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Lab-on-chip (LOC) devices have miniaturized routine laboratory processes
for automated, high-throughput chemical analysis. Separations of biomolecules,
including protein and DNA, have been performed with high efficiencies in LOC
devices, but the need for improved fluid flow control, i.e. pumping and valves,
remains a significant challenge for next-generation systems. This dissertation
explores the development of novel flow-control technology in polymer microfluidic
networks for the realization of inexpensive, next-generation LOC devices. In
the microchannels, electroosmotic flow (EOF) is used to electro-kinetically move
the fluid with a longitudinal electric field. To modulate the EOF velocity, the
technique of field-effect flow control (FEFC) is employed. In FEFC, a second
electric field is applied through the microchannel wall to influence the surface

charge at the fluid-microchannel interface for independent control of the EOF.



Presented in this work is the first demonstration of FEFC in a polymer network.
The microchannel walls were composed of Parylene C (1 - 2 um thick), which is
an inexpensive, chemical vapor deposited polymer.

In this work, FEFC modulated the EOF velocity from 240% to 60% of its
original value in a microchannel that was 40 gm in height, 100 gm in width, and
2 c¢cm long. The next research phase integrated FEFC technology into microflu-
idic networks with microchannels in the second and third dimensions. At the
T-intersection of three microchannels, FEFC established different EOF pumping
rates in the two main microchannels. The different flow rates induced pressure
pumping in the third, field-free microchannel with ultra-low flow rate control (-2.0
nL/min to 2.0 nL/min). Moreover, adjusting the secondary electric fields enabled
bi-directional flow control for the induced pumping in the 2D and 3D field-free
microchannels. To improve the microfluidic networks, an electro-fluid flow model
was developed to describe the induced pressure and FEFC phenomenon. The
model closely predicted the experimentally obtained flow rates in the field-free
microchannel. Additionally, the study of multiple gate electrodes along the same
microchannel showed that FEFC has only a local effect over the EOF, but re-
vealed that position and size of the electrodes influence the EOF control in the

microfluidic network.
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FORWARD

The dissertation work submitted to the Faculty of the Graduate School of
the University of Maryland, College Park, entitled “Field-Effect Flow Control in
Microfluidics” contains the following previously published work.

Chapter 3 contains the work published in the proceedings of the Micro Total
Anaylsis Systems 2001, entitled “A Silicon Microfluidic Multiplexer Using Field
Effect Flow Control.” The authors of this publication are N. J. Sniadecki, P.
C. Wang, C. S. Lee, and D. L. DeVoe. Mr. Sniadecki has made substantial

contributions to this work:

e Post-fabrication of the microfluidic multiplexer after receiving the devices

from the foundry at the University of Michigan.

e Experimentation and device characterization of flow control in the microflu-

idic multiplexer.

Chapter 4 and 5 contain the work published in the proceedings of the IEEFE

conference on Solid-State Sensors and Actuators (Transducers “03), entitled “Field
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Effect Flow Control in a Polymer Microchannel Network.” The authors of this
publication are N. J. Sniadecki, C. S. Lee, M. Beamesderfer, and D. L. DeVoe.

Mr. Sniadecki has made substantial contributions to this work:

e Development of microfluidic system using polymer materials suitable for

field-effect flow control.

e Design, fabrication, and testing of the all-polymer single microchannel and

microfluidic network devices.

e Development of a flow visualization technique for microfluidic networks.

Chapter 7 contains the work published in the proceedings of the Micro To-
tal Anaylsis Systems 2003, entitled “Field Effect Flow Control in a Polymer
T-Intersection Microchannel Network.” The authors of this publication are N.
J. Sniadecki, R. Chang, C. S. Lee, M. Beamesderfer, and D. L. DeVoe. Mr.

Sniadecki has made substantial contributions to this work:

e Design, fabrication, and experimentation of the all-polymer multigate mi-

crofluidic network.
e Development of analytical matrix-form model of field-effect flow control.

The inclusion of this work has been approved by the Dissertation Chair, Prof.
Don DeVoe, and by the Direction of Graduate Studies in Mechanical Engineer-
ing, Prof. Ugo Piomelli. The work is submitted in partial fulfillment of the

requirements for the degree of Doctor of Philosophy.
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Chapter 1

Introduction

Lab-on-chip (LOC) devices combine bioseparation and chemical synthesis
technology with secondary functional components for speed, efficiency, reduced
sample consumption, and detection multiplexing for the realization of miniatur-
ized total analysis systems [1]. Scaling laws enable chemistry performed in mi-
crodevices, which possess length scales in the range of micrometers or nanometers,
to have shorter fluid transport times and lower sample diffusion than their con-
ventional, macroscale counterparts [2, 3, 4]. For example, liquid chromatography
is a method in which a liquid mobile phase mixture is separated through a column
that contains a stationary phase [5]. The degree of retention of each analyte in
the mobile phase with the stationary phase determines the separation time of the
mixture. Thus, the speed of the system is dependent on the surface area of the
stationary phase. In down-sizing to 1/10 of the original column width in a LOC
device, the increased surface to volume ratios reduces all time-dependent factors
to 1/100 of the original values, yielding higher efficiency [1]. In addition, im-
proved speed and sensitivity has been demonstrated in LOC devices performing
capillary electrophoresis, due to the reduced axial diffusion and Joule heating [4].
The first is a time-dependent factor and the later scales with the cross-sectional

area of the microchannel. Moreover, miniaturized total analysis systems reduce



sample or reagent consumption through smaller sample volumes and connected
processing steps for low sample loss [2, 3]. High-throughput performance of rou-
tine chemistry processes has been demonstrated with the integration of sample
preparation and analysis on the same LOC device [6] and with high multiplicity of
the same detection process [7]. Lastly, LOC device technology has been shown to
have the same potential for automating sample transfers between analysis steps
as high precision robotics, but without enormous amounts of equipment space,
energy and cost expenses, and labor [8]. For applications in the fields of medicine,
chemistry, and environmental science, LOC devices need to be “cheap, durable,

and compact” [9] - the three tenets for the success of this technology.

1.1 Dissertation Objective

The main objective of this dissertation work is the design and development
of an all-polymer microfluidic network with flow control components. One of the
biggest challenges to the widespread development of LOC devices is controlling
fluid flow on a micrometer scale [9]. The range of reported micro-pumps falls
into two categories - mechanical and non-mechanical [10]. Briefly, the mechan-
ical micro-pumps are microscale versions of the traditional macroscale pumps,
which employ mechanical valves connected to a chamber where an oscillating
volume flow is generated. The complications in the employment of piezoelectric
[11] or peristaltic [12, 13] components for mechanical micro-pumps include lim-
ited material choices, assembly or integration restrictions, and reliability issues
[14]. Non-mechanical micro-pumping techniques include, but are not limited to,
magneto hydrodynamic (MHD) [15], thermal bubble generation [16], transpira-

tion [17], surface tension [18], centrifugal systems [19], and electroosmotic flow



(EOF) [20, 21, 22, 23, 24, 25]. External pumping methods [13, 26, 27] have been
reported, but the additional external equipment limits the portability of the LOC
device. Several of the micro-pumping methods lend themselves readily to plastic
microfluidic technology.

In LOC applications, the development of plastic materials for the realization
of disposable, bioanalytical platforms is a strong research focus in both academia
and the industry [28]. Popular plastics for use in microfluidics include poly-
carbonate [29, 30, 31], polydimethylsiloxane (PDMS) [4, 8, 32, 12, 33, 34, 35],
poly(ethylene terephthalate) [29, 36], poly(methyl methacrylate) (PMMA) [37,
26], polystyrene [38], and SU-8 photoresist [39]. However, one promising plastic
is Parylene C, which is a chemical vapor deposited polymer that can be used as a
thin-film conformal coating. It has been used in numerous microfluidic applica-
tions for microchannel structures [40], electro-spray tips [41], micro-check valves

[42], and integrated on-chip detectors [43].

Electroosmotic Flow FEFC Gate %
—_ / -----
Microchannel @

Figure 1.1: Diagram of the implementation of field-effect flow control in a mi-

crochannel with electroosmotic flow.

Electroosmotic flow is a well-suited pumping method for use in the network
due to its simple implementation and non-mechanical, non-peristaltic pumping
mechanism of a bulk fluid with ions. Comparing with pressure pumping, for a
1/10 reduction in microchannel width, the applied voltage requirements remain

constant for EOF, while the pressure for an equivalent flow rate increases by a



factor of 100 [1, 10]. However, for complex microfluidic networks, the control of
the EOF is input-limited (Section 1.3). To address this, field-effect flow control
(FEFC) is proposed as an adjustable, integrated technique to locally control the
EOF within a microchannel. Figure 1.1 describes the application of FEFC in
a single microchannel. EOF moves the fluid by means of a longitudinal electric
field from the anodic reservoir (4) to the cathodic reservoir (-). In FEFC, a
second electric field is applied through the microchannel wall at the FEFC gate
to modulate the surface charge at the fluid-wall interface for control over the
EOF. A voltage, V, applied at the FEFC gate generates the transverse electric
field so that adjustable flow control is possible. In order to achieve the goal of an
all-polymer microfluidic network with FEFC gates, research contributions in the
design of polymer and silicon microfluidic networks, the investigation of polymer
materials suitable for FEFC, microflow characterization techniques, novel flow
control of a bi-directional pressure pump in a network, and the development of
an electro-fluid flow model for the microfluidic networks are presented in this

dissertation.

1.2 Flow Control for High Parallel Analysis

A motivation for FEFC in a single microchannel is the realization of highly
parallel systems for high-throughput analysis in drug screening. Capillary zone
electrophoresis (CZE) is the most simple and widely used separation mechanism
in capillary electrophoresis (Figure 1.2) [5]. The sample, containing charged

species in a mixture, is introduced into the end of a capillary or microchannel



Sample Mixture Microchannel
A B C
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Electroosmotic Flow
—

A B C
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Figure 1.2: Diagram of separation mechanism in capillary zone electrophoresis.

a) The sample mixture is introduced into the microchannel. b) Under an electric

field, the analytes separate into distinct zones due to their mobilities.

that has been filled with conductive buffer solution'. Under the influence of the
longitudinal electric field, the analytes migrate away from the injection end of
the capillary or microchannel to the detector end, due to electrophoresis. The
difference in analyte mobilities in CZE depends on the charge-to-mass ratio of
the analyte ion. Electroosmotic flow is often used in this method to induce a
unfavorable (reverse) flow field, resulting in longer effective column length for
improved retention and resolution between the various analytes. Additionally,
depending on the ion charge, EOF can act as a favorable (forward) flow field
for rapid elution of the analyte zones for increased speed. Methods to optimize
the mobilities and EOF include adjusting the pH, viscosity, or concentration
of the buffer solution, adding surface coatings to the capillary or microchannel,
or changing the longitudinal electric field (Section 2.2). Development of CZE in
microfluidic platforms allows for high-throughput analysis [4]. Instead of running

separations in series for each chemical interaction study, a microchannel array can

LA buffer solution is an electrolyte solution that resists changes in pH in the presence of

acidic or alkaline analytes, which would otherwise cause drastic changes in pH [44]



FEFC Gate

Figure 1.3: Proposed schematic of integrating FEFC into microfluidic devices for

highly parallel analysis.

be ran in parallel.

For high-throughput analysis of multiple sample mixtures, each microchan-
nel needs to be conditioned to specifically balance the mobilities of the different
analytes [5]. Conditioning the microchannel array for each separation requires
adjusting the buffer solution and/or longitudinal electric field in each individual
microchannel. Thus, optimization required laborious device preparation or pre-
cision control of the high voltage power supply [45]. Consequently, these steps
are often performed ez post facto and so a dynamical EOF control method is also
desirable for real-time adjustments.

Instead of pre-conditioning each microchannel or employing multi-channel
high voltage power supplies, FEFC is proposed as an optimization method that
simplifies the analysis process and allows for dynamic adjustment of EOF (Figure
1.3). The gate electrodes underneath each microchannel allow for independent
control over EOF in each microchannel. Optimization can be performed “on-the-
fly” with adjustable gate voltages to improve separation resolution or shorten
analysis time. Moreover, high-parallel analysis with FEFC eliminates the need

for multiple/multi-channel high voltage power supplies connected to each mi-



crochannel, for one power supply can be employed and the EOF adjusted with
FEFC gates. Leveraging the FEFC technique to polymer microfluidic devices

allows for inexpensive, disposable microfluidic platforms for CZE.

1.3 Flow Control in Microfluidic Networks

Microfluidic networks, containing numerous interconnected microchannels,
have the potential to solve the integration issues that arise in many chemistry
applications, ranging from combinatorial chemistry to high-throughput screening
(2, 8, 46]. The need to synthesize many chemical compounds rapidly and inex-
pensively in the pharmaceutical industry has spawned a new branch of chemistry
known as “combinatorial chemistry.” To rule out an otherwise promising drug
candidate, large numbers of compounds are screened to measure if they produce
a desirable or undesirable biochemical or cellular effect. The current industrial
approach to these time-consuming applications is fluidic workstations that auto-
mate the handling of simple but repetitious laboratory techniques. An alternative
to the space, labor, and expense demands of these high-throughput fluidic work-
stations is LOC devices. Through large scale integration of routine process steps
on a microfluidic device, the analysis can be performed with reduced sample
and reagent volumes and faster processing times [1]. The ability to automate
fluid transport in a microfluidic network is one of the most promising features
for LOC devices. Within a microfluidic network, the sample separations can be
performed in parallel and then routed to multiple detection sites in the network.
For this reason, microfluidic systems enable the integration of multiple analysis
sub-components for combined separation and detection steps. Since the sub-

components are interconnected, low sample loss occurs when transferred from



one location to another on the LOC device, yielding improved chemical detection
and analysis.

EOF pumping can meet the demands of controlling the flow in microflu-
idic networks better than pressure-driven flow [46]. The advantage of EOF is
direct control, fast response, and simple implementation. Pressure-driven flow
requires large pressure gradients between the fluid reservoirs in order to pump
fluid through narrow microchannels [47]. However, a problematic area for EOF
pumping is the interaction of multiple longitudinal electric fields in microfluidic
networks. An example of a MxN microfluidic network is shown in Figure 1.4.
Toggling individual microchannel flow velocities is critical for the mixing of two or
more flows, for spliting flows, and for synchronizing separation times. In microflu-
idic networks, the EOF electric fields interact with each other at the intersections
of the microchannels because the conductive buffer fluid connects them electri-
cally. In Figure 1.4, controlling the EOF in one microchannel requires adjusting
the MxN voltages at each reservoir?, which can lead to undesirable flow veloci-
ties in the other microchannels. For complex microfluidic networks, the control
becomes input-limited as shown in Figure 1.4. The ten voltage inputs at the
fluid reservoirs are insufficient to independently control the flow in all seventeen
microchannels.

A static method to circumvent the problem and achieve quasi-independent
flow control has been demonstrated with surface coatings on glass [21, 22] and
plastic substrates [23, 48, 49]. The surface coatings change the local EOF in

each microchannel. However, for adaptable microfluidic networks, which can

2Granted, all but two voltages could be set to a floating potential, for EOF in a single

microchannel, but this method does not allow for multiplexing of the flow.



M microchannels

Figure 1.4: Proposed implimentation of FEFC in an M xN microfluidic network.

adjust during the run to different analyte mobilities, dynamic changes to the EOF
are necessary. Dynamic flow control has been demonstrated with synchronized
reservoir pressure and voltage potentials [46], but external pressure control at the
reservoirs limits the portability of the microdevice and increases the equipment
costs and energy requirements. In contrast, the use of FEFC in microfluidic
networks enables adjustable changes to the local EOF, without the permanent
changes of surface coatings. As shown in Figure 1.4, FEFC gates are placed in
each microchannel to locally control the EOF. The implementation of FEFC has

the ability to compensate for electric field interactions at the intersection of the

microchannels.

1.4 Dissertation Organization and Contributions

In this dissertation, microfluidic networks using FEFC are presented. The
all-polymer networks are fabricated using chemical vapor deposition of Parylene
C and micromolding of PDMS for the microchannel wall. The fabrication tech-
nology is compatible with plastic substrates for cost reduction. Use of FEFC in

microfluidic networks exhibited dynamic control of the EOF and induced pres-



sure pumping for 2D and 3D microfluidic networks. The development of an
electro-fluid model that closely predicts the interaction of multiple FEFC gates
in a network is also presented. The model and microfluidic network were used
in tandem to investigate various gate conditions, gate designs, and microchannel
dimensions for future FEFC microfluidic networks.

This dissertation consists of eight chapters. Chapter 1 contains a brief in-
troduction to the field of high-throughput LOC devices, microfluidic networks,
and an introduction to this dissertation work. The second chapter develops the
physics of the electric double layer, electroosmosis, and field-effect flow control
with a review of previous FEFC work in capillary and microfluidic systems. Chap-
ter 3 presents a novel silicon microfluidic multiplexer that leveraged off of previous
FEFC demonstration in silicon-based materials. In Chapter 4, the investigation
of suitable polymer materials for FEFC and the development of a single polymer
microchannel with FEFC is presented. In Chapter 5, the polymer FEFC technol-
ogy is “scaled-up” to microfluidic networks that use differential EOF pumping to
induce pressure pumping in the second or third dimension microchannels. The
innovations in fabrication and flow characterization, which were required for the
development of the microfluidic networks, are also discussed. Chapter 6 intro-
duces the electro-fluid models that predict the operation of the flow control in
the microfluidic networks. The model is further developed in Chapter 7, where
the investigation into the interaction of multiple gates in a microfluidic network
is presented. Finally, concluding remarks and suggestions for future work are

presented in Chapter 8.
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Chapter 2

Background

When two phases are placed in contact, in general, a potential difference
develops between them. In the case of microfluidics, often one of the phases is
a polar liquid, such as water, and the other phase is the solid microchannel wall
that bounds the liquid. If there are ions or excess electrons in one or both phases,
then the electric charges will tend to distribute themselves in a non-uniform way
at the liquid-wall interface. Accordingly, a separation of electric charge marks
the interface between the two adjoining phases and is referred to as the electric
double layer.

Fluid pumping is achieved when the non-conductive solid phase remains sta-
tionary and the liquid phase moves in response to an applied electric field. This
phenomenon is referred to as electroosmotic flow. The counter-ions in the liquid
phase, which balance the surface charge at the microchannel wall, move under
the force of the applied field dragging the bulk liquid molecules with them. The
zeta potential is a measure of the ion concentration at the fluid-wall interface and
determines the electroosmotic pumping rate of the bulk fluid.

Field-effect flow control is the modulation of the electroosmotic flow by means
of a transverse electric field through the microchannel wall. At the fluid-wall in-

terface, the balancing charges in the fluid phase redistribute themselves in accor-
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Figure 2.1: Diagram of charge distribution between solid and liquid phases in

contact.

dance to the transverse field to increase or decrease the zeta potential. Thus, the
transverse electric field determines the magnitude and sign of the zeta potential
due to the change in the ion concentration at the fluid-wall interface. There-
fore, the flow rate and direction of electroosmosis changes due to the transverse
electric field, independently of the longitudinal electric field that generates the

electroosmotic flow.

2.1 Separation of Charge

At the surface of any single phase, there is a separation distance on the order
of one or more molecular diameters of positive and negative charge carriers, either
electrons or ions. When two phases are placed in contact, the charged carriers
in each phase are attracted to the opposite charge carriers in the other phase.
Except under special conditions, a separation of electrical charges marks the
contact region between two phases. As shown in Figure 2.1, near to or on the
surface of the microchannel wall, there is an excess of charge of one sign and the
balancing charge is distributed in some way throughout the adjoining surface of
the fluid. Moreover, the resulting electric field from the separation of charge may
also cause polarization effects in neighboring molecules.

All of these effects tend to produce a difference in the electrical potential

12



between the interior of the two phases, called the “inner” or Galvanic potential
difference, A¢ [50]. The potential difference is fundamentally impossible to mea-
sure explicitly, except when the two phases are chemically identical. The inner
potential difference measures the total work done from moving a hypothetical
test charge from the interior of one phase into the interior of the second phase.
To measure the inner potential experimentally, the smallest and least disruptive
test charge would be an electron, but this particle has a significant effect on the
electrical structure of its surroundings. The inner potential is impossible to mea-
sure, but its effect on the surrounding phase can be observed, for example in the
case of the electric double layer.

The separation of charge that occurs at the fluid-wall interface between two
phases is called an electrical double layer because it consists of two regions of
opposite charge. The simplest model of such a system is where both layers of
charge are fixed in parallel planes to form a molecular condenser or parallel plate
capacitor. For a metal surface and most solid insulators, the charges are assumed
to be located in a plane. In a liquid phase, a plane of charge is unlikely to
exist because the electrical forces on the counter-ions compete with the thermal
diffusive forces. Thus, one layer of charge is spread out uniformly over a plane
surface of the wall while the charges in the electrolyte solution will be distributed
with non-uniformity. The wall surface will have an inherent surface potential, g,
while the balancing ions are regarded as point charges immersed in a continuous
dielectric medium.

The electric double layer is developed in Appendix A. The thickness of the
electrical double layer is customarily defined as the distance 1/ from the fluid-

wall interface, which is typically on the order of nanometers in thickness. As
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discussed for the Debye-Hiickle parameter, , (equation A.11 on page 161), the
distance 1/x depends on the ion concentration of the buffer solution!. Within
the electric double layer, the counter-ion charge distribution decays exponentially
(equation A.17) from the wall potential, 1y, to the potenial in the bulk fluid,
which is defined to be zero due to the equal concentration of co-ions and counter-
ions (¢(z — o0) = 0). Since the potential in the electric double layer reaches
a value of 2% of 1y at a distance of 3/k, the local concentrations of co-ion and

counter-ions are unequal in a region closely confined to the fluid-wall interface.

2.2 Electroosmotic Flow (EOF)

Electroosmosis is the motion of bulk fluid with respect to a stationary, charged
solid surface. The application of an electric field, E,, parallel to the microchannel
wall produces electroosmotic flow in an electrolyte solution. The direction of the
electroosmotic velocity, u.,, is parallel to the wall and the magnitude, which von

Smoluchowski first expressed in its present form [51], is:

v, =g (2.1)

n

where € is the fluid permittivity and 7 is the viscosity. The zeta potential, , is
the average potential at the plane of shear, which is the no-slip boundary at the
microchannel wall, due to strongly adsorbed counter-ions. The zeta potential is
determined from the wall surface potential, ¥y (an exponential relationship in
the Debye-Hiickle approximation, section A.17). Under the influence of FE., the

counter-ions not adsorbed to the fluid-wall interface, but of high concentration

1% depends on the ionic concentration so for 1 mM solution at 25 °C, the double layer

thickness is 9.65 nm.
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Figure 2.2: Schematic of the electric double layer. The co-ions in the diffuse layer

are not shown.

in the electric double layer, generate a body force on the liquid phase due to
ion drag. The resulting sheath flow pumps the bulk fluid in the direction of F,,
depending on the valency and concentration of the ions, which the zeta potential
embodies.

