with a 3 V potential difference across
each set of electrodes. The top electrode has a voltage of 2V with the next electrode at 3 V. Then a set of
four electrodes in the center ranging from 0-3 V followed by two additional electrodes at 0 V and 1 V
respectively. As in the Simple Street model ground plates run along either side of the electrodes.

A 1mL drop of H2O is placed on top of the substrate and the electric field

calculated, as shown in figure 3.12. The force on the drop at different positions was again

measured for x, y, and z components along with the magnitude. The data is shown in

appendix A.3. The electric fields and forces will not be symmetric with this model due to

the geometry of the system. Therefore, plots of the force as a function of the position will

have to be generated for both sides of the substrate. For the force vs. position plots for the
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Street model the x-values range from 3000-7000 mm with increments of 500 mm. This

range represents the length of the center set of electrodes, from the beginning of the 0 V

to the end of the 3 V electrode. The y-values range from 4000-6000 mm also with 500 mm

increments. This range is the distance between the two ground plates.

Figure 3.12: Plot of the magnitude of the E-field for the Street model at 3V with a 1 mL drop of H2O. The
top electrode has a voltage of 2V with the next electrode at 3 V. Then a set of four electrodes in the center
ranging from 0-3 V followed by two additional electrodes at 0 V and 1 V respectively. As in the Simple
Street model ground plates run along either side of the electrodes.

Figure 3.13 is a plot of the force in the x-direction as a function of the drop

displacement along the x-axis for y = 5000, 4500, 4000. The value of y = 5000

corresponds to the center of the substrate, directly above the electrodes. In the region x =

4000-6000 mm along the center of the substrate the force is approximately equal to zero.



40

The force is negative between x =3000-4000 mm and positive between x =6000-7000 mm.

As the drop is moved closer to the ground plates and regions of high electric fields

produced by the connection electrodes the force varies greatly as can be seen for the y

=4000 mm line. For this side of the substrate connecting electrodes are centered at x

=3425 and x =5424, at 0 V and 2 V respectively. These connecting electrodes extend

from y =975 to y =5000. On the opposite side of the substrate connecting electrodes are

centered at x =4425 and x =6425 with voltages of 1 V and 3 V respectively. These

electrodes are expected to contribute to the large variations in the force shown in figures

3.13-3.16. There is an obvious stable point in figure 3.13 at x =5500 and y =4000.

However, this point corresponds to the position at the edge of the ground plate. In

addition, if a drop was positioned at this point and the electrode voltages were shift by x

=-1000 or x =1000 the drop would not return to this position, making repetitive shifting

of the electrode voltages to produce actuation unlikely to succeed. A second stable point

is along the y =4500 plot at x ~6900. It appears that a drop positioned at this point may

move as desired if the electrode voltages are shifted by x=1000, leaving the drop

effectively at x =5900 in figure 3.13. At this point the force is in the positive x-direction

until the drop reaches the stable point at x ~6900. If the drop is slightly displaced in either

direction along the y-direction from this point, actuation may not be possible.
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Force in X-direction vs. Position
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Figure 3.13: Plot of the force in the x-direction vs. position for side 1 of the Street model. The center
electrodes are positioned at x= 3000, 4000, 5000, and 6000 with 0-3 V respectively. The force at y=5000
corresponds to the center of the substrate.

The force in the x-direction as a function of the drop position for y =5000-6000 is

plotted in figure 3.14. The range of x-values is the same as in figure 3.13. The force at the

center of the substrate is plotted again along with the forces at y =5500 and 6000. The

connecting electrodes on this side of the substrate are centered at y =4425 and y =6425 at

1 V and 3 V respectively. The electrodes length is from x =9025 to x =5000. The plot at y

=5500, much like y =4500 from figure 3.13, varies only slightly. However the plot at y

=6000 varies greatly much like the plot in figure 3.13 at y =4000. There is stable point at

x =6500 along the y =6000 plot. However, it is unlikely drop movement could be

produced at this point. Shifting the electric field by x =1000 put the drop at a second zero

point at x =5500, shown in the figure. The stable point at x =7000 along the y = 5000 plot

also leaves the drop in a zero force region if the electric field is shifted. The stable point

along the y =5500 plot at x ~6900 may be able to produce actuation if the voltages were
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shifted by x =1000. As with the y =4500 plot in figure 3.13, if the drop is displaced from

this position towards y =5000 or y =6000 actuation is likely to be unsuccessful.