A schematic representation of the ion distribution at the wall surface is shown
in Figure 2.2. The surface functional groups of the wall material determine the
inherent surface potential, ¢/y. It is the electrochemical reaction at the fluid-solid
interface, due to the difference in Galvanic potentials between the phase, that
generates these excess ions. The surface functional groups define the negative
surface charge, 1)y, at the microchannel wall. For fused silica capillaries, the
surface charge is due to the dissociation of the free hydroxyl groups of the silica

surface from the silanol groups (SiO~) [52]:
SiOH +— SiO~ + H*

The silica-solution interface can be treated as a single-site model. As a result,
the dissociation of the silanol groups is the sole ionization reaction of the surface

silanol groups, for a resulting negative surface charge (Figure 2.2). Since
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determines the magnitude of the zeta potential, modification of the wall chemistry
controls the electroosmotic flow. Common modification to the surface charge
include buffer additives [53], ionic strength [54], buffer pH [55], organic solvents
[56], or wall coatings [57, 58]. To compensate for the negative wall charge, positive
counter-ions are adsorbed to the wall interface forming the immobilized Stern
layer or inner Helmholtz plane. The potential decays exponentially between the
Stern layer (Section A.2), where the ions are tightly bound due to electrical forces,
and the diffuse layer, where the electrical forces compete with diffusive forces.
The outer Helmholtz plane marks the plane of solvated counter-ions, which are
loosely bound. The zeta potential lies at the outer Helmholtz plane, or plane of
shear, where the counter-ions are free to move under the force of E,. The zeta
potential is shown in Figure 2.2 as (o (c.f. Figure A.1 on page 162). The neutral
molecules of the liquid phase, for example water molecules in an aqueous buffer
solution, solvate the counter-ions at the diffuse layer by van der Waal forces. The
solute counter-ions drag the neutral molecules in the direction of the electric field
to achieve bulk flow. On the contrary, the flow is in the opposite direction if the
counter-ions are opposite in charge due to a positive wall potential.

From a fluid mechanics standpoint, the outer Helmholtz plane marks the
plane of shear. The adsorbed counter-ions are strongly bound to the surface of
the microchannel due to the high electrical forces. The nature of the adsorbed
counter-ions is of ongoing research debate, but suffice to say, they mark the
no-slip boundary condition. The flow in the diffuse layer is mainly due to the
electrokinetic forces from the longitudinal electric field, E,, and viscous forces on
the counter-ions. The resultant velocity field exhibits a gradient over a distance

of tens of nanometers from the microchannel wall until it reaches the plane of
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slip with a maximum velocity given by the Smoluchowski equation (equation 2.1).
The flow outside the electric double layer exhibits a plug-like flow for uniform
zeta potentials and the absence of pressure gradients.

The basic equation describing the EOF outside of the electrical double layer
of an incompressible Newtonian fluid is derived from the classic Navier-Stokes

equation [59, 60]:
D
— =F-V Vi 2.2
T p+nVu (2.2)
where p is fluid density, @ is the velocity field, p is the pressure, p is the fluid
density, F' is the body force, and 7 is the viscosity. Assuming that gravity forces
are negligible, the body force in EOF is purely an electrokinetic body force due

to the electrical force exerted on the ions [50, 61]:
F=pE (2.3)

where p, is the spatial charge density of the co-ions and counter-ions (Equation
A1) and E is the electric field in the microchannel.

Since typical EOF in microfluidic applications have Reynolds number? (Re)
smaller than unity, the flow is a balance of the electrokinetic body force, pres-
sure gradients, and viscous forces. To illustrate the balance of forces at low
Re, equation 2.2 can be non-dimensionalized with substitution of the following

dimensionless parameters:

x; = Li
H
Fo
ueo
o TUeo
H

2Non-dimensional ratio of fluid inertial forces to viscous forces: Re = pu.,H/n
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where H is the characteristic height of the microchannel. Substituting the di-

mensionless parameters in equation 2.2 produces:

2 3 2
PUey Du* E|,z6 * 77 NUeo s« NUeo *\2
= Ex — \V4 \Y% *
<H>Dt* w P T Vg VT
pueoH Du_:k E,gEH * 77y *, % *\2 7
= Ex -V \Y% *
( n )Dt* My ¢ (V)

For low Reynolds numbers (Re < 1), the left hand side is zero

Du*  E?¢H , - 5 -

eDt* Nkeo Pe P (V) u
0= —2 _p'E*— V" + (V) 2.4
nueo/Hpe P+ (V) u (2.4)

Thus, for electrosmosis, the flow is a balance of the electrokinetic forces, pressure
gradients, and viscous forces. The coefficient of the electrokinetic force is the
ratio of electrical energy density to viscous energy density (J/m?).

In typical electroosmotic pumping applications, the pressure gradients are

eliminated (Vp = 0) and the applied electric field is parallel to the microchannel

wall (E = E,), so that equation 2.4, in dimensional form, is

0 = p.E, +nV%i (2.5)

The charge distribution, p., at the electric double layer is governed by the Pois-

son’s equation (equation A.1):

v2¢ — _pe
€
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Figure 2.3: Schematic of electroosmotic flow. The origin (z vs. x) for the Navier-
Stokes equation lies at the plane of shear, at a distance one or a few molecular
diameters from the microchannel wall, where the no-slip condition applies. The

origin (¢ vs. z’) for the potential distribution lies at the microchannel wall.

where 1 is the inherent potential distribution from the electric double layer and
assumed to be without tangential gradients. Typically, the longitudinal electric
field is on the order of hundreds of volts per centimeter and the inherent potential
field at the microchannel wall is on the order of tens of thousands of volts per
centimeter ((y/(3/k)). Since the effect of the inherent potential field is negligible
outside the electric double layer (¢)(z — o00) = 0 shown in Figure A.1 on page
162), the longitudinal electric field is without gradients normal to the microchan-
nel wall (z-direction). Likewise, the effect of the longitudinal electric field on the
inherent potential distribution is typically negligible due to its low field strength
and the high diffusivities of the counter-ions.

Substituting for p. into equation 2.5 yields
nV2i = eV E, (2.6)

As seen in equation 2.6 for electroosmosis, the flow results from the competition

of electrokinetic and viscous forces. A schematic of the flow in the electric double
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layer is shown in Figure 2.3. For flow parallel to the microchannel wall in the
z-direction, denoted as w, equation 2.6 becomes
2 2 2 2

The first condition is that the flow is divergence-free (V-# = 0). Since there is no
flow in the normal direction (u = 0), the flow along the microchannel is without
a tangential gradient (Ow/0z = 0). Second, due to the negligible interaction of
the longitudinal electric field, the inherent potential distribution, 1, is assumed
to be without a tangential gradient (0¢/0z = 0). With these two conditions, the

Navier-Stokes equation reduces to

0*w 0%

To find the expression for the flow, equation 2.7 can be integrated twice in x:

w:A—l—Bx—l—@Ez

where A and B are the constants of integration. Applying the boundary con-
ditions at the Stern layer (w = 0 and ¢ = (y at x = 0) and in the bulk fluid

(Ow/0x =0 and 0y /0xr = 0 at x = 00) yields

Assuming that both n and € keep their bulk values everywhere in the microchan-
nel, then equation 2.8 states that the velocity is proportional to both the zeta
potential, the applied EOF electric field, and the inherent potential distribution
in the microchannel. The adopted sign convention is that when (; is negative,

the flow is towards the cathode.
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Applying the Debye-Hiickle approximation (Section A.2 on page 163), the

inherent potential distribution is (equation A.17):

Y = thg exp(—ra')

The origin for the Navier-Stokes equation is at the plane of shear (z = 0), but the
origin for the inherent potential distribution is at the microchannel wall (2’ = 0).
Without loss to the description of the potential distribution, equation A.17 can

be rewritten in terms of the Navier-Stokes coordinates as

1 = Goexp(—kz) (2.9)

Substituting equation 2.9 into equation 2.8 produces

w = —@EZ (1 —exp(—kx)) (2.10)

n

The velocity profiles from equation 2.10 are shown in Figure 2.4 for varying
electric double layer thicknesses and zeta potentials. In both plots, the viscosity

3 and the longitudinal electric field is

and permittivity are the values of water
100 V/cm. For plot (a), the velocity is uniform at a distance far outside the
electric double layer that is proportional to the value of 1/k. The values for
1/k correspond to the lowest buffer solution concentrations (1 mM, 0.15 mM,
30 uM, and 10 uM respectively) that are typical in microfluidics. For plot (b),
the velocity profile is uniform at the same distance for each value of (j, but the
maximum velocity varies according to the zeta potential.

For large x values in Figure 2.4, the exponential term in equation 2.10 is negli-

gible at values of x > 5/k. For the distance at which the velocity profile becomes

3At 25°C, n = 0.891 x 1072 kg/ms and € = 79 x 8.854 x 10712 F/m
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Figure 2.4: Velocity profiles from equation 2.10 for varying (a) electric double

layer thicknesses (1/k) and (b) zeta potentials ({p).

uniform, equation 2.10 is equivalent to the Smoluchowski equation (equation 2.1):

€Go

w=——F8,

Specifically, the distance at which the velocity is equal to that from the Smolu-
chowski equation is denoted as the plane of slip. The plane of slip is equivalent to
the boundary layer in fluid dynamics, because the effect of viscosity is important
inside the plane. Outside the boundary layer, the flow can be considered as the
flow of an inviscid fluid. Hence, the flow is irrotational and without vorticity.
From the results shown in Figure 2.4, the boundary layer thickness, dy, depends
primarily on the electric double layer thickness. To express the boundary layer
thickenss in terms of 1/k, the plane of slip is defined as the distance at which the

velocity reaches 99% of the maxium velocity:

%Ez<1 o eXp(_K‘/E))

Ueo %Ez

r=0dg

Lo exp(—rdg)
ueo
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0.99 = 1 — exp(—rdy)
0.01 = exp(—kdo)
—4.6 ~ —Kdy
So ~ 4.6/x (2.11)

For the range of electric double layer thicknesses in Figure 2.4, the calculated
value of the boundary layer thickness in equation 2.11 is equivalent to the distance
at which the velocity becomes uniform. Thus, the plane of slip marks the distance
from the plane of shear where the flow velocity, w, rises from a value of zero at

the wall to a maximum value, .

2.3 Field-Effect Flow Control

A method for dynamic flow control of electroosmosis is the modulation of
the zeta potential by means of a transverse electric field, Frgrc, through the
microchannel wall. In its first incarnation, electrodes or conductive sheaths sur-
rounded fused silica capillaries to generate the transverse electric field through
the capillary wall [52, 62, 63, 64, 65, 66, 67, 68, 69, 70, 71, 72]. The technique
of field-effect flow control (FEFC) solved a major problem for capillary zone
electrophoresis (CZE) with direct control over electroosmosis. With FEFC, re-
searchers were able to control the concentration or elution time for improved
efficiency and resolution of peptide and protein separations. With the advent of
microfabrication techniques for microfluidics, several researchers employed FEFC
in microfluidic devices for chemical separations. Similar to FEFC in capillaries,
gate electrodes are embedded under the walls of microchannels to generate the

transverse electric field [24, 25, 73, 74, 75].
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Figure 2.5: Field-effect flow control in the electric double layer.

In capillary and microfluidic devices, the transverse electric field from the
gate electrode directly affects the zeta potential. Figure 2.5 shows the change
in the surface charge, Y rgrc, due to the negative electric field. The induced
surface charges are due to the capacitive effect of the gate electrode. Compared
to the unmodified EOF in Figure 2.2 (Yrprc > 19), a larger concentration of
counter-ions reside in both the Stern layer and the diffuse layer because of Y pppc.
Increased counter-ion concentration affects the zeta potential magnitude, (rgrrc,
for increased EOF pumping from the Smoluchowski equation (equation 2.1). In
the case of a positive transverse electric field, the induced surface charge is lower
than the inherent surface charge (Yrprc < o) and fewer counter-ions reside in
the electric double layer for reduced EOF. If the electric field is sufficiently large
to drive away the counter-ions, then it can establish negligible electroosmosis
due to a extremely small zeta potential. Furthermore, a large positive electric
field can dominate the electric double layer concentration more than the surface
charge to yield reverse EOF.

To understand the effect of FEFC on EOF, previous researchers have proposed

a double capacitor model that considers the change in the zeta potential to be
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Figure 2.6: Equivalent capacitor circuit for double capacitor model.

electrostatic in nature [64, 65, 66, 69]. As seen in Figure 2.6, the capacitance of
the diffuse layer, Cp, the capacitance of the Stern Layer, C'sy,, and the capacitance
of the microchannel wall, Cy are in series. The change in the zeta potential, A(,

can be determined from the equivalent capacitor circuit where

Crerc = o + AC (2.12)

As in a voltage divider, A{ measures from the voltage drop across the diffuse

layer capacitor due to an applied gate voltage, V:
A(=1/Cp (2.13)
The theoretical current, I, through the circuit is
I=Ve—-V))/Zr (2.14)

where V; is the voltage potential above the gate region due to the longitudinal

electric field for EOF and Zr is the total impedance of the three capacitors. Since
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the thickness of the Stern layer and diffuse layer are on the order of nanometers
and the microchannel wall thickness is on the order of micrometers, the total

impedance can be approximated as
Zr = (Cp)™ + (Csp) ™ + (Cw) ™"

Zr & (OW>_1 (2.15)

Substituting equations 2.12 to 2.14 into 2.15, the change in the zeta potential for
a given gate voltage is

CrerFc = o + g—w (Vo = Vi) (2.16)
D

From an engineering perspective, the degree of control over the zeta potential
stems from the ratio of the wall and diffuse layer capacitance and the magnitude

and direction of the transverse electric field.

2.3.1 Design Factors for FEFC

Increasing the double capacitor ratio (Cy /Cp) is the goal for high zeta po-
tential control at low transverse electric fields. As developed in Appendix A, the

capacitance of the diffuse layer is (equation A.21)
Cy = 2.2852¢"2 cosh (19.421)

Changes to the buffer solution or wall surface chemistry can decrease the diffuse
layer capacitance for improved FEFC performance. Reducing the buffer ion con-
centration, ¢, shrinks the double layer thickness for increased Cp [64, 66]. Low-
ering the buffer pH drives the dissociation reaction of surface functional groups
toward fewer single sites and decreased 1y [52]. Similarly, surface coatings can

be employed to deactivate the surface functional groups [69].
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From a microfabrication perspective, the thickness of the microchannel wall

above the gate electrode, d, can be reduced to increase the wall capacitance:
Cw = - (2.17)

in F/m? [62]. Furthermore, the wall material with a high dielectric constant yields
an increased wall capacitance for improved FEFC. In the literature, controlling
these factors has enabled improved FEFC and validated the double capacitor
model. However, recent criticism of the double capacitor model is its inadequate
encompassing of all experimental results reported in the literature [72, 76]. Given
the wide variety of FEFC implementations (concentric capillaries, conductive
sheathed capillaries, gate electrodes in microchannels, etc.) the double capacitor

model expresses the key factors in FEFC.

2.3.2 Capillary FEFC

The first application of FEFC was in capillaries, before widespread use of
LOC devices. The pioneers in the FEFC capillary research were Lee et al. and

Hayes et al.

Lee et al.

The first demonstration of FEFC used concentric capillaries, where a high
electric field was generated through the wall of the inner capillary from the un-
equal EOF electric fields between the two capillaries [62]. The diagram of the
capillary set-up in Figure 2.7 shows that the outer capillary generates the gate
voltage, Vi, with reference to the EOF voltage, V;, in the inner capillary to
produce the transverse electric field. The EOF was measured by current moni-

toring [77] as a low concentration buffer solution replaced a higher concentration
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Figure 2.7: Schematic of the concentric capillaries in the first demonstration of

FEFC.

buffer solution. With this set-up, direct EOF control was reported with the first
demonstration of reversed EOF.

Lee et al. first proposed the double capacitor model and explored the factors
that contribute to FEFC. Studying the effect of changes in ion concentration,
buffer pH, and capillary wall thickness validated the double capacitor model
(64, 65]. The separation of peptide and proteins with FEFC displayed the utililty
of direct EOF control in capillary zone electrophoresis [67]. Lastly, they explored
the effect of adsorbed ions and organic coatings on the shielding of the inherent

surface charge in FEFC [69].

Hayes et al.

Instead of concentric capillaries, Hayes el al. demonstrated FEFC within a

single capillary and a conductive sheath coating [66]. This method led to the dis-
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covery that large coverage areas over the length of the capillary are not required
for adequate FEFC [68]. The apparatus used for these experiments had simi-
lar EOF control for 4% and 60% coverage of the capillary length. The authors
attributed the control to the “spreading” of the zeta potential. They assumed
that outside the covered capillary region, the zeta potential followed a linear
gradient from the (rrprc to (o, due to surface conductance in the diffuse layer.
The proposed flow equation matches the experimental results closer than the
weighted average relationship [54, 78] that was previously proposed for dissim-
ilar zeta potentials in a capillary. Additionally, they demonstrated that FEFC
could be extended to higher pH buffer solution (pH > 5) through the use of a
surface coating for reduced inherent zeta potentials, (y, and lower diffuse layer

capacitance, Cp [71].

2.3.3 Microchannel FEFC

For LOC devices, FEFC offers several advantages: ease of implementation,
optimization for separation efficiency and resolution, and high degree of automa-
tion. These devices have been fabricated on silicon and glass substrates with
conventional microfabrication methods. In all designs, the use of inorganic ma-
terials with high dielectric strengths prevented the onset of electrical breakdown

due to the high transverse electric fields.

Polson et al.

The first demonstration of FEFC was performed in a microfabricated glass
substrate [25]. The FEFC gate electrodes were located parallel to the main

microchannel and separated by 50 pum of glass. The applied gate voltage of 120 V
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from the connected power supply was smaller than the kilovolts typically applied
in capillary FEFC work. Instead of current monitoring, the speed of fluorescein
dye as it flowed past a UV detector was used to measure the electroosmotic
velocity. The glass microdevice yielded 40 times more control over EOF than
previously reported capillary FEFC results. The improved control is attributed

to the thin microchannel wall thickness that is possible with microfabrication.

Schasfoort et al.

The second FEFC LOC device reported was a silicon-glass microdevice that
used silicon nitride as the microchannel wall [24]. A silicon wafer was bulk etched
in KOH to form cavities that served as a mold for the microchannel walls. Chem-
ical vapor deposition was employed to grow silicon nitride to a 390 nm thickness
on the walls of the mold. This deposition step formed the three walls of the
microchannel. Anodic bonding of a glass substrate to the silicon nitride formed
the bottom wall of the microchannel, where its transparency allowed for flow
visualization. The backside of the silicon wafer was patterned and etched all the
way down to the silicon nitride layer. The un-etched silicon structures served as
the gate electrodes and as the fluid reservoirs. The device had high control over
the EOF due to the ultra-thin silicon nitride microchannel wall. Moreover, using

only 4+ 50 V gate voltages, the microdevice demonstrated reverse EOF.

Buch et al.

A hybrid silicon-plastic FEFC device was reported where the FEFC mi-
crochannel wall was composed of 2.4 um thick silicon dioxide [75]. The mi-

crochannels were fabricated using micromolding [32]. A silicon wafer was etched
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in KOH to form 45 pm tall, 100 pm wide, and 2 cm long structures. Then, PDMS
was poured on to the mold and cured to replicate the silicon wafer master to cre-
ate the microchannel structure. The PDMS was placed on a silicon wafer with
a silicon dioxide coating. The microchannel had three walls that were PDMS
and the bottom wall that was silicon dioxide. The gate electrode was the entire
silicon wafer and the transverse electric field was transmitted through the sili-
con dioxide layer. The FEFC results for the hybrid silicon-plastic FEFC device
were comparable to the previous LOC designs. However, the hybrid design of

PDMS-silicon allowed for ease of fabrication.

2.4 Conclusion

The features of the electric double layer and electroosmosis, as they pertain
to FEFC, are presented in this chapter. The electric double layer results from
the charge separation at the fluid-wall interface. As a result of the non-uniform
distribution of counter-ions near the interface, there exists a plane of shear, which
has a potential known as the zeta potential. Under EOF, the counter-ions in the
fluid move under the influence of the longitudinal electrical field and drag the
neutral molecules with them. FEFC is a technique to adjust the counter-ion
concentration at the plane of shear with a transverse electric field. Modulating
the zeta potential with FEFC allows for dynamic control over the EOF without
adjusting the longitudinal electric field. Lastly, the performance of FEFC has
been modeled with the double capacitor theory.

The extension of FEFC from capillary electrophoresis into the area of mi-
crofluidics has been innovative, yet preliminary. The demonstrated materials

used as the microchannel wall above the gate electrode have been confined to
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inorganic materials. These materials do not lend themselves readily to inexpen-
sive, disposable LOC devices [28]. To address this issue, the experimental research
consisted of three key steps toward the realization of polymer FEFC microfluidic
device technology: demonstration of FEFC in a single polymer microchannel,
development of a polymer FEFC microfluidic network, and investigation into the

system-level considerations for complex FEFC with analytical model validation.
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Chapter 3

Silicon Microfluidic Multiplexer

The first research phase consisted of experimentation on a silicon-based FEFC
device [79]. The focus of the initial work was to develop the research strategies
necessary for the demonstration of an all-polymer FEFC device. The design, fab-
rication, and characterization of a silicon-based microfluidic multiplexer employ-
ing FEFC is described. Due to over-doping of the p-n junctions, the device lacked
total gate independence, and only the characterization of a single microchannel
was achieved.

The device was designed with a cross-shaped microchannel layout for four
microchannels with independent FEFC gates (Figure 3.1). The multiplexer fab-
rication involved several traditional microfabrication steps to form the device.
Selective p-type doping of an n-type silicon substrate created p-n junctions to
provide electrical isolation for the FEFC gates. Deep reactive ion etching formed
the microchannel network. Thermal oxidation growth of silicon dioxide coated
the microchannel walls to serve as the dielectric layer covering the FEFC gates.
Finally, a PDMS layer sealed the microchannels and formed the fluid reservoirs
at each end of the four microchannels (Figure 3.2). The local zeta potential in
each microchannel was modulated to control the EOF within each branch of the

network. Experimentally, the control slope of EOF versus applied gate voltage
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PDMS Fluid Reservior

Figure 3.1: Microfluidic multiplexer layout.

was found to be within agreement with the theoretical prediction given by the

double capacitor model from equation 2.16.

3.1 Fabrication

The device fabrication was out-sourced to the University of Michigan’s Solid
State Electronics Laboratory and the steps of the process are detailed in Figure
3.3. The microfluidic multiplexers were started on a 100mm n-type silicon wafer
(4 x 101 - 4 x 10'® ecm™3). The flow control gates were defined by selectively
doping the wafer with boron to form p-type wells. The boron pre-deposition
step was conducted at 1175°C for 8 hours. To diffuse the boron deeper into the
substrate, the drive-in step was also at 1175°C for 8 hours. The boron diffusion

3

steps resulted in a 7x 10 cm ™2 concentration at 15 ym deep from depth profiling.
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Silicon Dioxide Microchannel

PDMS

Figure 3.2: Cross-section of the microchannel with the PDMS sealing layer.

Silicon Dioxide

a) 100 mm n-type Silicon Wafer d) Thermal oxidation to form 0.4 ;¢:m thick silicon
dioxide microchannel wall.

Contact Pad

p-type p-type

E

b) Boron doping to 15 ;«:m depth for p-type e) Local etching in buffered hydrofluoric acid to
well to form the FEFC gates open electrical contacts to the flow control gates.
Microchannel PDMS

p-type p-type

[
[

c) Deep reactive ion etching to form 10 ;:m deep ) Seal with PDMS to form the microchannel
microchannels. structure and the fluid reservoirs.

Figure 3.3: Fabrication steps for the microfluidic multiplexer.
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Figure 3.4: SEM image of the intersection of the microfluidic multiplexer.

Scalloping

Figure 3.5: SEM image of the microchannel cross-section.

Deep reactive ion etching was used to form 10 gm deep microchannels. The
layout of the multiplexer devices on the silicon wafer had microchannel widths of
10, 20, 30, 40, and 50 um. Figure 3.4 is an SEM image of the intersection of the
four microchannels of the microfluidic multiplexer. As seen in the SEM image,
the DRIE process created microchannels with vertical sidewalls for microchan-
nels with rectangular cross-sections. The scalloping at the vertical sidewalls is
observable in the SEM image of 20 ym wide and 10 pgm deep microchannel in

Figure 3.5.
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Figure 3.6: The silicon dioxide layer at the FEFC gates were etched for electrical

contacts to the gates.

After forming the microchannels, the silicon dioxide was thermally grown on
the substrate. The thin film formed three of the microchannel walls, through
which the transverse electric field was applied. The silicon dioxide was grown
with dry oxidation to a thickness of 0.4 um to form the insulating layer.

After receiving the fabricated wafers, the SiOs layer at the p-type regions
needed to be locally etched for electrical contacts to the gates (Figure 3.6). Mask-
ing of the device during the etching step was possible with a 1 mm thick slab
of PDMS with patterned holes for the electrical contacts. The PDMS slab was
aligned to the device and the adhesion sealing of the PDMS provided adequate
protection of the unexposed SiO,. The etching was performed in 7:1 buffered
HF for 10 minutes to remove the insulating layer above the electrical contact
areas. For testing, the microchannels were then sealed with another PDMS slab
that contained the fluid reservoirs. The PDMS slab was aligned so that the fluid

reservoirs were placed at the ends of the four microchannels.
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3.2 Physics and Function of the Microfluidic Multiplexer

The independent operation of each flow gate in the microfluidic multiplexer
depends on the ability of the p-n junction to allow current to flow easily in one
direction only. An undoped silicon wafer has an intrinsic concentration of elec-
trical charge carriers equal to the concentration of holes or vacant sites. Doping
the silicon substrate with phosphorous introduces other atoms into the silicon
lattice that have a higher number of valence electrons. The doping results in an
n-type substrate that has an excess of electric charge carriers over the intrinsic
concentration. During the FEFC gate fabrication, the boron doping introduces
other atoms with a lower number of valence electrons at selective regions. This
results in patterned FEFC gates with a high concentration of holes. The inter-
face between the n-type substrate and the p-type FEFC gates is a p-n junction,
a fundamental solid-state semiconductor structure. At the p-n junction, the two
regions creates a charge depletion region (Figure 3.7). The excess electrons in the
n-type region diffuse to the holes in the p-type region. As they combine with the
holes, it creates a negative ion in the p-type region and leave behind a positive
ion in the n-type region. The space charge build-up from the resulting negative
and positive ions creates a depletion region the prevents further electron and hole
migration.

Electrical isolation of the FEFC gates is achieved when the p-n junctions
are under reverse bias, where the p-type region is negatively biased and the n-
type region is positively biased [80]. The applied electric field increases both the
width of the charge depletion region and the potential barrier. Under reverse
bias, the excess electrons in the n-type region are drawn away from the p-n

interface due to the positive bias. Likewise, the holes in the p-type wells are
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Figure 3.7: Biasing the p-n junction.

drawn away from the interface region due to the negative bias. The charge carrier
depletion region allows each gate to be biased independently at a potential that
ensures a reverse biasing across the p-n junction. Under this scheme, virtually no
current flows between the gates so that each is electrically isolated from the other.
However, the electrical field from reverse biasing, if sufficiently high, can result
in breakdown of the depletion region, known as avalanche breakdown (Figure
3.8) [80]. Additionally, electron tunnelling or Zener breakdown could eliminate
electrical isolation with current leakage. Therefore, the bias applied to the FEFC
gates cannot exceed the voltage threshold barrier, Vg, which is determined from
the doping levels of the silicon substrate.

The principles of FEFC are detailed in section 2.5 and so a description of
FEFC operation in the microfluidic multiplexer is provided. The bias applied
to the gate voltages directly controls the zeta-potential in each arm of the mi-
crochannel. The transverse electric field through the silicon dioxide layer changes
the ion concentration in the diffuse layer. The degree of change in the zeta poten-
tial for the microfluidic multiplexer is proportional to the ratio of the capacitance

of the silicon dioxide layer over the diffuse layer capacitance (Cy, /Cp in equation

theory

2.16). For example, the theoretical electroosmotic velocity, u’?

, versus gate
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Figure 3.8: I-V curve for p-n junction.

voltage for the microfluidic multiplexer is

—4
reors _ <o =25 X W07 Vo) o
n

where Vg is in volts for a buffer solution at pH 3.

3.3 Characterization of the Microfluidic Multiplexer

An example of the gate testing on a MC Systems 8806 probe station is il-
lustrated in Figure 3.9. The flow control for a range of applied gate voltages
was characterized by current monitoring, a method previous researchers have
employed to measure EOF [77]. Contact was made to the gate electrodes with
tungsten probe tips (Cascade Microtech, Beaverton, OR). The gates were biased
with power supplies (E-3612A, Agilent, Palo Alto, CA) from -100 V to 100 V.
The voltage change over a 1 MSQ resistor was recorded with a data acquisition
unit (34970A, Agilent, Palo Alto, CA) to measure the current change in the

microchannel.
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Figure 3.9: Testing of the microfluidic multiplexer.

3.3.1 Current Monitoring

The microchannel and reservoirs were filled with 20 mM phosphate buffer
solution at pH 4 and the EOF voltages were applied at two reservoirs. The pH
of all buffer solutions were measured with a pH meter (accumet® AB10, Fisher
Scientific, Pittsburgh, PA). The anodic reservoir buffer solution was replaced
with 19 mM solution and the data acquisition unit began recording the cur-
rent through the microchannel. As EOF pumped the lower concentration buffer
through the microchannel, the current dropped due to the change in conductiv-
ity of the buffer solutions. The EOF velocity was calculated from the measured
microchannel length and the time for the current to drop to a new steady-state
value, corresponding to when the 20 mM solution had been completely pumped

out of the microchannel and replaced by 19 mM solution.
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Figure 3.10: Comparison between experimental EOF velocity and the double

capacitor model.
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3.3.2 Comparison with Double Capacitor Model

An example of the flow control measurements is shown in Figure 3.10 and
compared with the theoretical velocity given by the double capacitor model. The
measurements were performed in a single microchannel with epsilon-amino-n-
caproic acid (e-ACA) buffer solution at pH 4 under an electric field of 93 V/cm.
The flow control under these conditions exhibits linearity between applied gate
voltage and the resulting flow velocity. The theoretical EOF velocity from equa-
tion 2.16 is also plotted with the experimental slope. Despite the difference in
slopes, the experimental results demonstrate that FEFC was able to change the
velocity of the EOF pumping from 150% to 50% of the original.

The current monitoring results presented here and throughout this disserta-
tion work exhibited large variance, primarily due to different surface tensions at
the reservoirs and surface contamination between tests. In changing the buffer
solution at one reservoir for current monitoring, which typically had a volume of
400uL, the surface curvature of the new buffer solution was different from cur-
vature of the old buffer solution. The difference in surface curvature between
injections is an artifact of the manual filling process and surface roughness of the
reservoir walls. The wetting of the buffer solution along the reservoir walls varied
because of the manual injection of the solution from an automatic pipetter. For
this reason, human error was a significant factor in running the experiment, since
the same surface curvature could not be repeated between injections. As a result
of the different fluid curvatures, the surface tension forces were different between
the reservoirs, yielding net pressure forces at the reservoirs. The different pres-
sure forces pumped the buffer solution through the microchannel, even without

the application of the longitudinal electric field. With EOF, the pressure flow
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impeded or sped up the bulk flow rate during current monitoring so that the mea-
sured velocity was not purely EOF. Characterizing the pressure flow component
would be require characterizing the fluid curvature at both reservoirs, a difficult
undertaking and outside the scope of this work.

Additionally, the fluid was removed from the microchannel between tests with
vacuum force from a pipet-aid so that the microchannel could be filled with fresh
buffer solution. It is likely to assume that contamination of the microchannel
wall occurred during this removal process because of the air flow through the
microchannel. The surface chemistry that generates the zeta potential is sen-
sitive to adsorption chemistry at the microchannel wall and was likely to have
changed between tests, yielding varience in the zeta potential and diffuse layer
capacitances. Even though the data presented exhibits significant scatter, the
phenomenon of field-effect flow control on the velocity of the electroosmotic flow

is apparent throughout the data.

3.3.3 FEFC versus buffer pH

As described in section 2.2, the pH of the buffer solution determines the
value of the surface charge, oy, at the microchannel wall. Decreasing the pH
of the buffer solution reduces the inherent zeta potential and the capacitance of
the diffuse layer. These changes result in increased control over the EOF. For
comparison at three pH levels, the EOF mobility, which is the EOF velocity
scaled by the EOF electric field, versus applied gate voltage is plotted in Figures
3.11 - 3.13. In a single microchannel of the microfluidic multiplexer, the slope of
the EOF mobility versus the applied gate voltage was found to be -44 ym cm/(V?

s) for phosphate buffer solution at pH 5 (Figure 3.13). In order to minimize the
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Figure 3.11: EOF mobility measurements, which is the EOF velocity scaled by

the EOF electric field, versus gate voltage for e-ACA buffer at pH 3.

45



3
~25
‘v
‘-.> 2 P
C\IE i -
R -
o ~
= 1 i i ey
z T~
S 05 B
(@]
=
w O
O
W5

-1

-100 -50 0 50 100

Gate Voltage (V)

Figure 3.12: EOF mobility measurements versus gate voltage for e-ACA buffer
at pH 4.
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Figure 3.13: EOF mobility measurements versus gate voltage for PBS buffer at

pH 5.
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absorption of the buffer ions into the SiO,, epsilon-amino-n-caproic acid (e-ACA)
buffer solution was used for further experiments. Thermally grown silicon dioxide
has been reported to allow the diffusion of to positive ions through the film after
an induction time with a negative biased on the underlying silicon, due to flaws
in the film [81]. The e-ACA molecule has a larger ionic radius than the phosphate
molecule and so diffusion through the silicon dioxide layer, under the assistance of
the FEFC electric field, would be lower. For the e-ACA buffer, the control slope
is -72 um cm/(V? s) and -155 pum cm/(V? s) for pH 4 and pH 3, respectively. The
FEFC slope values are shown in Table 3.1. These flow control experiments under
various buffer conditions were found to exhibit similar linearity as predicted by
the double capacitor model, however with significant scatter in the pH 3 results.
The best-fit lines for all the results confirm that an inverse relationship exists

between the FEFC slope and the buffer pH, which has been reported previously

64, 52].
Buffer pH | FEFC Slope (um cm/(V? s)
Phosphate | 5 -44
e-ACA 4 =72
e-ACA 3 -155

Table 3.1: FEFC slopes for the microfluidic multiplexer.

3.3.4 Flow Visualization with Rhodamine B Dye

Current monitoring is only able to measure the velocity in a single microchan-
nel. The microchannel or capillary acts as a variable resistor as the buffer solu-

tions with different concentrations flow through and replace each other. Current
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Figure 3.14: Visualization of Rhodamine B dye.

monitoring cannot be used to simultaneously measure the flow in two or more
interconnected microchannels in a network design because the current splits or
sums at the intersection. Flow visualization is required to measure the flow in
interconnected microchannels.

In order to study the flow in multiple microchannels simultaneously, Rho-
damine B dye (Fisher Scientific, Pittsburgh, PA) was added to the e-ACA buffer
solution at pH 4.9 and recorded under a CCD camera attached to the probe
station. A sample of the image recording is shown in Figure 3.14 where the flow
is from left to right. The edge of the flow control gate can be seen in the left
side of the image. In order to use Rhodamine B as a velocity marker of the
EOF, the dye molecule must not exhibit a charge in the buffer solution. If the
molecule is charged, then it will move under the force of both electrophoresis and
electroosmosis. Unfortunately, the measured dye velocities were greater than the
velocities obtained by current monitoring. A literature search confirmed Rho-
damine B could not be used as an EOF flow marker for FEFC. At low pH, where
FEFC control is greatest, the dye is reported to be electrophoretically positive
and only neutral at pH levels between 6.0 and 10.8 [82].

Even though Rhodamine dye was not adequate to quantify the EOF in the
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Figure 3.15: (a) Dye flows down top microchannel. (b) Dye crosses the intersec-
tion and combines with flow from left and right. (c¢) Dielectric breakdown occurs
and dye flows in two directions. The left microchannel flow reverses direction.

(d) Dye flows faster in the bottom microchannel than the top.

microfluidic network, video obtained during the testing revealed the effect of
electrical breakdown of the microchannel wall. The video in Figure 3.15 shows
Rhodamine B dye flowing from top to bottom from Vgor = 60 V. At the same
time, the pressure driven flow from the left and right microchannels flowed to
the intersection and down the bottom microchannel. When the dye front crossed
the intersection (frame b), the dye in the intersection shows a wedge shape, due
to hydrodynamic focusing. The wedge shape arises from the constriction coming
from the pressure flow from the left and right microchannels. When the bottom
FEFC gate is set to +120 V between frames b and c, electrical breakdown occurs
in the microfluidic multiplexer.

At some point in the microchannel, a defect occurs in the insulating silicon
dioxide. The defect acts as a third EOF electrode in the system, causing a split
flow from two EOF electric fields. The gate voltage causes the flow in the upper

and the left microchannels to reverse direction. The applied gate voltage was
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below the dielectric breakdown for silicon dioxide (1000 V/um). Therefore, the
source of the breakdown may have been due to the scalloped sidewalls of the
microchannel from the DRIE etching or from buffer ion diffusion through the

silicon dioxide microchannel wall.

3.3.5 Overdoped p-n Junction

Beyond the breakdown of the silicon dioxide wall, further testing on the mul-
tiplexer was limited because of the high doping levels of the p-n junctions. The
high boron doping levels causes the depletion region thickness to be dependent

on only the excess electron concentration (Np):

1 2€5; Vi NaND

W=—\—7—
Np\V q(Na+ Np)
Due to high boron doping, the concentration of holes is much greater than the

concentration of excess electrons (N4 > Np).

1 [2e5:VeilND

W=—
Np q

= 1.67 pm (3.2)

where €g; is the dielectric constant of silicon, V}; is the built-in voltage of the p-n
junction, and ¢ is the elementary charge [80]. The small depletion region causes
the maximum electric field across the p-n junction without the onset of avalanche

breakdown to be
_ gNpW

€si

E,, =1.03 x 10° V/m (3.3)

Thus, the maximum reverse bias possible without avalanche breakdown is
Vg=-—mS 73V (3.4)

On account of this, the high boron doping levels limit the reverse bias voltage

across the p-n junction to a significantly small voltage. Reverse biasing is critical
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for the independent control of the FEFC gate. Without it, the current flows
between the gates and the entire wafer becomes biased.

To compensate for the overdoping, the multiplexer device was thermally an-
nealed at 900°C for 20 minutes in a nitrogen environment. The thermal energy
from the annealing diffuses the boron atoms. The intent was to lower the dopant
concentration and drive the dopant atoms deeper into the substrate. Before and
after annealing, the reverse bias voltage threshold was measured experimentally
on the probe-station (Figure 3.16). The current was measured through the p-n
junction of the FEFC gate for a range of bias voltages. The I vs. V curve follows
the theoretical trend illustrated in Figure 3.8 of forward and reverse biasing with
avalanche breakdown. Before annealing, the overdoping of the p-n junction re-
stricted the gate voltage bias to an experimentally measured range of 0 and -1.5
V without avalanche breakdown. After anealing, the range was slightly improved
to 0 to -2.5 V. Further annealing at a higher temperature and for longer furnace
time may improve the boron doping. However, for future fabrication runs of the
silicon microfluidic multiplexer, the doping levels of the p-n junction must be
sufficient for large reverse bias voltages.

The small voltage range for reverse bias made the gate regions not indepen-
dent. With the silicon substrate biased at ground, the maximum gate voltages
possible at two of the gates is -2.5 V. If the gate voltages were more negative
than the reverse bias for improved flow control(Vy < —2.5), avalanche break-
down would occur at the p-n junction and destroy the electrical isolation. As a
result, only characterization the flow control in a single microchannel was possible
and not the testing of microfluidic multiplexer of flow in multiple microchannels.

Theoretically, if the doping levels were sufficient for a large depletion region,
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Figure 3.16: (a) Measurement on the probe-station of the (b) I vs. V curve for

the p-n junction of the FEFC gate.

then the reverse bias would be large. For example, the reverse bias is -75 V
for a general-purpose diode like the 1N914 [83], which is satisfactory for FEFC

voltages. Larger reverse bias voltages are possible with lower substrate doping

3.4 Conclusion

The primary purpose of working on the silicon-based microfluidic multiplexer
was to develop research strategies for the development of a polymer-based FEFC
device. The difference in control slopes between the three buffer solutions with
different pH levels is expected due to the lower native zeta potential at low pH.
The error between the experimental and theoretical control slopes in Figure 3.10
is reasonable, but the difference may be due to different zeta potentials between
the PDMS and SiO5 microchannel walls. Current monitoring was only adequate
in characterizing the EOF control in a single microchannel and therefore flow

visualization was attempted in the interconnected channels. However, prelimi-
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nary experiments revealed that Rhodamine B was not adequate due to its elec-
trophoretic mobility at low pH. Another visualization technique is necessary to
accurately measure EOF. Additionally, overdoping the p-n junctions restricted
the reverse voltage threshold to an experimentally tested range between 0 and
-2.5 V. The small voltage range made the gate regions not independent so that
multiplexing with FEFC was not possible. In transitioning to an all-polymer
FEFC device, the experiments conducted on the microfluidic multiplexer shifted
the focus to the selection of polymers with high dielectric strength, high dielectric

constants, and ease of fabrication
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Chapter 4

Field-Effect Flow Control in Polymer Microchannels

The motivation for FEFC in a single microchannel is for the realization of
highly parallel systems for high-throughput analysis in drug screening as discussed
in Section 1.2. In order to demonstrate FEFC on an all-polymer microchannel, it
was necessary to investigate a range of polymer candidates for their suitability for
FEFC implementation. With the lead polymer candidate, Parylene C, a single
microchannel device was fabricated to characterize the degree of EOF control

over a range of gate voltages.

4.1 Polymer Investigation

The range of polymers suitable for FEFC is limited because the transverse
electric field across the polymer microchannel wall can lead to dielectric break-
down. The maximum electric field that a dielectric material can withstand with-
out breakdown is called its dielectric strength, (Eg). If the FEFC electric field
is made very intense (Frgprc > Ep), it will begin to pull electrons completely
out of the polymer molecules and the polymer thin-film will become conductive
[84]. The avalanche of free electrons acts as a short between the gate electrode
and the buffer solution in the microchannel. The FEFC electric field is critically

limited by E of the thin-film polymer.
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Additionally, as discussed in Section 2.3, the capacitance of the wall material
determines the degree of EOF control in the double capacitor model. Recall
equation 2.16:

Cw

Crerc = Co + o (Vo — Vi)
D

For effective control over the EOF with a polymer wall material, the wall ca-
pacitance must be increased. Selecting a polymer material with a high dielectric
constant (¢) will increase the wall capacitance. Recall the relation for capacitance
(equation 2.17):
Cw =~

Additionally, the thickness of the polymer wall, d, is inversely proportional to
the wall capacitance. The wall thickness and applied gate voltage are factors
that counterbalance each other. Reducing the wall thickness will increase the
wall capacitance for improved FEFC, but the applied gate voltage must also be
reduced in order to avoid dielectric breakdown.

Thin-film polymers developed for the integrated circuit industry typically have
a low dielectric constant to improve signal transmission. With a low dielectric
constant, the applied gate voltage must be increased in order to change the EOF.
However, operation under high gate voltages will lead to electrical breakdown of
the polymer material. Therefore, the dielectric constant and dielectric strength
are the two key factors in the polymer material selection for FEFC. Table 4.1
lists the polymer candidates for FEFC and their corresponding electrical proper-
ties, which need to be maximized for operating under FEFC. The fourth column
contains the FEFC quality factor used to evaluate the polymer materials, which

is the product of the dielectric constant and the dielectric strength. Previous
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FEFC materials have much higher quality factors: 10,000 for silicon nitride! and
4000 for silicon dioxide?. The high quality factors are predominately due to the

excellent dielectric strength of these inorganic materials.

Polymer Dielectric Constant | Eg (V/um) | Quality Factor | Ref.
Parylene C 3.15 220-270 693-851 86]
Cyclotene 4000 2.65 300 795 87]
Pyralin PI2808 3.5 200 700 88]
PVD PTFE 2.1 200 420 89]
PDMS 2.65 21.2 56 [90]
Teflon AF 1600 1.93 21 40 [91]

Table 4.1: Electrical properties for FEFC polymer candidates.

4.1.1 Poly(dimethylsiloxane)

The first material investigated was PDMS, which was spun onto a silicon wafer
to a 10 pm thickness and cured. Due to the low Ep listed in Table 4.1, PDMS
exhibited catastrophic breakdown - arcing between the electrode and silicon wafer
when under low electric fields. Some FEFC testing data were collected, but
gate voltages sufficient to modify the EOF were not possible due to dielectric

breakdown.

1Silicon nitride: € = 10, Eg = 1000 V/um [85]
2Gilicon dioxide: € = 4, Eg = 1000 V/um [85]
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4.1.2 Poly(tetrafluorethylene)

PTFE is an excellent moisture barrier polymer but has not been used ex-
tensively as a microfluidic polymer material [92]. One form of PTFE is Teflon
AF, which is a spin-on polymer. Since Teflon AF has a quality factor similar to
PDMS, it was not tested. Another method for deposition of PTFE, is physical va-
por deposition (PVD). This polymer material was deposited to a 1 pm thickness
on a 2”7 by 2” stainless steel square (Advanced Surface Engineering, Elderburg,
MD). When a drop of 20 mM acetic buffer pH 4.0 solution was applied to the
PVD PTFE, the buffer solution locally dissolved the polymer material. The acid
susceptibility of PVD PTFE restricted the use of this polymer material in the

FEFC device, since low pH buffers are used for increased FEFC performance.

4.1.3 Benzocyclobutene-based Polymers

Cyclotene BCB 4000 is a thermoset polymer with a high curing temperature
of 265°C that can be spin-coated. The resins are derived from B-staged bisben-
zocyclobutene (BCB) monomers and are formulated as high-solids, low-viscosity
solutions. The polymer was spun onto a silicon wafer with an aluminum metal
layer and cured. Although it has a high FEFC quality factor, electrical break-
down of the polymer occurred frequently while testing. Visual inspection of the
Cyclotene BCB showed pinholes in the polymer coating after the curing process.
The pinholes caused this polymer to be rejected as a candidate material for poly-
mer FEFC. Also, the high curing temperature of Cyclotene BCB severely limited
its compatibility to other polymer substrates with low melting temperatures such
as polycarbonate. An all-polymer FEFC device using Cyclotene BCB would have

to be built on high temperature polymers such as poly(ethylethylketone) (PEEK)
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and fiberglass.