Force in X-direction vs. Position
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Figure 3.14: Plot of the force in the x-direction vs. position for side 2 of the Street model.

To determine if a drop situated at y =4500 and y =5500 with x ~6900 will

experience a force in the y-direction plots similar to 3.14 were produced. These plots of

the force in the y-direction as a function of the x-position are shown in figures 3.15 and

3.16. In both plots it can seen that when the drop is along the center of the substrate, y

=5000mm, the force in the y-direction is nearly zero. This indicates that if the drop is in

this region it should remain on a straight path. However, it can be seen that if the drop is

displaced slightly it will experience a force pulling it towards the sides of the substrate.

These forces are seen with the peaks in the y = 4500 and 5500 plots at x = 5500 and x

=6500 respectively. These peaks correspond to the approximate locations of the
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electrodes at the highest potentials of 2 V and 3 V.  It is assumed that the high potential

difference between these electrodes and the surrounding ground plates creates a high

electric field in the region, pulling the drop to the sides of the substrate in these regions.

These are the same regions that appeared capable of producing drop movement from

figures 3.13 and 3.14. From figures 3.15 and 3.16 it appears that a drop positioned at x

=6500-7000 will be pulled toward the side on the substrate in the region containing the 3

V electrode, making actuation with this model unlikely.
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Figure 3.15: Plot of the force in the y-direction vs. position for side 1 of the Street model.
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Force in Y-direction vs. Position
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Figure 3.16: Plot of the force in the y-direction vs. position for side 2 of the Street model.

3.3: Concluding Remarks

In an attempt produce a planar microfluidic system based on electrostatic

actuation two models (Simple Street and Train Track) have been developed and modeled

using FEM techniques. In review of the data presented, it appears the Simple Street

design is capable of producing electrostatic actuation of a microdroplet of H2O or other

conducting solution. However, complications arise when the more complex system

(Street) is modeled with connecting electrodes to connect to a voltage source are added.

These connecting electrodes which bisect the ground plates at the edge of the drop path

create large electric fields which pull the drop to the edge of the substrate away from the

desire region.
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Chapter 4: Design Fabrication

4.1: Fabrication of the Microfluidic System.

The construction of the proposed microfluidic system consists of the fabrication

of the electrode/ground plate pattern on the substrate and a system to apply voltages to

the electrodes. Figure 4.1 show a typical arrangement of electrodes for the system with

the voltages for the electrodes listed. The electrode pattern consists of four electrodes

with voltages V1-V4 that are repeated throughout the system. The drop of solution to be

moved is placed on the track of the system as described and modeled in chapter 3.

Voltages V1-V4 are applied to the electrodes to create an electric field between the

electrodes. This electric field produces a force on the drop that moves the drop to the

region of the highest local electric field. The voltages applied to the electrodes are then

shifted, V1 becomes V2, V2 becomes V3 and so forth. The electrode at voltage V4

becomes V1. This is done for all electrodes in the system allowing one drop to be

positioned at each electrode set with voltages V1-V4. It is important to maintain the

distance between the drops and the side of system containing the electrode at voltage V4

due to the high field created between the electrode and the ground plates. This high

electric field is a result of the small distance between the electrode and the ground plate

and may cause the drop to move away from the desire region. Placing an insulator over

the electrodes and then applying a solid metal strip as the ground plate can minimize this

effect. This however requires an additional step in the fabrication of the system,

increasing the complexity and cost of fabrication.
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Figure 4.1: Electrode pattern of the microfluidic system with alternating voltages. The electrodes are set at
potentials of V1-V4. The center electrodes are 900 mm in length and 50 mm in width. The spacing between
them is 100 mm. The ground plates have 250 mm gaps for the electrodes to pass to be connected to a voltage
source. The distance between the ground plates on either side of the design is 2200 mm.