4.1.4 Polyimide

Pyralin PI2808 is a polyimide polymer that can be spun-on. Polyimide is
permeable to moisture and has been used as a humidity sensor in MEMS appli-
cations [93]. Molecules diffuse very rapidly through it [85]. The absorption of
moisture and ions can degrade the performance and reliability of the film. The
curing temperature for the spin-on polyimide is 350°C, which restricts its use to

only high temperature polymers.

4.1.5 Poly(para-xylylene)

Parylene is a common name for a class of polymers called poly(para-xylylene).
Six forms of parylene are currently available. Each form represents the basic
polymer backbone of xylylene with a replacement of 1-4 atoms in the ring. The
basic structure of the parylene polymers are shown in Figure 4.1. Due to its ease
of fabrication and compatibility with polymer substrates, parylene has made its
way into micromachining in the last few years. It has been used in numerous
microfluidic applications for microchannel structures [40], electro-spray tips [41],
micro-needles [94], micro-check valves [42], diaphragms [95], and integrated on-
chip detectors [43]. The parylene surface groups can be made functionalized for
protein binding [96, 97, 98, 99].

Parylene polymers are deposited by vapor deposition at room temperature in
a vacuum. Figure 4.2 shows a diagram of the deposition process, known as the
Gorham process [86]. The parylene dimer (solid) is first sublimated at 120-170°C.

The vapor is then drawn into the pyrolysis chamber where the dimer molecule is
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Figure 4.2: Chemical vapor deposition of Parylene.
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then split into two monomers at 680-720°C. The monomers will then polymerize
on surfaces below 100°C, although the deposition chamber is typically at room
temperature. The low temperature of the deposition chamber is compatible with
a wide range of plastic substrates with low melting temperature, e.g. polycar-
bonate or PMMA. Since the deposition is done at 0.1 torr, the mean free path of
the monomer is on the order of centimeters (0.1 cm), which creates pinhole-free
conformal coatings. Unlike vacuum metallizing that has a high mean free path,
the deposition of the Parylene monomer is not line of sight due and all sides of the
object are uniformly impinged. The deposition process has excellent thickness
control down to the sub-micron range.

Once deposited, the parylene film is among the most robust organic polymeric
coatings [86]. Of the parylene forms, Parylene C has the highest dielectric con-
stant. The melting temperature of Parylene C is 290°C. When the film is at a
temperature below the melting temperature, it is resistant to all solvents. When
exposed to a solvent, the film may experience swelling up to 3% in volume. Ad-
ditionally, the film is optically transparent down to 290 nm with low background
fluorescence. The FEFC experiments with Parylene C exhibited electrical break-
down of Parylene C at gate electric fields greater than 100 V/um with acetic acid
buffer solution at pH 4. The combination of fabrication quality and excellent

electrical properties make Parylene C an ideal polymer candidate for FEFC.

4.2 Single Channel Polymer FEFC Device

FEFC was demonstrated for the first time in a polymer microfluidic device
where the applied electric field is transmitted through the polymer microchannel

wall. Previous researchers have used polymers for FEFC device, but it was used
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to form the passive microchannel walls while the FEFC electric field was applied
through the silicon dioxide microchannel wall[75]. The use of an all-polymer
FEFC device allows for the realization of an inexpensive, disposable microfluidic
device. In this dissertation work, the first polymer FEFC device used a silicon
wafer as the gate electrode but later devices were fabricated with metal layers
on polycarbonate or glass substrates to demonstrate the cost effectiveness. The
second study examined the FEFC control for gate electrodes that partially span

the full length of the microchannel.

4.2.1 Full Length Gate Electrode

The first generation on the way towards an all-polymer FEFC device was built
on silicon wafers for the fabrication convenience of a planar, polished substrate.
Later generations were fabricated on glass and polycarbonate substrates. The
bottom microchannel wall was Parylene C through which the FEFC electric field
was transmitted. Micromolded PDMS formed the remaining three walls of the
single microchannel. The PDMS seal to the Parylene C layer was reversible so
that the devices were easily cleaned between tests. The reversible seal of PDMS
is due to its elasticity which allows for a high degree of contact to the Parylene C
film with van der Waals bonding. The seal is fast, watertight, and occurs at room
temperature. The gate voltage was applied to the silicon wafer, which acted as

the electrode underneath the polymer microchannel wall.

Fabrication

Parylene C was chemically vapor deposited onto a 100 mm silicon wafer (Sil-

icon Quest Intl., Santa Clara, CA) to a 1.2 pm thickness (Specialty Coating
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a) Fabricate master mold. b) Pour PDMS on mold.
¢) Cure PDMS and remove. d) Punch-out reservoirs and

seal onto bottom wafer.

Figure 4.3: PDMS micromolding process.

Systems, Indianapolis, IN). The top and sides of the microchannel were micro-
molded polydimethylsiloxane (PDMS) [32]. The master mold for the PDMS was
a second 100 mm silicon wafer (Silicon Quest Intl., Santa Clara, CA) with 2.0
pum of silicon dioxide. The silicon dioxide was patterned with AZ5214 (Clariant,
Somerville, NJ) and etched in 5:1 buffered HF acid (J.T Baker, Phillipsburg,
NJ). The silicon dioxide layer masked the underlying silicon during the next etch
step. The wafer was placed in a bath of preferential silicon etchant (Transene,
Danvers, MA) at 60°C to etch the microchannel features of the master mold.
The microchannel were molded from PDMS (Sylgard 184, Dow Corning, Mid-
land, MI) that was poured onto the silicon wafer master (Figure 4.3). The PDMS
was cured for 2 hours at 60°C in a convection oven. Holes that were 5 mm in
diameter, were punched into the ends of the microchannels to serve as the fluid
reservoirs. The PDMS microchannel was 17 mm in length, 40 gm in depth, 100

pm in top width, and 150 gm in bottom width due to the etched crystal planes
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of the silicon template. The PDMS layer was reversibly sealed to the Parylene C

layer to fully assemble the FEFC device.

Experimental Procedure

The FEFC testing set-up was similar to the silicon-PDMS FEFC device re-
ported by Buch et al. [75]. However, the silicon wafer was biased with a gate
voltage instead of connecting it to ground. The entire silicon wafer underneath
the Parylene C film acted as the gate electrode to transmit the FEFC electric field
through the microchannel wall. The device was tested on an REL-4800 probe
station (Cascade Microtech, Beaverton, OR). Contact was made to the silicon
wafer with a tungsten probe tip (Cascade Microtech, Beaverton, OR) through
the Parylene C film. The electrode was biased with a power supply (E-3612A,
Agilent, Palo Alto, CA). The applied gate voltages to the silicon wafer ranged
between +120 V, +60 V, and 0 V, which were below the voltage breakdown
threshold for the deposited polymer thickness.

Current monitoring was used to measure the change in EOF velocity versus
applied gate voltage. The voltage change over a 100 kS resistor was recorded with
a data acquisition unit (34970A, Agilent, Palo Alto, CA). This testing method is
described in section 3.3.1. To improve the FEFC performance, a buffer solution
with a lower pH was used. The velocity was measured as 10 mM acetic buffer
solution pH 3.1 replaced 20 mM acetic buffer solution in the microchannel. A

diagram of the testing layout is shown in Figure 4.4.

64



V —
EOF Platinum Electrode | DAQl
— | | I hi PDMS Reservoir

T v S

PDMS

Microchannel -

Venr—
VG Parylene C EOF+ p—
_,_—+| | | I_—. Gate Electrode (Si)

Figure 4.4: Diagram of testing circuit for the polymer-based FEFC microchannel.

4.2.2  Full Length Results

Five tests were conducted for each of the five applied gate voltages on one
device. The EOF velocity measurements for the experiments are plotted with
error bars, representing standard deviation, in Figure 4.5. The variation in the
data is attributed primarily to pressure-driven flow in the microchannel due to a
pressure gradient from unequal dispensed volumes in the fluid reservoirs between
tests. For comparison, the double capacitor model is plotted alongside the data.
For the model, the calculated Parylene C wall capacitance was 2.29 x1073 F/m?
and diffuse layer capacitance was 0.236 F/m?. The average buffer concentration
of 15 mM was used to determine the diffuse layer capacitance.

The theoretical control slope, which is the slope of the line for the EOF
velocity versus applied gate voltages, is equal to -5.3 ym cm/(V? s). The FEFC
slope for Parylene C is lower than the control slopes obtained for the silicon
microfluidic multiplexer. The difference is due to the increase wall thickness
of the Parylene C (2.4 um versus 0.4 pm) and lower dielectric constant (3.15

versus 3.9). From the double capacitor theory, the modified zeta potential was
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Figure 4.5: EOF velocity versus gate voltage in a single Parylene C microchannel.

Error bars represent the standard deviation for five tests at each gate voltage.

predicted to vary from -23 to -4 mV. Solving for the zeta potential from the
Smoluchowski equation, the experimental zeta potential varied from -33 to -8
mV over the applied gate voltage range. Given the measurement variations that
are common to current monitoring, the experimental zeta potentials are close to
the theoretical zeta potentials.

The experimental results do not agree with the linear relationship predicted
in the double capacitor model due to nonlinear behavior at high negative gate
voltages. The applied gate voltages changed the EOF by 240% to 60% of the
original. Reverse EOF was not attainable because dielectric breakdown of the

Parylene C was frequently observed at high positive gate voltages (Vg > 120 V).
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4.2.3 Partial Length Gate Electrode

The second FEFC study examined whether EOF control is possible for gate
electrodes that partially span the length of the microchannel. The study has
implications for applications where a high density of independent gates is needed,
such as microfluidic networks. Previous FEFC studies in fused silica capillaries
showed that a small gate electrode area exhibited relatively the same EOF control
as large gate area [68]. The gate electrodes were formed from gold layers that

were deposited on polycarbonate substrates and patterned with lithography.

Fabrication

The substrate for the devices were polycarbonate wafers with 3”7 diameters
(Makrolon, Sheffield Plastics Inc., Sheffield, MA). The wafers were placed in an
e-beam evaporator for metal deposition. The chromium layer was first evap-
orated onto the polycarbonate substrate to a 200 A thickness to serve as the
adhesion layer for the next metal layer. The second layer was gold deposited
to a 3500 A thickness. The metal layers were patterned with AZ5214 (Clari-
ant, Somerville, NJ) and the exposed metal areas were removed with Au and
Cr etchant (Transene, Danvers, MA). The thickness of the metal layers is suffi-
cient to protect the underlying polycarbonate from the solvents in the photoresist
[100]. After the metal patterning, the resulting gate electrodes varied in length,
L¢, between 1.0 cm to 0.1 cm.

With the metal electrodes patterned, the polycarbonate was coated with Pary-
lene C to a 1.2 pm thickness (Specialty Coating Systems, Indianapolis, IN). The
Parylene C film was the bottom wall of the microchannel that coated the metal

electrodes. The top and side walls of the microchannel were PDMS made from
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Figure 4.6: Diagram of the testing circuit for the polymer-based FEFC mi-

crochannel for gate length study.

the master mold from the full length study (Section 4.2.1). Therefore, the mi-
crochannel dimensions were the same as those in Section 4.2.1. The devices were

assembled with the gate electrodes at the midpoint of the microchannel. Devices

were studied with 66%, 16%, 13%, and 5% coverage area.

Experimental Procedure

The zeta potential was regulated through biasing the Cr/Au metal layers
beneath the Parylene C, thus achieving field-effect flow control in the polymer
microchannel. A diagram of the device layout is shown in Figure 4.6. Devices
were assembled with different Lg to study if reduced gate coverage adversely
affects FEFC. Current monitoring was used to measure the EOF. The devices
were tested using the same experimental system as the full gate electrode case in
Section 4.2.1. The EOF mobility was determined from current monitoring as 10
mM acetic buffer solution replaced 20 mM acetic buffer solution at pH 3.1. The
devices were tested at gate voltages of +£90 V, £60 V, £30 V, and 0 V.
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Figure 4.7: EOF mobility measurements versus gate voltage for (a) 66% gate

coverage and (b) 16% gate coverage.

4.2.4 Partial Length Results

The EOF mobility versus gate voltage results for 66% and 16% coverage are
shown in Figure 4.7 and for 13% and 5% coverage in Figure 4.8. The results
are shown as single data points and the each figure contains the results from one
device for each coverage area. Best-fit lines are plotted with the data to determine
the control slope for the applied voltages. The scatter in the data is attributed
to a pressure gradient in the microchannel from unequal dispensed volumes at
the fluid reservoirs between tests. Additionally, the four plots are shown with
the same axes for slope comparison. The data for the 66% coverage area have a
y-intercept that was lower than the other three tests, which means that the EOF
mobility was lower for a gate voltage of zero than the other three cases. The
lower EOF mobility may be a result of the larger coverage area. Despite this, the
results show that FEFC is possible at low gate coverage.

At the edges of the gates, the internal voltages in the microchannel are dif-
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Figure 4.8: EOF mobility measurements versus gate voltage for (a) 13% gate

coverage and (b) 5% gate coverage.

ferent because of the longitudinal electric fields, E, which are shown in Table
4.2. In the double capacitor model, the difference between the gate voltage, Vg,
and the voltage potential above the gate region, V;, determines the transverse
electric field. However, even for zero gate voltage, a transverse electric field is
transmitted across the microchannel wall because of the nonzero values of V; at
the gate. Since V; varies linearly across the microchannel, the values of V; at the
gate vary as well. As a result, the magnitude of transverse electric field varies
linearly across the gate. At one end of the gate, there is a lower transverse electric
field than at the other end. As a result of this, the zeta potential is lower at one
end of the gate than at the other. As a result of this, for the 66% gate coverage,
the minimum and maximum values for zeta potential at the edges of the gate are
larger than the other three, due to the larger area and larger range of V;. The
interaction of the linearly varying zeta potentials may be the source for the lower

EOF mobilities observed for the 66% coverage tests.
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Gate Coverage | L (cm) | E (V/em) | V; (V)
66% 1.53 52.3 +26.2
16% 1.86 43.0 +6.5
13% 1.57 51.0 +5.1
5% 1.86 43.0 +2.2

Table 4.2: Total microchannel length (L), longitudinal electric field (£), and

internal voltages (V;) in the polymer microchannel.

The slope of the best-fit line through the data measures the degree of EOF
control versus gate voltage, i.e. the FEFC control slope. The slopes for each test
are listed in Table 4.3. The FEFC slope is approximately the same for all tests
despite the scatter in the data. The 5% coverage device demonstrated a lower
FEFC slope than the others, which may be due to the gate coverage. Overall, the
closeness of the control slopes indicates that small gate regions can sufficiently
generate FEFC in a polymer microchannel. Using smaller gate areas would allow
for other microfluidic components to be integrated along the same microchan-
nel, such as micro-heaters [100] or detection windows [20]. Additionally, smaller
gate areas would enable multiple gates to be position along the microchannel for
electroosmotic mixing with non-uniform zeta potentials [101, 102, 103, 104]. For
microfluidic networks, FEFC with smaller gate areas allows for a high density of
microchannel to be interconnected on a LOC device. Each microchannel within

the network would have its own EOF control for the realization of M xN networks.

71



Gate Coverage | FEFC Slope (um cm/(V? s))
66% -14
16% -16
13% -9
5% -5.3

Table 4.3: FEFC slopes for the polymer microchannel.

4.3 Conclusion

Several polymers were investigated for their performance and compatibility in
an all-polymer FEFC device. The critical properties of the polymers are the di-
electric constant and dielectric strength. These two values determine the change
in EOF for an applied gate voltage in FEFC. Of the polymers investigated, Pary-
lene C had the highest quality factor for FEFC and fabrication compatibility with
other polymer substrates. Therefore, this polymer was chosen for the fabrication
of the all-polymer FEFC device.

Parylene C allows for the development of an all-polymer microfluidic device
that uses FEFC to control the EOF. The bottom gate electrode was initially a
silicon wafer that was coated with the polymer. Second generation devices were
built on a polycarbonate wafer with metal electrodes for an all-polymer FEFC
device. The later tests confirmed that FEFC is possible with gates that do not
span the full length of the microchannel. The control slopes were lower than
the silicon-based microfluidic multiplexer due to the wall thickness and lower
dielectric constant. Despite the lower performance, the devices were able to
change the EOF by 260% to 40% of the original value.

Presented in this chapter is the first demonstration of FEFC through a poly-
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mer material. Previous research in FEFC have used inorganic materials as the
microchannel wall, through which the transverse electric field is applied. Pary-
lene C enables a cost reduction in the implementation with comparable fabri-
cation performance. Moreover, the demonstration of FEFC in an all-polymer

microchannel is promising for inexpensive high-throughput analysis.
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Chapter 5

Field-Effect Flow Control in a Polymer Microfluidic Network

The next research phase explored the development of an all-polymer microflu-
idic network with integrated FEFC gates. The implementation of FEFC has the
ability to compensate for electric field interactions at the intersections of mi-
crochannels with internal flow control components. As discussed in Section 1.3,
the operation of microfluidic networks without flow control becomes input-limited
and all the internal flows cannot be controlled independently. The use of FEFC
in microfluidic devices enables dynamic changes to the local zeta potentials, with-
out having to change the surface coatings in the microchannel. Addressable flow
control allows the network to be adjusted during operation.

In order to study the control of the EOF in the microfluidic network, a flow
visualization technique using fluorescent polystyrene microparticles was devel-
oped. The microfluidic network had independent FEFC gates, which allowed
for different EOF pumping rates in the microchannels. The network was first
demonstrated as a planar microfluidic device with a T-intersection. Collabora-
tion with Calibrant Biosystems enabled the development of a 3D microfluidic

network using FEFC gates.
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5.1 Flow Visualization

As discussed briefly in Section 3.3.4, measuring the flow in the microchannel
with current monitoring [77] is limited to straight channels or capillaries. Current
monitoring is adequate for determining the bulk flow of the fluid in a single mi-
crochannel or capillary since the change in current corresponds to the velocity of
the buffer solution. For characterization of EOF in FEFC microfluidic networks,
an imaging technique needed to be developed that enabled velocity measurements
in interconnected microchannels. Flow visualization is critical for FEFC since the
change in zeta potentials will induce a pressure that disrupts the plug-like flow
of EOF.

In selecting a flow marker for imaging the EOF, the dye or sample plug needed
to be neutral at the pH level of the buffer solution. However, at low pH, where
field-effect flow control is greatest, most dyes exhibit a positive electrophoretic
charge. The additional electrophoretic velocity toward the cathode results in
a visualization measurement of both the EOF and the electrophoresis. Recall
that charged state at low pH was observed for Rhodamine B dye. Therefore,
the methods of caged fluorescence, alternative fluorescent dyes, Shah convolution

detections, and micro-particle image velocimetry were investigated.

5.1.1 Caged Fluorescence

Caged fluorescence [23, 78, 105, 106] is a method to measure EOF in a mi-
crochannel. The caged dyes are fluorescent dyes that have been made non-
fluorescent through the binding of chemical groups, which are also present in
the solution. A pulse of focused UV light (365 nm) unlocks a small volume of the

dye, which then fluoresces for illumination. The illuminated spot serves as a flow
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Umbelliferone

Figure 5.1: Microchannel T-intersection with umbelliferone dye used to charac-

terize flow.

marker for recording the flow as it travels down the microchannel with the EOF.
The method is not suited for FEFC because the caged fluorescent dye and buffer
solution typically have a high pH. Recent studies report that the inclusion of the
caged fluorescent dye increases the EOF because it changes the zeta potential at

the microchannel wall [107, 108].

5.1.2  Fluorescent Dye

The mobility of a sample plug or dye is another method to measure the EOF
but the choice of neutral markers at low pH is limited [82]. Umbelliferone has been
used to measure the EOF velocity in polymer capillaries at low pH [109]. It has
an excitation at 330 nm wavelength and an emission at 390 nm. Umbelliferone
(Fisher Scientific, Pittsburg, PA) was dissolved to a 10mM concentration in 20
mM acetic acid buffer solution at pH 4. When injected into the microchannel, the
dye illuminated with poor intensity as seen in Figure 5.1. Higher concentrations

of umbelliferone were not possible without the onset of salt precipitation.
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Additional investigated dyes were BODIPY FL and Oregon Green 488 (Molec-
ular Probes, Eugene, OR). These fluorescent dyes have excitation at 504 nm and
490 nm and emission at 511 nm and 514 nm, respectively. The dyes were pre-
pared separately with 20 mM acetic acid buffer at pH 4. When illuminated in
the microchannels, the fluorescent intensity was too low to be observed. The low
intensity is a result of the low pH of the buffer solution. The dyes illumination

intensity falls off at pH levels below neutral (pH < 7) and no fluorescence is

possible at low pH (pH < 5) [110].

5.1.3 Shah Convolution Detection

Shah convolution Fourier transform is another technique to measure the ve-
locity in microfluidic devices [111, 112, 113]. In this method, a mask with a
periodic array of slits is fabricated on the microchannel or superimposed onto
the video. The slits spatially modulate the excitation beam aimed at the mi-
crochannel. Fluorescent microparticles with micrometer to nanometer diameters
are introduced into the flow. When the microparticles flow across the slits, the
spatial modulation is converted into a temporal modulation. The distribution
of velocities is found with a Fourier transform of the temporal signal. After the
transformation, the peaks identify the frequency of the microparticles. With the
known length of the slit spacing and the microparticle frequency, the velocity is
obtained for flow characterization.

This method was tested for FEFC flow measurements. A masking grid was
superimposed onto the recorded flow video to act as the periodic array of slits.
The Fourier transformation of the video did not result in a distinct frequency

peak for the velocity measurements. Instead, large scatter was observed yielding
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Figure 5.2: Microchannel with microparticles under an excitation of 465-495 nm.

inconclusive measurements.

5.1.4 Micro-Particle Image Velocimetry

A promising flow imaging method using fluorescent microparticles is particle
imaging velocimetry (micro-PIV) [114, 115]. Video imaging of the flow is used
to record the displacement of the microparticles within a known time interval to
obtain the velocity fields in a microchannel. This technique can measure planar
flow fields [23, 114, 115, 116, 117] and 3D flow fields [118, 119]. Moreover, micro-
PIV of the Brownian motion of nanometer diameter microparticles is a method
to measure the temperature in a microchannel [120].

Previous researchers used micro-PIV methods to measure the EOF in a mi-
crochannel. Due to the electrophoresis of surface charge of the microparti-
cles, the electrophoretic component of the velocity was subtracted out to isolate
the EOF [116, 117]. For FEFC testing, fluorescent polystyrene microparticles
flowed in the microchannel under EOF and a sample image, with velocity vec-
tors, is shown in Figure 5.2. The polystyrene microparticles were treated with
Fe(NHy)2(SO4)9-6H20 to neutralize their surface charge. The iron ammonium
sulfate solution binds to the sulfate groups (SO; ) of the microparticles, which
are residual from the manufacturer’s fabrication process.

The iron ammonium sulfate treatment was successful in neutralizing the elec-
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Figure 5.3: Current monitoring in a straight microchannel with fluorescent mi-

croparticles.

trophoretic charge of the microparticles. To verify their neutrality, current moni-
toring was performed simultaneously in a single microchannel with visual record-
ing of the microparticle flow (Figure 5.2). The current monitoring yielded an
electroosmotic mobility of 3.27 ym-cm/(V-s) as seen in Figure 5.3. The recorded
mobility of the microparticle from the video was 3.29 ym-cm/(V-s), which demon-
strates the suppression of the microparticle’s electrophoretic flow. The current
monitoring test confirmed that the velocity of the neutralized microparticle is only
due to EOF and pressure. With this technique developed, the characterization
of flow in microchannel networks could be effectively studied.

To measure the velocity of the individual microparticles, their displacements
between subsequent video frames were measured in MATLAB’s image processing
toolbox. Standard PIV techniques use a cross correlation algorithm to extract

velocity vectors. Although the standard PIV method reduces data analysis time,
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Figure 5.4: Schematic of the T-intersection polymer microfluidic network.

individual particle tracking was performed in order to extract the maximum ve-
locity measurements from the low density bead flow. Each frame was loaded
into MATLAB for the displacement measurements. The center position for each
microparticle was obtained with a Sobel edge detection subroutine and the mi-

croparticle displacement between frames was measured.

5.2 FEFC in a Polymer T-Intersection Microfluidic Network

To demonstrate the utility of FEFC, the gate electrodes were integrated into
a polymer microchannel network with a T-intersection [121, 122]. FEFC was
used to modulate the zeta potential in two microchannels for dynamic control
of the EOF pumping rates. A third, field-free microchannel was connected to
the two FEFC microchannels at the T-intersection. The different EOF pumping
rates induced pressure pumping in the field-free microchannel. The microfluidic
network device is shown in Figure 5.4. The gate voltages, under constant EOF,

were varied to study the resulting flow in the field-free microchannel.
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5.2.1 Fabrication

The FEFC gate electrodes were built on polycarbonate substrates (Makrolon,
Sheffield Plastics Inc., Sheffield, MA). The plastic wafers were placed in an e-beam
evaporator for metal deposition. The chromium layer was first evaporated onto
the polycarbonate substrate to a 200 A thickness to be the adhesion layer for the
next metal layer. The second layer was gold, deposited to a 3500 A thickness.
The metal layers were patterned with AZ5214 (Clariant, Somerville, NJ) and the
exposed metal areas were removed with Au and Cr etchant (Transene, Danvers,
MA). The thickness of the metal layers is sufficient to protect the underlying
polycarbonate from the solvents in the photoresist [100]. Parylene C was de-
posited to a thickness of 1.8 um on the entire wafer surface at NASA Goddard
Space Flight Center (Greenbelt, MD).

The master mold for the microchannel network was fabricated on a bulk
etched 100 mm silicon wafer (Silicon Quest Intl., Santa Clara, CA) with 2 pum
of silicon dioxide. After patterning with photolithography, the silicon dioxide
was etched with 5:1 buffered oxide etchant (J.T Baker, Phillipsburg, NJ) and
the underlying bulk silicon was etched in preferential silicon etchant (Transene,
Danvers, MA) at 60°C. The microchannels were molded from PDMS (Sylgard
184, Dow Corning, Midland, MI) poured onto the silicon wafer master. After
curing the PDMS for 2 hours at 60°C in a convection oven, the entrance to the
microchannels were opened with 2 mm diameter holes punched into the PDMS
for the reservoirs. The cross-section of all the PDMS microchannels were 45 ym
in height, with widths varying from 100 pm (top) to 165 pm (bottom) due to the
angled sidewall geometry of the silicon master mold.

Placing the PDMS microchannels and polycarbonate substrate into contact
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finished the assembly of the device. The reversible adhesion of the PDMS layer
enabled devices to be taken apart and washed between tests. During assembly,
the T-intersection in the PDMS microchannels were aligned to bisect the distance
between the FEFC gates. The network was filled with buffer solution in all three

microchannels.

5.2.2 Induced Pressure Pumping

Electrodes were placed in the fluid reservoirs at the ends of the EOF mi-
crochannels to generate the longitudinal electric field for EOF. The fluid reservoir
at the end of the third microchannel was left at a floating potential so that the
microchannel was field-free. Without a bias voltage at the fluid reservoir, EOF
pumping was absent in this microchannel. Gate electrodes underneath the EOF
microchannels locally controlled the zeta potential. Differential EOF pumping
resulted when the FEFC gates were biased with different voltages for unequal zeta
potentials. The differential EOF from the positive and negative gate voltages is

shown in Figure 5.5.

Differential EOF Pumping

In a similar manner as the T-intersection microfluidic network, static methods
to achieve differential EOF and quasi-independent flow control have been demon-
strated with surface coatings on glass [21, 22] and plastic [23, 48, 49] substrates.
The surface coatings change the zeta potential in the microchannel and establish
an EOF pumping rate that is different from the uncoated microchannels. At the
intersection of the coated and uncoated microchannels, the sum of the flow rates

balance due to the conservation of mass principle. Accordingly, the different EOF
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Figure 5.5: Cross-section schematic of the FEFC gate electrodes in a T-
intersection microchannel network. The field-free microchannel is shown between

the gate electrodes [121, 122].

rates induce a pressure flow in the microchannels to maintain continuity of the
flow rates. The induced pressure pumping was applied to generate hydrodynamic
pumping in a field-free microchannel [21, 22, 23]. As with the T-intersection mi-
crofluidic network, the fluid reservoir at the end of this microchannel was left at
a floating potential for no EOF electric field.

Induced pressure was also demonstrated in capillaries. The technique of un-
equal zeta potentials for induced pressure was applied to capillaries with differ-
ent buffer concentrations [54] and with surface coatings [78]. In a capillary with
two unequal zeta potential regions due to different buffer concentration, induced
pressure was generated at the interface of the two buffer solutions to balance the
electroosmotic pumping rates [54]. A capillary with a surface coating that sup-

pressed the zeta potential (¢ = 0) was placed in union with an uncoated capillary
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Figure 5.6: Schematic of flow profiles in joined capillaries.

[78] (Figure 5.6). In this configuration, one capillary had electroosmotic pump-
ing and the other did not. However, to balance the two flow rates in the joined
capillaries, the induced pressure generated pumping in the coated capillary.
Visualization experiments of caged fluorescent dye in the joined capillaries
confirmed that two types of parabolic flow profiles existed in the capillaries -
positive and inverted. The coated capillary exhibited a positive parabolic flow
profile, as shown in Figure 5.6 due to the favorable pressure gradient from the
negative induced pressure at the capillary union. In the capillary with EOF, the
induced pressure creates an unfavorable pressure gradient and superimposed an
inverted parabolic flow profile on the EOF. Despite the different flow profiles, the
average flow rate is equal in both sections to preserve continuity. In a microflu-
idic network, similar velocity profiles results were obtained with finite element

modeling of a T-channel intersection with differential zeta potentials [123, 124].

T-Intersection Pressure Pumping

A representation of the induced velocity profiles from zeta potentials due
to FEFC are shown in Figure 5.5 and Figure 5.7. In the cross-sectional view
of the microfluidic network in Figure 5.5, a negative gate voltage in the anodic
microchannel increases the EOF. Likewise, a positive gate voltage in the cathodic

microchannel creates decreased EOF. Due to the conservation of mass flow, the
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Figure 5.7: Diagram of induced pressure flow in the T-intersection microchannel

network [121].

flow rates between the three microchannels must balance. Thus, pressure is
induced at the microchannel intersection. The unfavorable pressure gradient in
the anodic microchannel combines with the increased EOF flow to create an
inverted parabolic flow profile. Similarly, the favorable gradient in the cathodic
microchannel creates a parabolic flow profile. Consequently, the induced pressure
at the T-intersection generates pumping down the field-free microchannel.
Figure 5.7 shows a top-view schematic of the positive pressure generated un-
der positve and negative gate voltages in Figure 5.5. The flow in the field-free
microchannel results from the induced pressure at the T-intersection. For this
reason, it has a positive flow profile, without an EOF component. Also shown
in Figure 5.7 are the flow profiles for negative induced pressure. This condition
occurs when the gate voltages are reversed, so that the anodic microchannel has
lower EOF flow than the cathodic. The resulting flow in the field-free microchan-
nel pumps the bulk fluid from the reservoir towards the intersection. Moreover,
the flow in the field-free microchannel maintains the positive parabolic flow profile

as for positive pressure.
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Figure 5.8: Voltage sequence applied to the anodic gate (V 4¢) and cathodic gate

(Vee) [121].

5.2.3 Experimental Proceedure

Two power supplies were used to apply the EOF electric field and three
power supplies were used for the two FEFC gate electrodes. Control of the
power supplies was performed with Labview (National Instruments, Austin, TX),
a PCI-6711 multiplexer card (National Instruments) and two MR62-6S relays
(NEC Tokin, Seoul, Korea). The bias voltages of the FEFC gate electrodes were
switched at 10 second intervals between three voltage configurations (see Figure
5.8): positive Vg and negative Vg for negative pressure at the T-intersection
(+/-), negative V 4¢ and positive Vg for positive pressure (-/+), and zero volt-
age at both gates for zero pressure (off). The voltage switching allowed for the
study of positive and negative pressure flow in the field-free microchannel over a

range of gate voltages (£90 V, £70 V, £50 V, and 0 V).
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Microparticle Treatment

Acetic buffer solutions for the visualization experiments were prepared to 2
mM concentrations at pH 3.8. To reduce the surface charge of the microparti-
cles for visualization measurements, polystyrene Fluorobrite microparticles (2.0
pum diameter, Polysciences, Warrington, PA) were treated for 12 hours in 25
mM Fe(NH,)5(SO4)2:6H50. The microparticles were filtered from the Fe-solution
with a syringe filter (0.45 pm MCE Filter, Fisher Scientific), rinsed with deion-
ized water, and extracted into the acetic buffer solution to be used for the flow

visualization experiments.

Micro-PIV Proceedure

The flow of fluorescent microparticles was recorded in the microchannel net-
work for velocity measurement of the combined EOF and pressure induced pump-
ing. The image recording was performed on a Nikon TE-2100-S fluorescent in-
verted microscope (Nikon, USA) using a B-2E/C FITC filter (excitation 465-
495 nm, emission 515-555 nm). A 640x480 pixel CCD camera (DKF-4303, The
Imaging Source, Charlotte, NC) was used to record the flow of the microparti-
cles in the microchannel at 30 fps. Post-processing of the velocity measurements
was performed with the aid of the Image Processing Toolbox in MATLAB (The
Mathworks, Natick, MA). A Sobel edge detection method was used to determine
boundary pixels of each of the microparticles. The position of the center pixel
for each of the microparticles was measured every ten image frames, which corre-
sponded to a 0.33 second time interval. A scale conversion of 0.75 pm/pixel was
used to measure the position of the microparticles in each frame. The velocity

for each voltage configuration of the FEFC gate electrodes was determined with
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a best-fit slope line through the position measurements.

5.2.4 Characterization of the Induced Pressure Pumping

The induced pressure pumping was studied in a microchannel network con-
sisting of three microchannels at a T-intersection as shown in Figure 5.5. The
microchannel length between anodic and cathodic reservoirs was 1.83 cm and
the length of the field-free microchannel was 0.54 cm. Two independent FEFC
gate electrodes, each with length of 2 mm and a distance of 1.5 mm from the
T-intersection, were used to modify the zeta potential in the anodic and cathodic
microchannels. The field-free microchannel did not have a FEFC gate electrode
since its reservoir was kept at a floating potential. The EOF electric field was
held constant at 30.1 V/cm for all tests. The microchannels were filled with
buffer solution and the neutralized fluorescent microparticles were injected into
the anodic reservoir. The voltage control sequence loop of the FEFC gate volt-
ages was initiated in LABVIEW and the sequence of potentials is illustrated in
Figure 5.8 for gate voltages of 70 V. The generation of negative or positive in-
duced pressure was instantaneous to the change in applied FEFC gate voltage.

The change occurred faster than the frame speed of the CCD camera (30 fps).

Visualization of Pressure Pumping at the T-Intersection

Flow video taken at the T-intersection show the induced pressure pumping
(Figure 5.9). In the field-free microchannel, the microparticles flowed away from
the intersection due to a positive induced pressure at the intersection. The gate
voltage in the anodic microchannel produced a higher pumping rate than that in

the cathodic to develop positive pressure at the intersection. At t = 45 seconds,
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Figure 5.9: Image sequence of induced pressure flow in the field free microchannel
[125]. The left side is the anodic microchannel and the right side is the cathodic

microchannel.

the microparticles flowing to down the field-free microchannel distinctly shows a
parabolic flow profile as they proceed towards the field-free reservoir. The profile
is due to the pressure-driven pumping in the field-free microchannel, without
the presence of EOF. Likewise, the microparticles in the field-free microchannel
flowed toward the intersection when the cathodic gate voltage was greater than

that of the anodic due to a negative induced pressure.

Bi-directional Flow

The plot of average velocity and microparticle position measurements over
time in Figure 5.10 illustrates the bi-directional switching of the field-free flow
rate for a test conducted at V46 = +70 V and Ve = -70 V applied to the
FEFC gates. The position measurements over time obtained from micro-PIV are

shown with a dashed line. The average velocity measurements are determined
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from the slope of the best-fit line through the position data. Across the top of the
graph is the corresponding gate voltage configuration that produced the positive
or negative field-free pumping.

The results for the tests show that the flow in the field-free microchannel
could be switched with repeatability in flow rates between voltage configurations.
With zero gate voltages applied to the FEFC gate electrodes, the microparticles
exhibited negligible flow in the field-free microchannel due to the lack of induced
pressure, as expected for equal EOF pumping rates. The corresponding maximum
velocity in the field-free microchannel was 2.4 um/s, although higher rates were
achieved by using larger gate bias voltages (90 V).

Sample images of the microparticle tracking data in Figure 5.10 are shown in
Figure 5.11. At 50 seconds, the FEFC gates are set to produce positive pressure
in the field-free microchannel (frame a). Ten seconds later, the gate voltages are
switched to produce negative pressure and the microparticle flows back towards
the T-intersection (frame b). The microparticle returned to approximately the
same position in the field-free microchannel under the negative pressure pump-
ing. At 70 seconds, the gate voltages are switched off. The flow in the field-free
microchannel stopped and the microparticle remained stationary because the
zeta potentials in the EOF microchannel were equal. Then, ten seconds later,
the FEFC gates are turned back on for positive pressure and the microparticle
resumes its flow down the field-free microchannel. The repeatability of the mi-
croparticle position and ultra-low flow control is promising for non-mechanical,

non-peristaltic pumping in the field-free microchannel.
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Figure 5.10: Microparticle measurements from induced pressure pumping in the
field-free microchannel of the average velocity (solid line) and the microparticle

position (dashed line) for gate voltages of = 70 V (Vag/Vee) [121, 122].

T8 microns

Figure 5.11: Particle images in the field-free microchannel for data in Figure 5.10

at times a) 50, b) 60, ¢) 70, and d) 80 sec [121].
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Differential EOF

To illustrate the changes in the flow rates between the anodic and cathodic
microchannels due to FEFC, the velocity of a microparticle that flowed past the
T-intersection is plotted in Figure 5.12. The position of the microparticle in the
microchannel is labeled across the top of the graph. As shown in the figure,
the microparticle started in the anodic microchannel and flowed across to the
cathodic microchannel. The induced pressure was not strong enough to divert
the microparticle down the field-free microchannel as it crossed the T-intersection.

From 0 to 8.3 seconds, the FEFC gates were set to Vag =-90 V and Vg =
+90 V to generate positive pressure at the T-intersection. Due to the increased
EOF pumping rate, the velocity of the microparticle was 79+4 pum/s as it flowed
through the anodic microchannel (0 <t < 4 s). The microparticle then flowed
across the 100 ym wide T-intersection region (4 < t < 6 s), which caused its
velocity to decrease to 55 um/s due the flow down the field-free microchannel.
Once the microparticle left the intersection region, the velocity increased to 6541
pm/s. The new velocity was lower than in the anodic microchannel due to the
lower EOF pumping rate in the cathodic microchannel. At 8.3 sec, the gate
voltages were switched to generate negative pressure at the intersection. The
cathodic gate voltage was set to Vog = -90 V for increased EOF pumping. The

change in EOF pumping increased the microparticle’s total velocity to 7142

pum/s.

No Presence of Dielectric Breakdown

Figure 5.13 shows a sequence of images taken at the T-intersection of two

microparticles. In frames a-c, the gate voltages were configured to produce pos-
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Figure 5.12: Velocity of microparticle flow across the T-intersection. The FEFC
gates were initially set for positive pressure (closed circle o). At t = 8.3 sec the

gate voltages were switched for negative pressure (open circle O ).

itive pressure at the T-intersection. The top microparticle was in the anodic
microchannel and continued toward the cathode. The bottom microparticle in
the field-free microchannel changed flow direction when the FEFC gate voltages
were switched from positive pressure to negative pressure (frame d). The mi-
croparticle continued to flow toward the T-intersection under negative induced
pressure (frame e-f).

The sequence of images in Figure 5.13 show that the field-free pumping is not
a result of dielectric breakdown of the Parylene C microchannel wall, since the
top microparticle continues along toward the cathode under both gate voltage
configurations. If dielectric breakdown had occurred, then the additional electric
field between the gate electrodes would be greater than the EOF electric field
between the reservoirs. To elaborate, the applied gate voltages are larger than the

voltages at the reservoirs (£30 V). Also, the distance between the gate electrodes
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Figure 5.13: FEFC gate voltages of Vg = -90 V and Vo = 490 V initially
produced flow down the field-free microchannel as seen in the first row of images
(a-c). At 13.9 sec, the voltages were switched to V4o = 490 V and Ve =-90 V

and created flow up the field-free microchannel as seen in images d-f [121, 122].
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is shorter than the distance between the reservoirs. Therefore, if breakdown
occurred in frame d, there would be a strong electric field from the cathodic gate
to the anodic gate so that the EOF would flow in the opposite direction in both
EOF microchannels. However, the top microparticle does not change direction.
Flow reversal was not observed in the EOF microchannels during switching of
the FEFC gates for all tests. The absence of flow reversal confirmed that the

gate electrodes influence only the zeta potential and not the EOF electric field.

Field-free Pumping versus Gate Voltage

The average velocity in the field-free microchannel was found to be linearly
dependent on the difference between the gate voltages (Figure 5.14). Using the
voltage control sequence loop, the induced pressure pumping was characterized
for three, equal but opposite, gate voltage pairs (£90 V, £70 V, and £+50 V)
that were applied to the FEFC gate electrodes. The average flow rates from the
tests are plotted in Figure 5.14 along with a best-fit line, which highlights the
linearity of the results. The maximum flow rate in the field-free microchannel is
approximately 20% of the flow rate in the anodic microchannel, which shows low
flow switching efficiency. For ideal microfluidic networks, the flow in the anodic
microchannel would be diverted 100% into the field-free microchannel. However,
the flow control could be improved with different microchannel dimensions and
lower inherent zeta potentials (section 6.2).

During the tests, a small inherent pressure difference existed between the field-
free reservoir and the intersection, which resulted in a measurable microbead
velocity of the microbeads in the field-free microchannel for equal FEFC gate

voltages. This is displayed in the graph as a small negative pumping rate for
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Figure 5.14: Average flow rate in the field-free microchannel versus FEFC gate
voltage configuration (Vag/Vee). Negative flow is towards the T-intersection

[121, 122].
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equal gate voltages (0/0 V). For all tests, the induced pressure from the FEFC
gate voltages was sufficient to counteract this flow and thus changing the velocity
of the microbeads.

For characterization of the field-free microchannel flow, the trapezoidal side-
walls were modeled as rectangular. The flow rate for incompressible, steady flow

in a rectangular cross-section due to pressure pumping [59] is

_ 4ba® < 8p> [1 192 & tanh (z:7rb/2a) (5.1)

e=" "o 2 s

i=1,3,5,...

where 2a is the distance between sidewalls, 20 is the distance between top and
bottom walls, and dp/dx is the pressure gradient. For a positive induced pressure
at the T-intersection, the pressure gradient along the field-free microchannel is
negative, which cancels with the negative sign in the coefficient to produce posi-
tive mass flow to the field-free reservoir. The flow rate equation suggests a linear
relationship between the flow in the microchannel and the induced pressure at
the T-intersection. Therefore, the induced pressure is linearly dependent on the
difference in the applied gate voltages.

Solving for the pressure gradient in equations 5.1, the maximum negative
and positive pressure gradients for the experimental flow rates is -36.0 Pa/m
and 36.1 Pa/m. Thus, the pressure induced at the T-intersection is between
-194 mPa to 195 mPa for the 0.54 cm long field-free microchannel. The induced
pressure is extremely small and results in the ultra-low flow rates in the field-free
microchannel.

An application for the ultra-low flow rates produced in the field-free mi-
crochannel is electrospray, a versatile ionization technique used with mass spec-
trometry. This pair of delivery and detection methods provide an analytical

technique that is used to identify unknown compounds, to quantify known mate-
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rials, and to elucidate the structural and chemical properties of molecules. The
ability to analyze intact proteins, protein mixtures, or low protein concentra-
tions makes electrospray mass spectrometry an indispensible tool for proteomics
[126, 127]. In electrospray, charged liquid droplets are formed from solutions at
high voltages and sprayed from a needle or microchannel to the entrance of the
mass spectrometer. The liquid droplets contain the analyte molecules so that
increasing the surface to volume ratio of the droplet enables ultra-low analyte
detection. To reduce the droplet volume, the diameters have been shown to be
proportional to 2/3 power of the flow rate [126]. As a result, nanoliter per minute
flow rates produce droplets that are sufficient for femtomole or attomole detec-
tion sensitivty at the mass spectrometer [126, 127, 128, 129]. Additionally, the
ultra low flow rates enable longer measurement time at unchanged signal levels
for longer signal averaging.

The next section explores the effect of reducing the length of the field-free
microchannel to improve the induced pressure gradient. The technique of in-
duced pressure via FEFC gates enables a non-mechanical, non-peristaltic means
of pressure pumping. The induced pressure can be employed to adjust the total
flow rate from EOF without the need to adjust the reservoir voltages. Moreover,
the pressure can be induced at any intersection in an MxN microfluidic network
with independent FEFC gates. Thus, if the network is input-limited, then the
internal pressure can be used to adjust the total flow at any internal microchannel

within the network.

98



5.3 FEFC in a 3D Microfluidic Network

In addition to controlling the flow in a planar microfluidic device, the control
over the flow can be extended into the third dimension. For the increasing com-
plexity of LOC devices, a high density of separation microchannels, flow mixing
components, addressible chemical reactors, and detection sensors are required to
improve their high-throughput performance [8]. Thus, complex systems of mi-
crochannels require a higher degree of connectivity between the microchannels
than can be generated with simple, planar LOC devices [33]. The need for an
increased density of components has led to the development of 3D microfluidic
systems [8, 33, 34], in which multiple levels of planar microchannel networks are
interconnected with short, 3rd dimensional microchannels. With these complex
systems, flow control in the 3rd dimension is necessary to enable a high degree
of multiplexing of the sample analysis.

In order to address flow control in the 3rd dimension, an all-polymer 3D mi-
crochannel microfluidic network [130] was developed in collaboration with Cal-
ibrant Biosystems, Inc. (Rockville, MD) using FEFC technology described in
Section 5.2. The 3D network used two layers of PDMS molded microchannels on
a Parylene C coated silicon wafer. A short microchannel in the 3rd dimension
connected the microchannels in the layers. A schematic of the microdevice is
shown in Figure 5.15 to illustrate the two layers of PDMS. The results presented
in this section were produced by Dr. Ponniah Sivanesan (Calibrant Biosystems,
Inc.) in close consultation with the present author and are offered here to provide
a view of another potential application of all-polymer FEFC. Additionally, the
results are summarized here for comparison with the matrix-form model in Chap-

ter 6. The 3D microfluidic network was designed with a field-free microchannel
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Figure 5.15: 3D microfluidic network.

in the 2nd PDMS layer. The length of the field-free microchannel was varied in

order to study its effect on the induced pressure pumping.