4.2: Design of the Microfluidic Substrate.

Figure 4.2 shows the pattern of the electrodes and ground plates for the

microfluidic system. It is based on the pattern shown in figure 4.1 and described in

section 4.1. The size and spacing of the electrodes and ground plates are the same as

those presented in figure 3.10. The center portions of the electrodes are 900 mm long and

50 mm wide. The distance between the center electrodes is 100 mm. The electrodes

alternate on either side on the substrate and extend past the ground plates. The ground

plates on either side of the substrate are separated by 2200 mm. This spacing is used to

allow a drop of solution approximately 1 mL to be positioned between them. The spacing

between the ground plates that the electrodes pass is 250 mm, leaving a 100 mm spacing

on either side of the electrode. The design has two 458 turns and one 308 turn. The

purpose of the turns is to determine if a drop under electrostatic actuation can be guided

to any desired location on the substrate. It is assumed that larger turns could be produced
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with multiple 308 or 458 turns. The two 458 turns serve two additional purposes. First, to

test if a single drop of solution could be split at the junction and second, to test if two

drops could be combined at the junction and then, by alternating the voltages applied to

the surrounding electrodes mix the two drops. The combination, mixing, and splitting of

solutions would be important in chemical and biological applications.

The electrodes shown in figure 4.2 extend past the ground plates to larger

connectors at the edge of the substrate. These connectors have a pitch of 0.5 mm. The

size and spacing of the connector electrodes is to allow the use of zero insertion force

(ZIF) connectors to connect the substrate to the voltage source. ZIF connections are

important due to the thickness of the electrodes (~ 5 mm) which may be scratched and

broken when connecting to the voltage source when using conventional connectors,

causing an electrode to not acquire the proper voltage. The design shown has a width of

3.175 cm (1.25 in) and a length of 4.445 cm (1.75 in).
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Figure 4.2: Mask design for microfluidic system. The center electrodes are 900 mm in length and 50 mm in
width. The spacing between them is 100 mm. The ground plates have 250 mm gaps for the electrodes to
pass to reach connectors at the edge of the substrate. These larger connectors have a pitch of 0.5 mm and
allow the use of zero force connectors to connect to a voltage source. The distance between the ground
plates on either side of the design is 2200 mm and allows a 1 mL drop to be positioned between them.

4.3: Fabrication of the Microfluidic Substrate

The design shown in figure 4.2 was generated in AutoCAD. The file was used to

have a Mylar mask commercially manufactured for the lithography process. A substrate

of Kapton coated with 5 mm of copper was used, although metals such as gold or

aluminum may also be used. Kapton is an electrically insulating polyimide film. The

substrate is cut to the appropriate size and cleaned with acetone and then alcohol by

placing the substrate on a spin coater and allowing the cleaning solutions to spin off.

Moisture was removed from the substrate by dehydration baking the substrate at 120 0C

for 20 minutes. 1-2 mm of photoresist was then applied to the substrate using a spin

coater. A photoresist is a polymer coating. Exposure of the photoresist causes it to
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become less soluble for a negative photoresist by cross-linking the polymer chains or

more soluble for a positive photoresist by breaking polymer chains. Patterns can be

produced in the photoresist by exposing the appropriate regions. The photoresist is

applied to the substrate by placing the substrate on the spin coater. A small amount of

photoresist is placed on the center of the substrate. The substrate is spun at a rate that is

determined by knowing the properties of the photoresist. The centrifugal force produced

by spinning pushes the photoresist to the edge of the substrate producing a thin coating

across the substrate. The substrate is then soft baked at 908C for 15 minutes to solidify

the photoresist. After the photoresist is applied, it is important to keep the substrate out of

regular laboratory light to prevent the photoresist from becoming exposed. Exposure is

produced by placing the substrate under the Mylar mask and exposing it with a mercury

bulb. The primary exposure wavelength is 365 nm. The Mylar mask protects selected

regions of the substrate from exposure. The exposed substrate was then placed in a

developer solution for 1 minute and then rinsed in de-ionized water for 5 minutes to

remove the photoresist from the exposed region. After removing the exposed photoresist,

the only remaining is over the regions where it is desire that the copper not be etched

away. The excess copper is removed by etching in Fe(III)Cl3. The etching time is critical.