5.3.1 Fabrication

The gate electrodes were fabricated on a silicon wafer with a 200 A layer
of Cr and a 1500 A layer of Au deposited onto the wafer surface with e-beam
deposition. After patterning the electrodes, the wafer was coated with 1.2 pym
of Parylene C (Specialty Coating Systems, Indianapolis, IN). The first layer of
the PDMS microchannels was formed from a master mold that used a two layer
lithographic process with SU-8 photoresist (MicroChem Corp., Newton, MA).
The first layer mold produced the anodic and cathodic microchannels and the
3rd dimensional microchannel. The second layer of the PDMS microchannels
was formed from a single layer of SU-8 to form the field-free microchannel and
reservoirs. The application of SU-8, a thick negative photoresist, enables the
creation of a master mold with rectangular cross-sections for the microchannels.
An SEM image of the SU-8 mold for the first layer of PDMS is shown in Figure

5.16. The 3rd dimension microchannel was 120 pym in width and 100 gm in
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height. The microchannels in both the first layer and second layer were 100 ym

wide and 40 pm high.

Figure 5.16: SEM of the SU-8 master mold for the 1st PDMS layer (courtesy of
Dr. Ponniah Sivanesan)[130].

5.3.2  Micro-PIV Testing

The operation of the device is similar to that described for the T-intersection
microfluidic network. The longitudinal electric field was £ = 26 V/cm and the
applied gate voltages was equal but opposite for V4o and Vg throughout the
study. The different gate voltages created a differential EOF pumping rate that
resulted in induced pressure pumping in the 3rd dimension microchannel and the
field-free microchannel in the 2nd layer of PDMS.

Non-fluorescent microparticles with 2 pum diameters were neutralized in an
ammonium ferrous sulfate solution as described in Section 5.1.4. The velocity of
the beads was recorded with a CCD camera (The Imaging Source, Charlotte, NC)

on a probe-station (RF-1, Cascade Microtech, Inc., Beaverton, OR) under visible
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light. The average velocity of the microparticles in the field-free microchannel
was measured from the position of microparticles in a set of three frames from

the video at 2 second intervals.

5.3.3 Experimental Results

The pressure induced flow velocities in the field-free microchannel were char-
acterized with different pumping parameters: the width of the gate electrodes,
the distance between the electrodes, and the field-free microchannel length. Table
5.1 lists the values studied of each of these lengths. The flow velocity represents

a mean value of at least 75 velocity measurements.

Gate Electrode Electrode Field-Free Average

Voltage Width Distance Length Velocity

(V) (mm) (mm) (mm) (pm/s)
100 2 8 5 5.43
100 3 5 2.5 15.28
100 4 4 5 11.13
100 4 4 3 16.75
100 4 4 1 25.04
100 4 4 0.5 29.05
80 4 4 1 20.02
60 4 4 1 14.85

Table 5.1: Summary of 3D FEFC microfluidic network test results [130].

The field-free microchannel length was varied for a constant gate electrode

width and distance. The test results showed that the induced pressure pumping
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is dependent on the length of the field-free microchannel. In addition, the results
for the 1 mm field-free microchannels in Table 5.1 also confirm that the velocity
is linearly dependent of the gate voltages applied to the FEFC gates. Due to
an oversight in the design of the electrodes, the width and separation of the

electrodes could not be studied independently.

5.4 Conclusion

The development of microfluidic networks using FEFC is presented. Due to
the limitations of current monitoring in microchannel networks, a flow visualiza-
tion technique was developed to characterize the flow control. Fluorescent dye or
caged fluorescence was not chosen due to inaccurate representation of the EOF
pumping. Micro-particle image velocimetry of neutralized fluorescent micropar-
ticles was used instead for the flow characterization.

A polymer-based FEFC micropump with a T-intersection was successfully
demonstrated and characterized for dynamic control of pressure induced pump-
ing. The pumping mechanism enables fully bi-directional hydrodynamic flow by
coupling multiple FEFC gate electrodes in a microchannel network for differential
EOF. Pumping rates from approximately -2 to 2 nL/min were readily achieved
in the field-free microchannel using differential EOF in the anodic and cathodic
microchannels. A linear relationship between the gate voltage and the induced
pressure pumping was observed.

The T-intersection microchannel network was expanded into the third dimen-
sion for the realization of a 3D microfluidic network. The base layer used FEFC
gates on a silicon wafer with a Parylene C coating, combined with a PDMS

microchannel fabrication method that used SU-8 for multiple layers of PDMS
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microchannels. These layers were connected with a microchannel in the third
dimension. With these networks, the length of the field-free microchannel was
varied to study its effect on the field-free pumping.

Overall, the FEFC technique does not require adjustment of the reservoir pres-
sure or manipulation of the longitudinal EOF electric fields at the fluid reservoirs
nor does it need complex methods to dynamically modify the microchannel sur-
face chemistry. The control over the differential EOF in both networks by means
of FEFC makes tunable pumping possible at internal nodes within microfluidic

networks, providing dynamic flow control within field-free microchannels.
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Chapter 6

Modeling Field-Effect Flow Control in Microfluidic Networks

The previous results in the literature described in Section 5.2.2 have shown
that the Smoluchowski model (equation 2.1) does completely express the flow in
FEFC microfluidic networks due to the induced pressure pumping. Re-examination
of the Navier-Stokes relation (equation 2.6) is necessary for analysis of the flow
effects from FEFC. The development of a new model that describes the EOF and
pressure pumping can then be used to improve the performance of the FEFC
microfluidic network. The matrix-form model presented here closely matches the
experimental results, allowing for future optimization of device layouts to min-
imize fabrication costs and eliminate design iterations. With the matrix-form
model, the following trends from the tests with the microfluidic networks can be

addressed:

e The bulk pumping rates and induced pressure versus gate voltages.
e Attainability of 100% flow “shut-off” in an EOF microchannel.
e Optimum microchannel dimensions for improved field-free pumping.

e Location of gate electrodes for improved FEFC.
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6.1 Analytical Model of FEFC Networks

Previous studies of electroosmotic flow in microchannel networks with dissim-
ilar zeta potentials have been conducted using finite element simulations [123],
meshless analysis [131], and compact models [124]. These works are seminal in
the development of a model specific to flow in a FEFC system. An approximate
analytical model, derived from the Navier-Stokes relation, was conducted for the
FEFC system with a T-intersection to develop the relationship between the in-
duced pressure and the FEFC gate voltage. The model solves for the induced

pressure gradients in matrix-form.

6.1.1 Navier-Stokes Equation for FEFC Induced Pressure

For thin electric double layers in the microchannel, the description of the
fluid mechanics is approximately the Stokes equation. Computer simulations
[132] have shown that pressure effects are negligible in the inner flow region. The
effect of pressure on the flow inside the electric double layer is small because it
increases from zero effect at the plane shear to a value at the plane of slip, which
are typically separated in distance on the order of tens of nanometers, that scales
with the distance squared. However, as the distance from the wall increases in
the outer flow region, the inertial and pressure forces become important so that
the flow becomes dependent on time and the pressure gradient. As a result, it is
widespread to consider the electroosmotic flow in a microchannel or capillary as
a slip velocity condition for thin electric double layers [101, 133, 134, 135]. This
approximation uncouples the flow outside the plane of slip from the flow inside,
where electrokinetic and viscous forces dominate. Outside the plane of slip, for

low Re and negligible pressure gradients, the flow is irrotational and the material
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pathlines follow those of the electric field lines [135]. The slip velocity at the
plane of slip is equal to the Smoluchowski equation (equation 2.1).

To model the FEFC microfluidic networks, recall the Navier-Stokes relation
(equation 2.5), but with non-negligible pressure gradients in the network. Previ-
ously in deriving the Smoluchowski equation for EOF, the electrical body force
from the longitudinal electric field was used to solve for the effect of the zeta po-
tential on the velocity. For the model, the effect of the longitudinal electric field
on the flow is included as a slip boundary condition when solving the Navier-
Stokes relation [124]. Recall the classical Navier-Stokes relation from Section

2.2:
ou 9.
E—I—u-Vu: ~Vp+ F +nV-u

For incompressible flow at low Reynolds numbers without a body force, the

Navier-Stokes equation reduces to
NV = Vp (6.1)

This relation is a balance between the viscous forces and the pressure forces.
Integrating equation 6.1 twice for flow between two infinite flat plates separated

by height, h, and with slip velocities of ue, at z = h/2 and z = —h/2 yields

_ &«FE op\ 1 h?
u= T <%> o <22 - Z) (6.2)

It is important to point out that this expression pertains to a different coordinate
system (see Figure 6.1) than that used previously to describing pure EOF in
section 2.2. Here, the flow is in the x-direction and the velocity is denoted as wu.

The first term in equation 6.2 is similar to Couette flow, which is flow driven
by a moving flat plate or, more specifically, by a slip velocity boundary con-

dition. Here, there are two slip velocities at both walls and expressed from the
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Smoluchowski equation (equation 2.1). The second term is equal to the Poiseuille
flow for infinite flat plates due to the pressure gradient along the microchannel
(Op/Ox). Integrating the combined Couette-Poiseuille type flow in equation 6.2
with respect to z gives the flow rate per unit width:

eCE op\ h?
=———h—|—|— .
1 7 <8x> 12n (6:3)

The flow rate contains two superimposed components - the EOF flow rate and the
induced pressure flow rate - such that the volumetric flow rate can be described

as the sum of two components

Cgtotal = Qelectroosmosis + Qpressure

The infinite flat plate does not accurately model the flow in the microflu-
idic network since it is a planar description. The cross-sectional shapes for the
microchannels are either trapezoidal due to the anisotropic etching of the sili-
con master mold or rectangular due to the SU-8 mold. For approximation, both
shapes are considered to be rectangular cross-section. This approximation enables
the induced pressure flow rate in equation 6.3 to be replaced with the analytical
solution for Poiseuille flow through a rectangular cross-section (—a < y < a,

—b < z <b) as listed in White (1991). The velocity distribution is expressed as:

1602 ( @) SR ll - cosh(jwz/?a)] cos(jry/2a)

uly.2) = prd \ oz ) 55 cosh(jmb/2a) Ik

(6.4)
The flow rate, @), is obtained from integrating the velocity distribution over the

area, yielding:

o Aba’ ( @) [1 ~ 192a i tanh (j?fb/?@)] 65)

4n ox b =135, j°
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Figure 6.1: Analytical model of the discretized T-intersection. The z-direction is

out of the plane.

Combining equation 6.5 with the volumetric flow rate for EOF, the total flow

rate through a rectangular cross-section microchannel becomes:

+£a3< 8p> [1 ~ 192a i tanh (j:ﬂ'b/2a)

an \ Oz mb j=1,3,5,... 7° (00
where 2a is the distance between sidewalls, 2b is the distance between top and
bottom walls. The flow rate in equation 6.6 is the EOF flow rate superimposed on
classical flow rate for Poiseuille flow through a rectangular duct. It is important to
point out that the zeta potential is assumed to be equal on the four microchannel

walls. For electroosmotic flow with different zeta potentials, the reader should

refer to the work of Andreev et al. [136] and Bianchi et al. [137].

6.1.2 Continuity Principle

The microchannels in the T-intersection microfluidic network contain different
slip velocity boundary conditions from changes in the zeta potential due to the
FEFC gates. To analyze the flow, the three original microchannels, the anodic,
cathodic, and field-free microchannels, are divided into seven sections as shown
in Figure 6.1. Discretizing the microchannels allows for different zeta potentials,

(i, for each section of the model. With in each section, the zeta potential is
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assumed to be uniform on all four walls of the microchannel'. The different
zeta potentials between sections are due to influence of the tranverse electric
fields from the underlying FEFC gates. The modified zeta potential values are
obtained from the double capacitor model. Moreover, discretizing allows for the
calculation of the different pressure gradients, (Op/0zx),, in each section. Thus,

the expression of equation 6.6 for each section is

Q; = (4ab) + — o 5 (6.7)

eGFE 4ba® [ Op 192a & tanh (j7b/2a)
— T - 1— Z =
n i

5
j=1,35,.. J
Since the flow is incompressible, the flow rates between connected sections balance

due to the principle of continuity:

Q1 +Q2=0
Q2+ Q3=0
Qs+ Qi+ Qr=0
Qi+ Q=0
Qs+ Qs =0

Since the double capacitor model determines the zeta potentials due to the FEFC,
the unknowns that need to be solved for in the model are the seven induced pres-
sure gradients. Applying the continuity principle between all the sections results
in five equations, which is insufficient to solve for the seven pressure gradients.
Therefore, an assumption about the pressure distribution between the sections is

required solve for the pressure gradients.

!The zeta potential in the gated section may not be uniform. The transverse electric field
may only modify the zeta potential along the bottom microchannel wall, and so this contention

is outlined for future work.

110



6.1.3 Linear Piece-wise Continous Pressure

In order to fully solve for the induced pressure gradients, the continuity equa-
tions are coupled with an assumption on the pressure in the microchannel. A
valid assumption, used in capillaries with different zeta-potentials, is that the
pressure gradient is constant and that the pressure distribution in the capillary
is linear, piece-wise continuous [54, 78|. Using the same assumption for the mi-
crochannels, the pressure in a section is dependent on the pressure in the adjacent

microchannel section:

(%), 7+ Pa =p(z) for 0<z< Iy

(%)QI—F p (L) =p(z) for h <x <L+ Ly

(%)333—1- p(L1+ Ly) =p(x) for L1+ Ly <z <L+ Ly+ Ls
Do+ —

(%)7y+p(L1+L2+L3):p(Q) for 0 <y <Ly

From these relations, two piece-wise continuous equations for the pressure be-
tween the reservoirs can be expressed: the pressure distribution between the
anodic and cathodic reservoirs and the pressure distribution between the anodic
and field-free reservoir. With the five continuity equations, the two pressure

equations needed to solve for the induced pressure gradients are

dp dp dp B
<%>1L1+<%>2L2+...+<%>6L6_P0 Py (6.8)

Op op op op
el N 2L 2L PV Lo=Ppp— P .
(o) b (30, () 1o () o= por = 09

6.1.4 Matrix-Form Solution

The goal is to determine the induced pressure gradients due to the different

zeta potentials in the microchannel. To accomplish this, the pressure equations
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and the continuity equations are written in matrix-form to solve for the induced

pressure gradients:

~H H 0 0 0 0 0 (), Qeor (G1 = C2)
0O -H H 0 0 0 0 (2), Qeor (G2 = G)
0 0 -H H 0 0 H (%), Qeof (G5 = Ca)
0 0 0 -H H 0 0 (2), |=| QesGc—¢)
0 0 0 0 -H H 0 (). Qeor (G = Co)
Li Ly Ly Ly Ly Lg 0 (%), Po— Py
i Ly Ly L3 O 0 0 L7_ (Op/0y)- Prp — Py
(6.10)
where the shape factor for the rectangular cross-section is
o %76;3 - 17?52[;1 ’_i tanh (i;rb/Za)
j=1,35,...
and the EOF flow coefficient for the zeta-potential is
Quoy = eE (4ab)
n
For simplification, equation 6.10 can be expressed as:
M P=Z7 (6.11)

The elements in matrix M consist of the shape factor, H, and the microchannel
section lengths. Since the microchannel dimensions are in micrometers and the
section lengths are in millimeters, the order of magnitude difference between H
and L; is on the order of 1071¢. This difference in magnitudes could cause M
to be close to singular, depending on the precision of the computation machine?.

To keep M nonsingular, the pressure equations could be multiplied by a scaling

2MATLAB’s machine precision is ~ 2.2204 x 10716

112



factor to reduce the difference between H and L;. Subsequetly, equation 6.11 can

easily be solved with Gaussian elimination for the induced pressure gradients:

P=M"'Z (6.12)

6.1.5 Fully Developed Flow Assumption

The analytical model assumes that the flow is fully developed. A consequence
of this assumption is that the model is not valid for regions wherein the zeta po-
tential changes in value. Therefore, outside the gate regions, there is a transition
in the flow. For comparison, consider flow through a straight duct of arbitrary
but constant shape. Shah and London [138] showed that there will be an en-
trance effect of length, L., wherein the flow is not yet fully developed. After the
entrance length, the flow is purely axial and varies only along the lateral dimen-
sions of the duct, i.e. fully developed. The size of the transition region from a
zeta potential discontinuity can be approximated by the relationship Shah and

London developed empirically:
L. =~ Dy (0.5 + 0.05 Re) (6.13)

where D), is the equivalent hydraulic diameter of the duct and Re is the Reynolds
number of the flow. For the T-intersection microfluidic network, the hydraulic

diameter for the trapezoidal microchannel dimensions is
Dy =4A/P = 63.4 ym

where A is the area and P is the perimeter of the microchannel cross-section.
Since flow in the microchannel is on the order of um per second, Re is extremely

small. Table 6.1 lists the expected lengths of the transition regions for a range of
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appropriate Re numbers for the flow through the network. Due to the dominance
of the viscous forces over the inertial forces, the entrance length is equivalent to
approximately half the hydraulic diameter of the microchannel. Thus, the flow
in the microfluidic network is predominately fully developed, except for the small

regions, which are on the order of micrometers, where the zeta potentials change

magnitude.
Velocity (mm/s) Re L. (pm)
100 7.1x107% | 31.9
50 3.6x107%| 318
1 7.1 x107* 31.7
0.1 7.1 x 107 31.7

Table 6.1: Entrance length for fully developed flow.

6.2 T-Intersection Microfluidic Network Model

The matrix-form model developed in Section 6.1 is applied to the experimental
results of the T-intersection microfluidic network from Chapter 5 for validation of
the model. The microchannels in the network are divided into seven sections to
solve for the induced pressure gradients. The pressure at the anodic and cathodic
reservoirs is set to zero. The pressure at the field-free microchannel is nonzero to
model the small field-free pumping when the gate voltages are set to zero. The
unmodified zeta potential, (;—1 24, is obtained from the EOF velocity versus gate
voltage data in Figure 4.5 on page 66. For disclosure, Table 6.2 lists the values
used in performing the matrix-form model.

The double capacitor model was used to determine the modified zeta potential
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Property Value Property | Value
Pa 0 Pa d 1.8 pm
Peo 0 Pa Ly 5.7 mm
Prr 30 mPa Lo 2.0 mm

Gi=1246 | -13.0mV Ls 1.5 mm

E 30.1 V/em L, 1.5 mm
a 66.25 pm Ly 2.0 mm
b 22.5 pm Lg 5.7 mm
c 2 mM Lpp 5.4 mm

Table 6.2: Dimensional values used in the T-intersection model.

at the two gated regions. For consistency, the potential at the center of each gate
was used for the internal potential, V;, in equation 2.16 on page 26. The internal
potential above the two gate regions was not identical, but instead decreased
longitudinally due to the EOF electric field, E. Taking the potential above each
gate into consideration resulted in different modified zeta potentials when the
same voltage was applied to different gates (Table 6.3). For example, when -90
V is applied to the anodic gate (Va¢) the resulting zeta potential is -28.2 mV,
while for the cathodic gate (Vo) the zeta potential is -26.0 mV. It is important
to point out that a gate voltage of zero does induce a small degree of FEFC, due
to the internal voltage above the gates as shown in Table 6.3.

Over the range of applied voltages, the anodic gate never achieves a positive
zeta potential, which signifies reverse EOF. However, the double capacitor model
predicts that the cathodic gate achieves reverse EOF for an applied gate voltage

of +90 V. On the contrary, reverse flow was never observed in the T-intersection
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Vae (V) | 90 | =70 | -50 | 0 | 450 | +70 | +90

(o (mV) || -28.2 | -25.2 | -22.3 | -15.0 | -7.6 | -4.7 | -1.8

Veg (V) || 490 | +70 | +50 | 0 | -50 | -70 | -90

(s (mV) 04 | -25 | -54 |-12.8 | -20.1 | -23.0 | -26.0

Table 6.3: Zeta potentials from the double capacitor model.

microchannel for the +90 V gate condition. For this reason, the matrix-form

model is pertinent to investigate why reverse EOF was not observed.

6.2.1 Flow Rate Results

The matrix-form model was written in MATLAB and computed for the seven
paired gate conditions listed in Table 6.3. The M matrix was sufficiently condi-
tioned to avoid singularity, and so a scaling factor was unnecessary. For all gate
configuration simulations, the continuity equation holds, yielding equal pumping
rates in connected microchannels (Table 6.4). Moreover, the flow rate in the
anodic microchannel (Q123) is equivalent to the sum of the flow rates in the

cathodic microchannel (Q456) and the field-free microchannel (Qpr).

Ve (V) 90 | -70 | -50 | O | 4+50 | +70 | +90

Vee (V) 490 | +70 | +50 | 0 | -50 | -70 | -90

Q123 (nL/min) || 12.6 | 12.4 | 12.1 | 11.5 [ 10.9 | 10.6 | 10.4

Qus6 (nL/min) | 10.3 | 10.6 | 10.8 | 11.5 | 12.1 | 12.3 | 12.6

Qrr (nL/min) | 23 | 1.8 | 1.3 | 0.0 | -1.2 | -1.7 | -2.2

Table 6.4: Flow rates in the microchannel sections.

The results for the predicted field-free pumping listed in the last row of Table

6.4 were compared to the experimental data from the micro-PIV experiments in
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Figure 6.2: Comparison of flow rates between model and experimental results for

the T-intersection microfluidic network.

Figure 5.14 on page 96. The comparison is plotted in Figure 6.2. The matrix-
form model predicted a linear relationship between the induced pressure pumping
and the applied gate voltages. The source of the linearity can be attributed to

the difference in the zeta potentials between the FEFC gates:

Al = G5 — G2

To illustrate the close approximation of the matrix-form model to the experimen-
tal results, the slopes of the best-fit line and the matrix-form solution are shown

in Table 6.5.
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FEFC Slope (nL/min-V)

Best-fit Line -0.20

Matrix Solution -0.25

Table 6.5: Comparison of the slopes of flow rate versus gate voltage for the model

and experimental results.

6.2.2 Pressure Distribution Results

Examination of the pressure distribution in the microchannel network high-
lights how the induced pressures counterbalance the unequal EOF pumping rates.
In balancing the flow rates, the difference between the zeta potentials, A(ss, re-
sults in either positive or negative pressures at the T-intersection. To illustrate
this relationship, the pressure distributions between the anodic and cathodic
reservoirs (equation 6.8) are shown in Figure 6.3 for positive induced pressure
and in Figure 6.4 for negative induced pressure. As the applied gate voltages
increase, so does the induced pressure at the T-intersection (z = 9.2 mm). Also
shown in both figures is the pressure profile for the zero gate condition (0/0).
The small degree of difference in the zeta potentials for the zero gate condition

is sufficient to induce positive pressure at the T-intersection.

Positive Induced Pressure

In Figure 6.3, the pressure decreases over the first section of the microchannel
(0 < & < 5.7 mm) prior to the anodic gate. This section has a smaller EOF
pumping rate than the adjacent, anodic gate region. A favorable (negative)
pressure gradient arises in the first section to balance between the high EOF

pumping rate at the anodic gate and the low inherent EOF rate at the first section.
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Figure 6.3: Pressure versus microchannel length for positive induced pressure.
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The favorable pressure gradient is necessary to increase the total pumping rate in
the first section and preserve continuity. Likewise, at the anodic gate (5.7 < x <
7.7 mm), an unfavorable (positive) pressure gradient is induced to lower the total
flow rate from the high EOF flow rate from FEFC. A result of the unfavorable
pressure gradient is that the pressure rapidly increases and the maximum pressure
in the EOF microchannels occurs at the edge of the anodic gate (zr = 7.7 mm).
Similarly, the third section (7.7 < x < 9.2 mm) has a positive total pressure but
the favorable pressure gradient is equal to the first section in both magnitude and
sign. Identical gradients arise because both sections have the same zeta potential
and so the EOF pumping rates are equal between the sections. Therefore, the
same favorable pressure gradient is required to maintain continuity between these
two sections and the anodic gate section.

On the cathodic side of the intersection, the pressure distribution follows a
similar, but opposite trend as the anodic. The fourth (9.2 < x < 10.7 mm) and six
sections (12.7 < z < 18.4 mm) have equal, unfavorable pressure gradients due to
identical zeta potentials. The unfavorable pressure gradients in the two sections
are necessary to decrease the flow rate in order to match with the cathodic gate
region. Similarly, the cathodic gate section (10.7 < x < 12.7 mm) has a favorable
pressure gradient, since it is necessary to compensate for the low EOF pumping
rate from FEFC.

As mentioned in Section 6.3 and shown in Table 6.3, the applied voltage of
+90 V at the cathodic gate, V¢, should theoretically produce reverse EOF.
However, as seen in the pressure distribution in Figure 6.3 for “-90/4-90”, the
favorable pressure gradient at the cathodic gate increases the total flow rate.

On account of this, the favorable pressure gradient acts against the reverse EOF
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Figure 6.4: Pressure versus microchannel length for negative induced pressure.

pumping. For this reason, reverse EOF may have been present during the micro-
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PIV experiments, but not observable in the bulk flow.

Negative Induced Pressure

The negative induced pressure distribution in Figure 6.4 is similar to the
positive induced pressure, but with opposite pressure gradients. On account of
this, the anodic gate region has a favorable pressure gradient to increase the low
EOF pumping and decrease the intersection pressure. The opposite is true for
the cathodic gate region, where an unfavorable pressure gradient counteracts the

high EOF pumping. Additionally, the identical zeta potentials in sections 1 and

3 produce equal pressure gradients. The same is true for sections 4 and 6.
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Figure 6.5: Anodic gate voltage versus cathodic gate voltage for 100% flow switch-

ing.
6.2.3 Flow Switching

A goal of FEFC in microfluidic networks is the ability to completely “turn-
off” the flow in the cathodic microchannel for 100% flow switching between the
field-free and cathodic microchannels. This switching allows for efficient trans-
fers of the analytes between microchannels in the network because the cathodic
microchannel is closed. To achieve this mode of operation in the T-intersection
microfluidic network, the EOF pumping from the inherent zeta potential needs
to be compensated with a large gate voltage.

Obtained from the matrix-form model, Figure 6.5 illustrates the gate voltages

required for zero flow in the cathodic microchannel, where the effect of induced
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pressure is included. The model used the same parameters listed in Table 6.2. At
the inherent zeta potential in the experiments (( = —13.5 mV), flow switching
of 100% is only possible for an extremely high cathodic gate voltage (Vo > 500
V) for the range of anodic gate voltages shown. However, lower gate voltages can
produce 100% flow switching when the inherent zeta potential is extremely low or
zero. To avoid dielectric breakdown of the Parylene C, the inherent zeta potential
must be very small (= 1 mV) in order to achieve ideal flow switching. The region
of “safe” operation is illustrated in Figure 6.5. The use of surface coatings [57, 58]
in the microchannels may be a viable method to suppress the zeta potential for
the demonstration of 100% flow switching. Additionally, lowering the pH of the
buffer solution can also reduce the inherent zeta potential, but this can also

restrict the type of analytes that can be studied in the network.

6.3 3D Microfluidic Network Model

The matrix-form model developed in Section 6.1 is applied to the experimental
results of the 3D microfluidic network from Chapter 5 for further validation of
the model. The model verifies that the length of the field-free microchannel
influences the flow rate from the induced pressure at the intersection. As before,
the microchannels in the network are divided into seven sections to solve for the
induced pressure gradients. The pressures at all reservoirs are set to zero. Table

6.6 lists the values used in performing the matrix-form model.

6.3.1 Average Velocity from Model

The matrix-form model for the 3D microfluidic network was written in MAT-

LAB and computed for the different microchannel dimensions and gate voltages
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Property Value Property | Value
Pac 0 Pa d 1.2 pm
Prr 0 Pa Ly 5.6 mm

Gi=1246 | -13.0mV L, 4.0 mm

E 26 V/cm Ly 2.0 mm
a 50 pm Ly 2.0 mm
b 24 pm Ly 4.0 mm
c 10 mM Lg 5.6 mm

Table 6.6: Dimensional values used in 3D network model.

in Table 6.7. As before, the M matrix was sufficiently conditioned to avoid
singularity, and so a scaling factor was unnecessary. In all calculations, the con-
servation of mass flow was preserved.

The results of the model confirm the experimental trends have agreement
between the experimental velocities. As shown in Table 6.7, where the last col-
umn is the predicted field-free velocities, the matrix-form model shows that the
length of the field-free microchannel determines the degree of induced pressure
pumping. The physical explanation for this phenomenon is that induced pres-
sure at the intersection is predominately dependent on the differential EOF from
the FEFC gates. As the field-free microchannel length is shortened, the pressure
difference between the intersection and the field-free reservoir increases. Hence,
this produces larger, favorable pressure gradients in the field-free microchannel.

Overall, the results from the matrix-form model are in close proximity to
the experimental velocities. However, some deviation between the results can

be seen for the 0.5 mm and 1 mm field-free microchannel lengths. The model
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Gate Electrode Field-Free Measured Model
Voltage Wid. /Dist. Length Velocity Velocity
(V) (mm) (mm) (pm/s) (pm/s)
100 2/8 5 5.43 7.00
100 3/5 2.5 15.28 15.92
100 4/4 5 11.13 13.68
100 4/4 3 16.75 18.83
100 4/4 1 25.04 30.20
100 4/4 0.5 29.05 35.57
80 4/4 1 20.02 24.73
60 4/4 1 14.85 19.25

Table 6.7: Comparison of model and test results for the 3D microfluidic network.

predicted a velocity in the field-free microchannel that was larger than observed
experimentally. However, a finding in both of these studies is that FEFC is well
suited for pressure pumping between PDMS microchannel layers in a 3D network
if they are connected with a short (L < 0.5mm) microchannel length in the 3rd
dimension. Under this configuration, the large pressure pumping rate increases

the efficiency of the sample transfer between the microchannel layers.

6.4 Conclusion

A first-order model, derived from the Navier-Stokes relation, is presented in
this chapter. The results of the model were in agreement with the experimental
data in Chaper 5. The continuity equations in the matrix-form model consisted

of a Couette flow term from the EOF and a Poiseuille flow due to the induced
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pressure. To solve for the induced pressure gradients from unequal EOF pump-
ing rates, an assumption on the pressure distribution in the system was made.
Considering the pressure in the microchannels to be linear piece-wise continuous
allowed for solution of the matrix-form model. Conditioning the matrix equa-
tions may be required if it is close to singular, depending on the precision of the
computation machine. Since the model assumes that the flow is fully developed
and due to low Reynolds number flow, the model is valid throughout the network,
except near the edges of the FEFC gates.

The matrix-form solution closely matches the experimental results for the
field-free pumping in both the T-intersection and 3D microfluidic networks. The
accuracy is promising for the application of the model toward future FEFC de-
signs. The pressure gradients in the microchannels adjust the total flow rate in
the microchannel to compensate for the differential EOF pumping rates. Reverse
EOF may be possible in the microchannel network, but the pressure gradients
can act to suppress it. Due to the inherent zeta potentials in the microchan-
nel, completely turning off the flow in the cathodic microchannel is difficult to
achieve without exceeding the dielectric strength of the Parylene C film. The
3D microfluidic network demonstrates that decreasing the field-free microchan-
nel length enables larger pumping rates in the field-free microchannel. One issue
that was not addressed was whether the location of gate electrodes can improve
FEFC. This question will be addressed in the next chapter. With a model that
closely matches the experimental results obtained for the polymer microfluidic
network, device simulations can be conducted for future microfluidic applications
incorporating FEFC in order to minimize fabrication costs and reduce prototyp-

ing design steps.
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Chapter 7

Multiple Gate Interaction in FEFC

The effect of gate electrodes distance from the FEFC gate is addressed in this
chapter. Previous work by Hayes et al. [68] demonstrated that the zeta potential
control is not localized to the gated region. The authors used a conductive coating
on the outside of the glass capillary as the gate electrode. Changing the coverage
area of the coating led to the finding that large coverage areas are not required
for adequate FEFC. Instead, EOF control was possible for 4% and 60% electrode
coverage of the capillary length with similar results. The authors attributed the
improved control to the spreading of the zeta potential due to surface conductance
in the diffuse layer.

To study the presence of surface conductance in microfluidics using FEFC,
a T-intersection network with multiple gates along the EOF microchannels was
studied. In this set-up, four of the eight gates were toggled to determine if gate
width and gate position have an effect on the control of the EOF. The results
were then compared with two models for the zeta potential distribution. The
first was the localized model, where the change to the zeta potential was only
locally modified at the gate regions. The second model considered that FEFC

had extended control over the zeta potentials outside the gate regions.
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7.1 T-Intersection with Multiple Gates

To investigate the extension of zeta potential control to regions outside the
gate, an all-polymer, multi-gate microfluidic device was built with a T-intersection
network [125]. A third, field-free microchannel was connected to the two FEFC
microchannels at the T-intersection. The microfluidic network device is shown
in Figure 7.1. The cathodic gates (5-8) were held constant with a positive bias
to lower the EOF in the cathodic microchannel. The anodic gates were toggled
individually with a negative bias to increase EOF in the anodic microchannel.
The differential EOF pumping rates induced pressure at the intersection of the
microchannels. As a result of the unequal EOF pumping rate, the induced pres-
sure generated pumping in the field-free microchannel. While the anodic gates
were toggled, the change in the flow velocity in the field-free microchannel was

characterized with micro-PIV.

W/ \ o/

FEFC Gate 1to 4 FEFC Gate 5to 8

Figure 7.1: Schematic of the multi-gate T-intersection network.

7.1.1 Fabrication

The FEFC gate electrodes were built on polycarbonate substrates (Makrolon,
Sheffield Plastics Inc., Sheffield, MA). The plastic wafers were placed in an e-beam

evaporator for metal deposition. The chromium layer was first evaporated onto
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the polycarbonate to a 200 A thickness to be the adhesion layer for the next
metal layer. The second layer was gold deposited to a 3500 A thickness. The
metal layers were patterned and etched prior to the Parylene C coating, which
was deposited to a thickness of 2.55 ym on the entire wafer surface at NASA
Goddard Space Flight Center (Greenbelt, MD).

The master mold for the microchannel was fabricated with SU-8 on a 100
mm silicon wafer (Silicon Quest Intl., Santa Clara, CA). After spinning the SU-8
photoresist (MicroChem Corp., Newton, MA) to a 30 pum thickness on the wafer,
the photoresist was patterned with a flood exposure lamp (Sunray 400, Unvitron
International Inc., West Springfield, MA) and developed with SU-8 developer
(MicroChem Corp., Newton, MA). The mold produced microchannels with ver-
tical sidewalls and rectangular cross-sections. The microchannels were molded
from PDMS (Sylgard 184, Dow Corning, Midland, MI) poured onto the SU-8
master. After curing the PDMS for 2 hours at 60°C in a convection oven, the en-
trance to the microchannels were opened with 2 mm diameter holes punched into
the PDMS for the reservoirs. The cross-section of all the PDMS microchannels

were 30 pm in height and 105 pm wide.

7.1.2 Experimental Proceedure

Two power supplies were used to apply the EOF electric field and three power
supplies were used for the eight FEFC gate electrodes. Control of the power
supplies was performed with LABVIEW (National Instruments, Austin, TX),
a PCI-6711 multiplexer card (National Instruments) and eight MR62-6S relays
(NEC Tokin, Seoul, Korea). The cathodic gate voltages were held at a constant

positive bias during the experiments and the anodic gates were addressed indi-
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vidually with a zero, floating, or negative bias. The biasing for the gates was £90
V for the first tests and +135 V for the second tests. The voltage configurations
created positive pressure flow in the field-free microchannel.

The voltages applied to the anodic gates were switched at 7 second intervals
between the voltage configurations shown in Table 7.1, which was automated in
LABVIEW. The first voltage configuration (case ‘All’) activated all the gates for
large gate coverage area. Before switching to the next gate configuration, the
gates are grounded (GND) to remove the charge at the gates. The single gate
configurations (cases 1 to 4) held one anodic gate at a negative bias and the other
three gates at a floating potential (FLT) to deactivate them. If the gates were
grounded instead, then FEFC would be present at each gate due to the potential
difference between the voltage in the microchannel from the longitudinal electric
field and the grounded gate potential. A floating potential at the deactivated
gates enables the zeta potential to be defined without the influence of FEFC.
Previous experiments showed that grounding the gate electrodes was necessary
prior to the floating potential condition in order to remove the residual charge at
the gate electrode from the previous voltage configuration.

Acetic buffer solutions for the visualization experiments were prepared to 2
mM concentrations at pH 3.8. As before with previous micro-PIV experiments
in Chapter 5, the 2.0 pm diameter microparticles (polystyrene Fluorobrite mi-
croparticles, Polysciences, Warrington, PA) were treated for 12 hours in 25 mM
Fe(NHy4)2(SO4)2-6H50 to reduce their electrophoretic charge. The microparticles
were filtered out of the iron ammonium sulfate solution with a syringe filter (0.45
um MCE Filter, Fisher Scientific), rinsed with deionized water, and extracted

into the acetic buffer solution to be used for the flow visualization experiments.
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Case | Gate 1 | Gate 2 | Gate 3 | Gate 4

All -VG | -VG | -VG | -VG

- GND | GND | GND | GND

1 -VG FLT FLT FLT

- GND | GND | GND | GND

2 FLT -VG FLT FLT

- GND | GND | GND | GND

3 FLT FLT -VG FLT

- GND | GND | GND | GND

4 FLT FLT FLT -VG

- GND | GND | GND | GND

Table 7.1: Multi-gate voltage sequence.

The fluorescent microparticles flow was recorded in the field-free microchannel
for velocity measurement of the pressure induced pumping. The image recording
was performed on a Nikon TE-2100-S fluorescent inverted microscope (Nikon,
USA) using a B-2E/C FITC filter (excitation 465-495 nm, emission 515-555 nm).
A 640x480 pixel CCD camera (DKF-4303, The Imaging Source, Charlotte, NC)
was used to record the flow of the microparticles in the microchannel at 30 fps.
Post-processing of the velocity measurements was performed with the aid of the
image processing toolbox in MATLAB (The Mathworks, Natick, MA). A Sobel
edge detection method was used to determine boundary pixels of each of the
microparticles. The position of the center pixel for each of the microparticles
was measured between two image frames, separated by a 2 second time interval.

A scale conversion of 0.75 pm/pixel was used to measure the position of the
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microparticles in each frame. The velocity for each voltage configuration of the
FEFC gate electrodes was determined from the position change between the two

frames.

7.1.3 Micro-PIV Results
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Figure 7.2: Velocity measurements for the multi-gate network.

The goal of the gate voltage configurations in Table 7.1 was to determine the
effect of gate area and gate position on the FEFC-modified zeta potentials. Case
‘All’ toggled all four gates in the anodic microchannel on at the same negative
bias for large gate coverage. The other four cases individually toggled the four

anodic gates for small gate coverage and for varied gate positions. The field-free
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pumping was recorded and analyzed to gauge the change in the EOF pumping
in the microchannel network. The results from the micro-PIV analysis is shown
in Figure 7.2 for the two gate voltages (£90 V and +135 V).

The results from the multi-gate network show that both gate position and gate
area have an effect on the induced pressure pumping in the field-free microchan-
nel. Toggling between gates 1 to 4 resulted in decreased pressure pumping in the
field-free microchannel as the active gate was moved closer to the T-intersection.
When all gates are turned on (case ‘All’) the field-free velocity was greater than

for the single gate cases.

Gate Position Results

As developed in Section 6.2.1, field-free pumping is attributed to unequal EOF
pumping rates between connected microchannels. As the active gate moved closer
to the intersection, the experimental results in Figure 7.2 show that the field-free
velocity decreases (cases 1 to 4). Since the cathodic gates were held constant, the
EOF pumping rate in the anodic microchannel must have decreased during the
four cases in order to lower the field-free pumping rate. The change in the EOF
pumping versus gate position can be attributed to a lower transverse electric field
for the gates closer to the T-intersection. A lower transverse electric field reduces
the change in the EOF pumping of the anodic microchannel.

The lower transverse electric field was due to the fact that the internal voltage
was largest at gate 1 and linearly decreased along the microchannel, on account
of the longitudinal electric field that produces the EOF. The change in internal
voltage resulted in a lower transverse electric field as the active gate moved toward

the intersection. Since the gate voltage applied to gates 1 to 4 was a constant
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negative value throughout the configurations, the difference in the inner voltage
potentials reduced the transverse electric field. Moreover, the decrease in field-
free pumping followed a negative linear slope as the active gate drew closer to
the T-intersection, which supports the claim that the longitudinal electric field
was the source of this phenomenon. For cases 1 to 4, the negative linear slope
between the field-free flow and gate position is apparent in Figure 7.2 for both the
VG = +90 V and VG = £+135 V data. Verification of the effect of gate position
and the longitudinal electric field is addressed with the matrix-form model in the

next section.

Gate Area Results

For both gate voltages applied, the gate coverage in case ‘All’ produced the
largest field-free pumping. Also, the magnitude of the gate voltage affected the
field-free pumping, since VG = +135 V produced a higher velocity than VG =
+90 V. The lower pumping for the single gate cases implies that the induced
pressure at the intersection also depended on the gate coverage area. Clearly,
the larger gate area has a larger EOF pumping rate than the single gate cases.
As a result of this, a larger unfavorable pressure gradient was required to main-
tain continuity in the anodic microchannel. Thus, a larger positive pressure was
generated at the intersection due to the induced pressure gradient. Further con-
clusions on the effect of increased gate area are addressed with the matrix-form

model in the next section.
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Figure 7.3: Analytical model of discretized multi-gate network.

7.2 Zeta Potential Distribution

Two models are proposed to investigate whether FEFC has extended influence
over the zeta potentials at regions outside the gates. Experimental results in
Section 7.1 showed that both gate position and gate area influence the induced
pressure pumping in the microchannel network. The first model localizes the
change in the zeta potentials so that the modification occurs only at the gated
regions. The second model includes the proposed “spreading” of the FEFC-
modified zeta potential to regions outside the gated areas. The second model
describes the extended influence of FEFC with zeta potentials that follow an
exponential decay. The extended zeta potential control may be due to the surface

conductance or another form of charge distribution.

7.2.1 Localized Model

In the localized model, the effect of the transverse electric field modifies the
zeta potential at only the gate regions. Outside of the gates, the zeta potential
remains unchanged and is equal to the inherent zeta potential, (y, which is due
to the chemical surface charge of the Parylene C wall with the acetic acid buffer
solution. The double capacitor model predicts the localized changes to the zeta
potential at the gate regions in this model.

The localized model is nearly equivalent to the matrix-form model presented
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in Chapter 6, but the microchannel is discretized into twelve sections as seen
in Figure 7.3. The lengths of sections 1 to 3 are varied in order to model the
toggling of the active gates (cases 1 to 4). As with the matrix-form model in
Chapter 6, the continuity equations for the ten interfaces are coupled with two
pressure equations to create a matrix-form equation to solve for the induced
pressure gradients. To help illustrate the twelve equations used in the localized

model, M in equation 6.11 is:

-H H 0 0 0 0 0
0 -H H 0 0 0 0
0 0O -H H 0 0 H
Mo 0 0 0 —-H H 0 0 (7.1)
0 0O -H H 0
Ly ... ... ... ... Lyw L 0
Ly Ly Ly 0 ... ... 0 Ly

7.2.2  Exponential Decay Model

In the exponential decay model (exp (—ax)), the change in the zeta potential
at the gate region extends over the sections of the microchannel adjacent to the
gate. The “spreading” of the modified zeta potential is modeled with exponential
decay. To illustrate this model, the exponential decay on either side of the gate
region is shown in Figure 7.4. For the sections adjacent to the gates, the zeta
potentials decay toward the inherent zeta potential, {y, according to the coefficient
in the exponential, o, which has units of inverse meters. In contrast, at the gate

region, the double capacitor model is applied to determine the modified zeta
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Gate Region

0 Ly

Figure 7.4: Diagram of exponential decay of the zeta potential for a single gate.

L7 is the distance between the origin and the gate region.

potential, (rrprc. Here, the zeta potential is assumed to be constant over the
entire gate region. An exponential decay description was chosen because at large
values of the exponential coefficient (o« — o0), the exponential decay model
reduces to the localized model described in Section 7.2.1.

The function that describes the zeta potential to the left of the gate region

with respect to position is

Cr(x) = Co + (CreFCc — Qo) exp (—a (Ly — x)) (7.2)

where Lt is the length of the region to the left of the gate region. Likewise, the

zeta potential function for the other side of the gate region is

Cr(x) = (o + (Crerc — (o) exp (—ax) (7.3)

With these two basic functions, the model can describe the zeta potential distri-
bution for each section of the microchannel network. Recall that the microchannel
is sparsely discretized in the matrix-form model, so that one length element de-
scribes either a single gate region or an adjacent, ungated region. On account of

this, the average of the zeta potential distribution for each section is calculated
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for individual zeta potentials in the vector Z of equation 6.11. With the average
zeta potential known for each of the twelve sections, the matrix-form solution
can be applied to determine the resulting induced pressure gradients.

To measure the extended control, the zeta potential decays to 5% of its gate
region value at a distance, L4, from the gate. From equation 7.3, the following

relationship is derived to characterizes the decay length, Ly:

Cr(La) = G = exp(—al,) (7.4)
CreFC — Go
0.05 = exp(—aLy) (7.5)
Lo ~ % (7.6)

The relationship is inversely proportional to the coefficient of the exponential,
a, and Table 7.2 lists the distance L, for a range of values of a from equation
7.6. The value of @ = 1000 denotes the region where the decay length begins
to follow a quasi-linear relationship with the coefficient of the exponential, so
that large changes in « result in small changes in Ly. Lower values (a < 1000)
correspond to the asymptotic region, where the decay length has large changes

for small changes in a.

Single Gate Equations

With the exponential decay descriptions in equations 7.2 and 7.3, the average
zeta potential, ¢, is the integral average over the length of the section. For the

section to the left of the gate region, the average zeta potential is
N
CLZE/ CL(z) dx
0

G = o+ — [aGoL + (Crare — ) (1 — exp (~aL)] (7.7
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a (m™) | Ly (mm)
100 30
200 15
300 10
500 6
1000 3
2000 1.5
3000 1

Table 7.2: Exponential decay coefficient (o) versus decay length (Lg).

é Gate Region Gate Region
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éFEFC 1
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éFEFC 1 _/-

Figure 7.5: Overlap of the zeta potential exponential decay for two gates.