Too long in the Fe(III)Cl3 may cause etching under the photoresist, slowly removing

copper from the regions where the electrodes will be, causing poor connections. If the

substrate does not stay in the etching solution long enough not all of the copper will be

removed from the desire regions. After etching, the substrate is rinsed in de-ionized water

and dried under nitrogen. The remaining photoresist is removed by placing the substrate

in a stripping solution for 5 minutes and then rinsed in de-ionized H2O for 5 minutes to
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remove any remaining stripper from the substrate. Figure 4.3 shows the finished result. A

Kapton substrate with the desire copper electrode pattern.

Figure 4.3: A Kapton substrate coated with copper. The copper provides the desired electrode
configuration to produce the electric field to move the drop. Thicker electrodes on each of the four sides of
the substrate allow the electrodes to be connected to a voltage source by ZIF connectors.

After the fabrication of the microfluidic system, an insulating coating must be

applied over the track region to prevent water or other conducting solutions from shorting

the electrodes. It is important to keep the insulating coating from covering the connectors

at the edge of the substrate where the voltage is to be supplied. An oxide layer is a

suitable choice for the insulating layer since its application is a common process in many

labs and the oxide layer would allow the use of hexadecenyltrichlorosilane (HTS), as
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described in chapter 2. With the use of HTS, near frictionless surface can be created

allowing ease of movement of the drop of solution. As also described in chapter 2, HTS

can be oxidized to produce areas with very low contact angles where chemical and

biological tests could be performed. These areas could be patterned by covering areas

where the oxidation is undesirable with a photoresist before oxidation.

4.4: Voltage Source Connections.

As previously mentioned the microfluidic chip is designed to allow for the

connection to a voltage source by ZIF connectors. The ZIF connectors used have 20

connectors with a pitch of 0.5 mm. This small spacing makes direct connection to a

voltage source difficult. To overcome this problem, small circuit boards are to be

produced that can be inserted into the ZIF connector. These boards spread the connectors

out further, allowing for easier connection to the voltage source. Because the design only

uses four voltages, as described previously, several of the electrode connections can be

wired together before connecting to the voltage source. This should minimize the

complexity of the system while allowing multiple drops to be moved.

4.5: Alternative Microfluidic System.

Although, only discussed briefly in chapter 3 and initially ruled out as viable

system, the Train Track model was also produced using the same methods as the design

previously described. For the Train Track model the mask design shown in figure 4.2 was

used. The center portions of the electrodes were removed from the mask design shown in

figure 4.2 and replaced with the I-beam shaped structures used in the Train Track model,
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described in chapter 3. This is shown in figure 4.4. All other features of the design are the

same. The center portions of the tracks are 2000 mm long and 50 mm wide. The tracks are

separated by 1000 mm. The ends are 900 mm long and separated by 100 mm. There is a

100 mm gap between the ends of the track and the ground plates.

Figure 4.4: Mask design for the Train Track microfluidic system. The center electrodes are 2000 mm in
length and 50 mm in width and are separated by 1000 mm. The ends are 900 mm long. The spacing between
them is 100 mm. The ground plates have 250 mm gaps for the electrodes to pass to reach connectors at the
edge of the substrate. These larger connectors have a pitch of 0.5 mm and allow the use of zero force
connectors to connect to a voltage source.

The Train Track model was produced using the same lithography methods as

previously described. The system is fabricated using the same Kapton substrate with

copper for the electrodes. The system is shown in figure 4.5. It is proposed that the same



53

voltages, V1-V4, be used for actuation as previously described. These voltages would be

supplied through ZIF connectors to minimize possible damage to the electrodes. This

system would also use the same oxide insulating coating, with HTS and its oxidant

providing appropriate hydrophobic and hydrophilic areas.

Figure 4.5: A Kapton substrate coated with copper. The copper provides the desired electrode
configuration to produce the electric field to move the drop. The electrode configuration has changed from
figure 4.3 to an I-beam or train track shape. Thicker electrodes on each of the four sides of the substrate
allow the electrodes to be connected to a voltage source by ZIF connectors.
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Chapter 5: Conclusions and Future Research

The planar electrostatic microfluidic systems presented are still in their design and

developmental infancy. It has been shown from the data presented in chapter 3 that in

theory a microfluidic system capable of electrostatic actuation is possible. Undesirable

traits are introduced with the added complexity of electrodes for connection to a voltage

source. These electrodes are in close proximity to the ground plates, creating high electric

fields that pull the drop from the intended path. Possible solutions to this problem may lie

in varying the drop size or further modifications in the electrode geometry. The problems

associated with the Train Track and Street models may be useful in the next generation

designs. By keeping a set of electrodes in close proximity to a ground plate high electric

fields may be produced to induce drop movement. A possible design consideration may

be to use the Train Track model shown in figure 3.2 and remove one side of the model to

leave a single ground plate with the ends of electrodes within 50 mm. This would produce

an electric field consistant with one side of the plot shown in figure 3.4 allow a drop to

follow a path positioned over both ground plate and electrodes.

A model with traits similar to those described above is shown in figure 5.1. The

model has a single 100 mm ground electrode running down its center. Electrodes having

widths of 50 mm alternate along either side of the ground strip. As with the models

presented in chapter 3, the electrodes are copper on a polyimide substrate and are covered

by an insulating layer of SiO2.
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Figure 5.1: Second generation microfluidic design.  A polyimide substrate with a copper electrode pattern
to produce electrostatic fields is covered with a SiO2 insulating layer for the model.

The electric field for this model has been calculated and is shown in figure 5.2

and again from a different angle in figure 5.3. The center electrode is a 2 V, with both 1

V and 0 V electrodes on either side.  From these figures it can be seen that there is a large

electric field in the region between the electrode a 3 V and the ground strip. It is hoped

that this electric field can be used to produce drop actuation and that the electric field

produced between the center electrode on the ground would be high in comparison with

any surrounding electric fields. Future work calculating the forces produced by this

model on a drop of H2O needs to be preformed to determine the likelihood of drop

actuation.
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Figure 5.2: 3-dimensional plot of the magnitude of the E-field for a second generation model.

Figure 5.3: 3-dimensional plot of the magnitude of the E-field for a second generation model. The angle of
the model has been changed from figure 5.2 so the region of highest electric-field can be seen.
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In chapter 4 the construction of the two micofluidic designs was presented. These

devices will allow experimental tests of both designs and variable such as effects of drop

size and electrode voltages. Such test would give further insight into the system designs

and may aid in future designs and modeling.
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Appendix A.1: Force vs. Voltage Data for Simple Street

Voltage F(x) [N] F(y) [N] F(z) [N] Mag.F
3 -5.8772E-11 1.5682E-11 -2.0441E-08 2.0441E-08

30 -5.8772E-09 1.5682E-09 -2.0441E-06 2.0441E-08
60 -2.3509E-08 6.2726E-09 -8.1763E-06 8.1764E-06
90 -5.2859E-08 1.4114E-08 -1.8397E-05 1.8397E-05

120 -9.4036E-08 2.5092E-08 -3.2705E-05 3.2705E-05
150 -1.4693E-07 3.9206E-08 -5.1102E-05 5.1102E-05
180 -2.1158E-07 5.6456E-08 -7.3587E-05 7.3587E-05
210 -2.8798E-07 7.6843E-08 -1.0016E-04 1.0016E-04
240 -3.7614E-07 1.0037E-07 -1.3082E-04 1.3082E-04
270 -4.7606E-07 1.2703E-07 -1.6557E-04 1.6557E-04
300 -5.8772E-07 1.5682E-07 -2.0441E-04 2.0441E-04
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Appendix A.2: Force vs. Position Data for Simple Street Model at 3V

Position(x,y,z) F(x) [N] F(y) [N] F(z) [N] MagF
(1000,3000,51) 8.3633E-11 6.0916E-12 -7.3997E-09 7.4002E-09
(1500,3000,51) 6.4580E-11 1.5293E-11 -2.0958E-08 2.0958E-08
(2000,3000,51) -9.3546E-11 -1.4953E-11 -2.4151E-08 2.4151E-08
(2500,3000,51) -1.9768E-10 1.7059E-11 -2.9478E-08 2.9479E-08
(3000,3000,51) -5.8772E-11 1.5682E-11 -2.0441E-08 2.0441E-08
(3500,3000,51) -1.1164E-10 -5.1696E-13 -2.6982E-08 2.6983E-08
(4000,3000,51) -2.9062E-11 -1.2859E-11 -1.8974E-08 1.8975E-08
(4500,3000,51) -1.7340E-10 6.3447E-12 -1.0951E-08 1.0952E-08
(5000,3000,51) -1.1373E-12 -3.2920E-15 -6.5727E-12 6.6704E-12
(1000,2500,51) 7.4606E-10 2.0486E-10 -1.0964E-07 1.0964E-07
(1500,2500,51) -8.7226E-11 -4.3303E-10 -1.2698E-07 1.2699E-07
(2000,2500,51) -4.8690E-10 4.0186E-11 -9.7182E-08 9.7183E-08
(2500,2500,51) -1.2393E-10 -1.5049E-10 -5.9980E-08 5.5998E-08
(3000,2500,51) -2.9042E-10 8.0780E-11 -4.3760E-08 4.3761E-08
(3500,2500,51) 5.0486E-12 6.1786E-11 -1.7761E-08 1.7761E-08
(4000,2500,51) -1.1449E-10 1.0210E-10 -1.7564E-08 1.7565E-08
(4500,2500,51) -2.4113E-11 1.6869E-11 -4.9922E-11 5.7950E-11
(5000,2500,51) -7.3721E-12 1.8685E-13 -3.4815E-12 3.5636E-12
(1000,2000,51) 2.1280E-11 6.1749E-11 -8.7900E-11 1.0950E-11
(1500,2000,51) 5.0240E-12 9.8841E-11 -1.2738E-10 1.6131E-10
(2000,2000,51) -1.0200E-11 8.1421E-11 -1.1598E-10 1.4207E-10
(2500,2000,51) -1.1115E-11 5.8272E-11 -8.8882E-11 1.0685E-10
(3000,2000,51) -9.9126E-12 3.1973E-11 -6.4646E-11 7.2799E-11
(3500,2000,51) -7.1328E-12 1.8159E-11 -3.6398E-11 4.1297E-11
(4000,2000,51) -4.5424E-12 7.0120E-12 -1.6204E-11 1.8231E-11
(4500,2000,51) -1.5358E-12 1.1014E-12 -4.3198E-12 4.7151E-12
(5000,2000,51) -3.1895E-13 1.8284E-13 -8.8749E-13 9.6063E-13



63

Appendix A.3: Force vs. Position Data for Street Model at 3 V

Position (x,y,z) F(x) [N] F(y) [N] F(z) [N] MagF
(3000,5000,50) -6.0738E-10 1.7031E-10 -1.9187E-07 1.9187E-07
(3500,5000,50) -1.5206E-09 -1.1805E-10 -1.1879E-07 1.1880E-07
(4000,5000,50) -4.7986E-11 1.8539E-11 -2.5611E-08 2.5611E-08
(4500,5000,50) 2.9815E-11 4.2085E-11 -3.1608E-08 3.1609E-08
(5000,5000,50) 3.4690E-11 1.0479E-11 -2.7959E-08 2.7959E-08
(5500,5000,50) 4.5803E-11 -3.7576E-11 -3.3850E-08 3.3850E-08
(6000,5000,50) 9.5151E-11 1.3603E-11 -3.2637E-08 3.2637E-08
(6500,5000,50) 1.1070E-09 -6.9361E-11 -1.4663E-07 1.4663E-07
(7000,5000,50) -6.0093E-10 8.1734E-11 -1.9492E-07 1.9492E-07
(3000,4500,50) -1.0981E-09 1.1573E-09 -1.7360E-07 1.7360E-07
(3500,4500,50) -2.8086E-11 4.0306E-10 -8.1981E-09 8.2081E-09
(4000,4500,50) 1.1745E-10 1.6696E-10 -1.9704E-08 1.9705E-08
(4500,4500,50) 4.1133E-10 2.6338E-10 -2.2399E-08 2.2404E-08
(5000,4500,50) 4.9288E-10 -1.0760E-09 -1.0380E-07 1.0382E-07
(5500,4500,50) 2.0733E-10 -1.9146E-09 -1.8794E-07 1.8795E-07
(6000,4500,50) 2.7713E-10 -7.7177E-10 -1.2833E-07 1.2834E-07
(6500,4500,50) 6.1729E-10 6.0900E-10 -1.5972E-07 1.5927E-07
(7000,4500,50) -1.0741E-09 1.1571E-09 -1.6493E-07 1.6494E-07
(7500,4500,50) -6.5880E-12 3.7449E-10 -9.0654E-09 9.0731E-09
(3000,4000,50) -2.8047E-11 5.5307E-11 -1.8661E-10 1.9665E-10

(3500,4000,50) -1.5206E-09 -1.1805E-10 -1.1879E-07 1.1880E-07
(4000,4000,50) 9.2699E-12 1.8927E-11 -9.7496E-11 9.9746E-11
(4500,4000,50) 2.9815E-11 4.2085E-11 -3.1608E-08 3.1609E-08
(5000,4000,50) 1.5472E-09 -6.5642E-10 -2.6638E-07 2.6638E-07
(5500,4000,50) 4.5803E-11 -3.7576E-11 -3.3850E-08 3.3850E-08
(6000,4000,50) -2.2363E-09 -5.1176E-10 -2.0791E-07 2.0792E-07
(6500,4000,50) 1.1070E-09 -6.9361E-11 -1.4663E-07 1.4663E-07
(7000,4000,50) -3.2065E-11 5.8102E-11 -1.7375E-10 1.8599E-10
(3000,5500,50) -1.9377E-09 9.3125E-10 -2.1748E-07 2.7149E-07
(3500,5500,50) -2.9409E-11 -3.4450E-10 -8.7028E-09 8.7096E-09
(4000,5500,50) 2.2133E-10 2.3827E-10 -4.4106E-08 4.1063E-08
(4500,5500,50) 2.8055E-10 2.1536E-10 -5.3572E-08 5.3572E-08
(5000,5500,50) 2.5463E-10 8.2992E-11 -5.4924E-08 5.4924E-08
(5500,5500,50) 7.0629E-10 -3.0115E-10 -6.5953E-08 6.5957E-08
(6000,5500,50) 1.6578E-09 2.9744E-09 -2.3064E-07 2.3066E-07
(6500,5500,50) 1.1978E-09 3.0482E-09 -4.1508E-07 4.1509E-07
(7000,5500,50) -1.8373E-09 9.3460E-10 -2.7829E-07 2.7830E-07
(3000,6000,50) -4.7143E-09 1.2967E-09 -4.6115E-07 4.6118E-07
(3500,6000,50) -3.3651E-11 -2.4047E-11 -2.5217E-11 2.5554E-10
(4000,6000,50) 4.7546E-10 1.8072E-10 -7.4617E-08 7.4618E-08
(4500,6000,50) 1.0347E-10 1.5754E-10 -9.4898E-08 9.4898E-08
(5000,6000,50) -5.3761E-10 1.2160E-10 -5.4890E-08 5.4892E-08
(5500,6000,50) 7.1039E-11 -9.6359E-11 -5.4756E-10 5.6049E-10
(6000,6000,50) 3.0570E-09 1.3135E-09 -5.6900E-07 5.6901E-07
(6500,6000,50) -9.4931E-11 1.5220E-09 -7.3972E-07 7.3972E-07
(7000,6000,50) -4.6685E-09 1.2200E-09 -4.5319E-07 4.5322E-07