The integral average for the section to the right of the gate region is identical to

equation 7.7:

_ 1 L
=1 [ Cnla) do

G =G0t~ [aGo L + (Grre — @) (1 — exp (~aL))] (7.9
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Double Gate Equations

In addition to the single gate equations, the interaction of the exponential
decay for two gates is required. When the two potential distributions overlap as
shown in Figure 7.5, the average value of both functions are taken in determin-
ing the average zeta potential. It is assumed that the “spreading” of the zeta
potential is confined to only the ungated regions. Therefore, it is assumed that
the neighboring gate regions do not affect each other and that their model zeta
potential is determined from the double capacitor model solely. The overlap from
adjacent gate regions occurs at sections 3, 4, 6, 8, and 10 in Figure 7.3. For all

five sections, the integral average is

G =

21LZ- /OLi (Cr (2) + Cr () dx

where L; is the length of the section over which the average is taken. The zeta
potentials (7, and (g correspond to the modified zeta potentials for the left and
right gate regions, respectively.

For sections 3 and 4, which are adjacent to the T-intersection of the mi-
crochannels (x = Lj), the average zeta potential is determined from the overlap.

For section 3, which is to the left of the intersection, the average zeta potential is

G = Gt 5o G- G) (e (-aLo) - )
+ G+ ) (exp (0 (L)) = exp (~aLr))] (7.9

and for section 4, which is to the right of the intersection

G = Gt gup (60— G) (exp(—aLy) - exp (-aLy))

+ (G5 — o) (1 — exp (= (L4)))] (7.10)
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where L3 and L, are the lengths of the sections to the left and right of the
intersection, respectively, and Ly is the total length of the region between the
two gates (Lp = L3+ Ly4). For sections 6, 8, and 10, there is only one microchannel

section between the two gate regions and so the average zeta potential is

G=2¢G+ 2041[/1’ [(Gim1 + Giv1 — 2Go) (1 — exp (—aly))] (7.11)

7.2.3 Model Comparison with Test Data

With equations 7.7 to 7.11 to describe the zeta potental distribution, the
matrix-form model of the continuity and pressure equations can be solved to
determine the induced pressures in the multi-gate microfluidic network. The
matrix-form model was written in MATLAB and computed for the five gate
conditions listed in Table 7.1. The M matrix was sufficiently conditioned to
avoid singularity, and so a scaling factor was unnecessary. The results for the
predicted field-free pumping were compared to the experimental data (Figure
7.2) in Figure 7.6 for VG = +135 V and in Figure 7.7 for VG = +90 V. It
is important to note that the localized model is denoted as a = oo in both
figures. The exponential decay model was performed for two arbitrary values of
a (a = 300 and o = 1000). These values correspond to the quasi-linear and

asymptotic regions in Table 7.6.

Predicted Velocity For Single Gate Cases

For both gate voltages, the localized model better predicted the linear trend in
the experimental results for the effect of gate position. Figure 7.8 illustrates the
close agreement between the localized model (dashed line) and the experimental

results. In contrast, the exponential model in Figure 7.6 and 7.7 predicted that
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Figure 7.6: Comparison of localized model (aw = c0) and exponential decay model
(cv = 300, 1000) versus the experimental results for the multi-gate network at VG
= +135 V.

the field-free pumping increased as the toggled gate moved closer to the intersec-
tion. Thus, the exponential model did not predict the experimentally observed
trend.

For low exponential decay and large “spreading” of the zeta potential, (o =
300), the model predicted that the field-free pumping increased as the active gate
was moved closer to the T-intersection. The results for high exponential decay
(av = 1000) were closer to the experimental, but the predicted field-free velocities

were larger than those observed. As seen in the two values of a displayed, the
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Figure 7.7: Comparison of localized model (a« = c0) and exponential decay model
(cv = 300, 1000) versus the experimental results for the multi-gate network at VG
=190 V.

exponential decay model would reduce to the localized model for large values of
a. The convergence to the localized model is seen in the results for « = 1000
which show a linear relationship with gate position for gates 2, 3, and 4 that
closely resembles the localized model.

As discussed in Section 7.1.3, the decrease in field-free pumping is due to lower
internal voltages at the gates closer to the T-intersection. Both models took
the EOF potential above the gates into consideration during the calculations.

However, the “spreading” of the modified zeta potential in the exponential decay
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Figure 7.8: Localized model (dashed lines) versus the experimental results for

the multi-gate network at VG = £135 V and VG = +90 V.

model deviated the results from the experimental. In this model, the average
zeta potential to the left of the anodic gate was larger than the inherent zeta
potential, due to the exponential decay effect. This resulted in a larger predicted
EOF pumping in the anodic microchannel than that for the localized model. As
the toggled gate moved toward the intersection, the exponential decay model
predicted the EOF pumping in the anodic microchannel to increase, which was
a result of the extended zeta potential region. In contrast, the localized model

predicted the EOF pumping to decrease. Thus, the exponential model predicted
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larger field-free velocites for gates closer to the T-intersection than the localized

model.

Predicted Velocity For Case ‘All’

Neither the localized matrix-form model nor the exponential decay model
accurately predicts the effect of gate coverage on the field-free velocity. The model
and experimental results for case ‘All’ are listed in Table 7.3 for both applied gate
voltages. These velocities are nearly double those observed experimentally. In
addition, the experimental results observed a field-free velocity for case ‘All’ that
was 10% to 45% larger than those for the four single gate velocities. Instead,
the localized model predicted a field-free velocity that was 60% to 66% larger
than the single gates velocities. The lack of agreement between the experimental
results and local model predictions highlights the need for further evaluation of

the mechanism for the effect of gate coverage.

Field Free Velocity (um/s)

Voltage || Data | a =300 | a = 1000 | a = 00

90V || 7.69 15.04 13.63 13.87

+135 V || 8.58 20.34 19.18 19.50

Table 7.3: Comparison of experimental data and model results for flow velocity

in the field-free microchannel for case ‘All’.

Recalling the FEFC control slopes for partial gate coverage in a single mi-
crochannel (Table 4.3), the control slopes for 66%, 16%, 13%, and 5% gate cov-
erage are in close agreement with each other. However, the 66% gate coverage

exhibited lower EOF mobilities for the gate voltages applied than the other three
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cases. The lower EOF mobilities may be an artifact of the larger gate areas
as discussed in Section 4.2.4. This trend may support the lower than expected
field-free pumping in the multi-gate network, due to a lower EOF pumping in
the anodic microchannel. In the calculations, the internal voltage was taken at
the midpoint of the gate length, which does not account for the linearly varying
internal voltage across the gate. Thus, for large gate area calculations, the local-
ized matrix-form model does not consider the varying transverse electric field. In
the multi-gate microchannel network, the gate area for a single active gate was
20%. For all four gates active, it was 80%. Thus, case ‘All’ may have had a lower

EOF pumping than predicted in the matrix-form model.

Pressure Distribution for Localized Model

Using the localized matrix-form model, the pressure distribution between the
anodic and cathodic reservoirs is plotted in Figure 7.9 for VG = £90 V. In the an-
odic microchannel, the pressure gradient at the active gate decreased as it moved
closer to the T-intersection (cases 1 to 4). This trend is attributed to the decrease
in the transverse electric field for gates closer to the intersection. Likewise, the
pressure distribution in the cathodic microchannel remains relatively unaffected
by the toggling of the anodic gates. As a result of this, the active gate posi-
tion only minutely affected the induced pressures at the intersection (see inset in
Figure 7.9).

For case ‘All’, the cathodic pressure distribution changes to compensate for
the increased induced pressure at the T-intersection. The differences between the
single gate cases and case ‘All’ show that the pressure gradients in the cathodic

microchannel are only slightly dependent on the position of the anodic gate and
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more dependent on the gate coverage area. For all cases, the pressure gradients
in sections 1 and 3 are equal and the gradients in sections 4, 6, 8, and 10 are
equal, which is due to identical inherent zeta potentials. This was confirmed in

Section 6.2.2 for the double gate T-intersection network.

159 Intersection —B— Case 1
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Figure 7.9: Pressure versus microchannel length for the multi-gate network for

VG = 490 V from the localized model.

7.3 Conclusion

The development of a multi-gate microfluidic network for the investigation
into the effect of gate position and gate coverage is presented. The four cathodic
gates were biased with a positive voltage and the four anodic gates were toggled

individually with a positive bias for positive induced pressure. The experimental
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results showed that the field-free velocity decreased as the active gate moved
closer to the T-intersection due to the longitudinal EOF electric field. The results
also revealed that gate coverage area has an effect on the field-free pumping to
increase the EOF pumping rate.

To better understand the experimentally obtained trends in gate position
and gate area, two models were proposed, both which use the matrix-form so-
lution developed in Chapter 6. The first model includes the effect of FEFC as
a local change in the zeta potential at the gate region. The second model uses
an exponential decay to describe an extended control of the zeta potential to
regions outside the gates. When compared to the experimental results, the local-
ized matrix-form model better predicts the experimental results for gate position.
However, neither model accurately predicts the effect of gate coverage area, which
requires further investigation. In spite of this, for future applications of FEFC,
the position of the gate electrodes must consider the internal voltage above each
gate to predict the performance of FEFC.

From both the experimental and model results, there is a relationship be-
tween gate coverage area and induced pressure pumping, but the source of this
phenomenon is uncertain. However, given the accuracy in the localized matrix-
form model for the effect of gate position, the “spreading” of the zeta potential
is not likely to be present with Parylene C or PDMS as the microchannel wall
material. These polymer materials may lack the degree of surface conductance

at the microchannel wall that has been reported in fused silica capillaries.
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Chapter 8

Conclusions and Future Work

In this dissertation, the development of all-polymer microfluidic network de-
vices using FEFC gates are presented. In pursuit of this goal, the design and
characterization of silicon and polymer microfluidic networks were undertaken.
Research contributions were made in the development of a suitable polymer mate-
rial for FEFC, a novel microflow characterization technique for differential EOF,
demonstration of non-mechanical, non-peristaltic bi-directional pumping in a mi-
crofluidic network, and the development of an electro-fluid flow model for the
design of future FEFC microfluidic networks.

In the fabrication and characterization of field-effect flow control, a silicon mi-
crofluidic network was pursued to develop the research strategies necessary for the
development of an all-polymer FEFC microfluidic device. The silicon wafer was
selectively doped to create p-n junctions for the FEFC gates. Due to overdoping
of the implanted boron atoms, the independent FEFC gates were not attainable
but a degree of the intended device operation was characterized. The microchan-
nels were fabricated with deep reactive ion etching and the microchannel wall was
0.4 pm thick silicon dioxide. The technique of current monitoring measured the
change in flow velocity versus applied FEFC gate voltage. The results showed

that the EOF was controllable from 150% to 50% of the original velocity and had
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agreement with the double capacitor model. Additionally, improved EOF control
at low buffer pH was experimentally confirmed for pH 3, 4, and 5.

Leveraging from the experience gained in the silicon microfluidic multiplexer,
the next research phase was the development of an all-polymer microchannel
with FEFC. Polymers with high dielectric strengths, high dielectric constants,
and ease of fabrication were considered. Of the candidates, Parylene C exhibits
the highest FEFC quality and fabrication compatibility with other polymer sub-
strates, due to its low temperature deposition and thin-film conformal coating.
The single microchannel device consisted of a silicon wafer with a 1.2 pum of
Parylene C coating and micromolded PDMS microchannels that were 40 pym X
100 pm and 1.7 cm long. With current monitoring, the EOF was shown to be
controllable from 240% to 60% of the original velocity. From the experimental
velocity results, the gate voltages from -120 V and +120 V varied the zeta po-
tential from -33 mV to -8 mV. Partial gate coverage was also tested for a single
microchannel for their feasiblity in microfluidic networks. The devices consisted
of polycarbonate substrates with metal electrodes, which varied in length. The
polycarbonate substrate and metal electrodes were coated with a 1.2 pym thick
Parylene C coating. The current monitoring for the 66%, 16%, 13%, and 5% gate
coverage devices demonstrated similar flow controllability, but with lower EOF
mobilities for the 66% gate coverage devices.

The all-polymer FEFC microchannels were incorporated into microfluidic
networks with 2nd and 3rd dimensional microchannels. Current monitoring is
limited to measuring the flow in a single microchannel and so a flow visualiza-
tion method was developed for the interconnected microchannels. Adapted from

micro-particle image velocimetry, 2.0 ym diameter fluorescent microparticles were
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treated in an iron ammonium sulfate solution to reduce their electrophoretic mo-
bility for the flow characterization. The first microfluidic network consisted of
two EOF microchannels and a third microchannel that was field-free. Voltages of
+90 V, £70 V, and £50 V were applied to the two FEFC gates for independent
EOF control. The different flow rates in the EOF microchannels induced pres-
sure at the T-intersection, which resulted in non-mechanical, non-peristaltic, and
ultra-low pressure pumping in the field-free microchannel. The pressure pump-
ing was demonstrated to be bi-directional from the ability to switch the voltage
applied at the two gates and induce both positive and negative pressure at the
intersection. The velocity in the field-free microchannel was characterized for
the different gate voltages with an in-house MATLAB code. The gate voltages
induced field-free pressure gradients between -36.0 Pa/m to 36.1 Pa/m. Addi-
tionally, a linear relationship of -0.20 nL/min-V between induced flow rate and
applied gate voltage was observed. The applied gate voltages varied the flow
rate in the field-free microchannel from -2.0 nL/min to 2.0 nL/min but larger
or smaller flow rates are possible with different microchannel dimensions, as ob-
served in the 3D microfluidic network and the multi-gate network.

With the microfluidic network technology demonstrated, investigation into the
system-level considerations was undertaken with a matrix-form solution of the an-
alytical equations for the system. The matrix-form model solved for the induced
pressure gradients with the continuity equations, which were developed from the
Navier-Stokes relation and double capacitor theory, and with the pressure dis-
tribution equations in the network, which were assumed to be linear piece-wise
continuous. The matrix-form model closely agreed with the control slopes for the

field-free pumping that were experimentally obtained for the T-intersection net-
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work (-0.20 nL/min-V vs. -0.25 nL/min-V). The model also predicted that 100%
flow switching was attainable in the T-intersection network for low inherent zeta
potentials (o &= 1 mV). Moreover, the matrix-form model verified the field-free
length versus induced pressure of the 3D network results.

The matrix-form model was further tested with a study of the interaction of
multi-gates in a microchannel network. The T-intersection microfluidic network
was fabricated with eight independently FEFC gates. The cathodic gates were
held at a constant positive gate voltage and the anodic gates were toggled in-
dividually at an equal, but negative gate voltage. The changes in the positive
field-free pumping were recorded as each of the four gates were toggled on. For
gate voltages of £135 V and +90 V, the field-free pumping decreased as the ac-
tive gate moved closer to the intersection. The matrix-form model verified that
these results were due to the different internal voltages above the four gates. Ad-
ditionally, when all four anodic gates were toggled on, the field-free velocity was
greater than for the velocities obtained for the single gate toggling. To explain
the increased flow rate, a localized model and an exponential decay model for
the zeta potential distribution was proposed. The localized model described the
zeta potential changes at the gate region only and the inherent zeta potential
outside the gate region is unmodified. The exponential decay model proposed
that the zeta potential outside the gate region is defined by an exponential de-
cay (constant «) from the zeta potential at the gate region. Comparison of the
two models and the experimental results from multi-gate network revealed that
the zeta potential is only locally modified. In contrast, both models predicted a
velocity in the field-free microchannel for the large gate coverage case that was

larger than that observed experimentally. For the multi-gate network, the re-
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sults exhibited an experimental trend that was observed in the data for single
microchannel with partial gate coverage. Lower EOF pumping may be present
for larger gate coverage areas.

The dynamic zeta potential control in FEFC is an improvement over the
static modification methods, such as surface coatings, in that the chemistry of
the microchannel wall can be adjusted during the analysis. Additionally, in a
microfluidic network with FEFC gates, pressure pumping can be generated with
bi-directional control with a response time that was observed to be smaller than
tens of milliseconds. This pumping method, with nanoliter-per-minute pumping
rates, has the potential for fine resolution chemical mixing and non-mechanical
pressure pumping. The reliability of the device is dependent on the dielectric
strength of the material. Therefore operation at low gate voltages improves its
reliability. Moreover, the FEFC polymer device demonstrated an inexpensive,
durable, and compact LOC device. First, the use of polymer materials is a cost-
reduction over silicon and glass microfabrication. Second, the pumping method
is non-mechanical so that a robust implementation is possible. Lastly, the FEFC
polymer devices enable the future development of miniaturized, automated chem-

ical processes for compact LOC devices.

8.1 Significant Contributions

The work presented in this dissertation is novel in the pursuit of high-throughput
LOC devices and microfluidic networks. The significant contributions of this work

are:

e The development of a microfluidic multiplexer, which leveraged from the

FEFC work in silicon.
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e The first demonstration of FEFC in an all-polymer microfluidic device.

e An all-polymer FEFC device with 2D and 3D microfluidic networks and

independent flow control components.

o A flow visualization technique with neutralized fluorescent microparticles

to characterize the network devices.

e An analytical model that predicts the electroosmotic and induced pressure

flow in matrix-form.

e Experimental investigation into various gate conditions, gate designs, and

microchannel dimensions for future FEFC microfluidic networks.

8.2 Future Work

The Parylene C microchannel wall technology must be refined for consistent
and repeatable device operation. A prime concern is the effect of gate cov-
erage on the EOF control. Previous researchers in FEFC have hypothesized
that extended zeta potential flow control is possible because of surface conduc-
tance, whose presence has been experimentally verified for fused silica capillaries
[139, 68]. Characterization of the surface conductance (or lack of) for Parylene
C and PDMS is needed. To improve the FEFC performance of Parylene C, the
surface chemical groups that generate the electric double layer should be iden-
tified in order to better understand the mechanism of EOF and FEFC in the
all-polymer microchannels. Additionally, surface treatment methods need to be
investigated that will reduce the inherent zeta potential for improved flow control.
If Parylene C is untreatable, then FEFC devices with Parylene A or AB should

be explored, because the amine group on the polymer chain could be a target site
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for tailoring the surface chemistry. With improved understanding of Parylene C,
the performance of the FEFC microfluidic devices can be further improved

The micro-particle image velocimetry was adequate in characterizing the field-
free flow, but spatial flow measurements of the combined EOF and pressure flow in
the EOF microchannels are needed. Maintaining a plug-like flow profile is critical
to reduce sample diffusion and so refined measurements of the induced pressure
flow in the complete system are necessary. In this regard, computation simula-
tions of the electrokinetic flow in the network can assist in further describing the
induced pressure gradients and sample dispersion. Previous studies [123, 137]
have highlighted the inherent problems with modeling EOF, and so this must
be overcome to study FEFC. With computation simulations, the assumption of
fully developed flow is not required. Also, the flow can be modeled with differ-
ent zeta potentials along the walls of the microchannel. This may be present in
the FEFC microchannels due to different surface charges, hence different surface
groups, which may exist between the Parylene C and PDMS walls. If different
inherent zeta potentials exist between the Parylene C and PDMS, then the flow
may have different slip velocities at the walls, resulting in increased sample diffu-
sion. Parylene C has been used to make a complete microchannel structure [43]
and so eliminating PDMS from the all-polymer microchannel design may be nec-
essary, but achievable. Combining spatial velocity measurements and numerical
simulations will provide a better understanding of the FEFC phenomena.

Protein or DNA separations or control chemical mixing need to be demon-
strated in the single FEFC microchannel and/or microfluidic network. The work
of this dissertation has been towards the development of these systems and their

characterization through flow measurements and modeling. However, applying
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the technology in this dissertation to high performance capillary electrophoresis
applications would benchmark the advantage of a disposable, microfluidic system

with FEFC for high-throughput analysis and combinatorial chemistry.
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Appendix A

Electric Double Layer

The works of Overbeek [139] and Hunter [50] form the basis for the discussion
in this section. The thickness of the double layer and distribution of the counter-
ions are described. Additionally, the derivation of the capacitance of the double

layer is also provided for its relevancy to field-effect flow control.

A.1 Charge Distribution in the Liquid Phase

The distribution of the counter-ions in the liquid phase is discussed because it
is critical to understanding the control over the zeta potential. The fundamental
electrostatic relationship for the liquid phase of wall-fluid system is Poisson’s
equation:

V2 = —% (A.1)

where p,. is the spatial charge density and € is the dielectric permittivity of the
fluid medium. To determine the charge density of the liquid phase, the ion dis-
tribution is assumed to be at equilibrium with constant electrochemical potential
so that the electrical and diffusive forces balance each other. Additionally, it is
questionable to assume permittivity to be independent of position, because the

electric fields generated at the fluid-solid interface are sufficiently high to modify
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the solvent structure. The assumption of uniformity in permittivity is an on-
going debate among researchers [50], nevertheless it is satisfactory in the fully
developed model presented here.

Emphasis is made that at equilibrium, the electrical and chemical diffusion
forces balance. For clarification, the electrochemical potential, fi;, is the work
done in transferring a charge particle ¢ from infinity into the interior of the phase.
Although “chemical” effects are themselves electrical in nature, the electrochem-

ical potential can be separated into its “chemical” part and its “electrical” part:
i = pi + zie (A.2)

where p; is the chemical potential of the phase, z; is the valence of particle 7, e
is the elementary electric charge, and v is the electrical potential. The chemical
potential or “intensity” of a chemical is the change in (molar) Gibbs free energy at

constant temperature and pressure for a change in infinitesimal molar quantity:

Hi = (8G/anz)T,p

Assuming that the ideal behavior of the solution is dependent on the concentra-

tion of ¢ ions, n;, the chemical potential can be expressed as
i = pl 4+ kT Inn; (A.3)

where 1 is the standard chemical potential, k is the Boltzmann constant, and T
is the temperature.

In determining the spatial charge density, p., the liquid phase is assumed to be
at equilibrium. Thus, the electrochemical potential of the ions must be constant
everywhere (Vi; = 0) yielding a balance between diffusion and static electricity
in equation A.2:

Vi = —zeV (A.4)
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Applying equation A.3 to express the relationship between ion concentration and
electrical potential yields

zZ;€

To find the ion concentration near the solid-liquid interface, let the potential
(1 = 0) be defined at a point far into the bulk fluid phase (z — o0). Then equa-

tion A.5 can be solved to yield the Boltzmann equation for the ion concentration:
n; = nY exp (—ze /kT) (A.6)

where n? is the concentration of ion ¢ under standard conditions. This relation
specifies the local concentration of each ion type in the region near the microchan-
nel wall. It is important to point out that if v is positive, then positive ions are
depleted from the double layer region (n; < nf) and negative ions are attracted
to the region (n_ < n%).

Finally, the spatial charge density is given by the algebraic sum of the ionic

charges per unit volume:
Pe = Z N; %€ (A.7)
Substituting the Boltzmann (equation A.6) and spatial charge density (equa-

tion A.7) into the Poisson equation (equation A.1) yields the classical Poisson-

Boltzmann equation

V) = —% > nizeexp (—zep/kT) (A.8)

Equation A.8 can be further simplified by considering only a liquid composed
of single binary electrolytes of valency z, such that z = 2z, = —z_. This is a
valid assumption because of the single valency of common buffer solutions such

as Tris buffer solution. Additionally, in order to preserve electroneutrality of the
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solution, the ion concentrations are equal throughout the fluid (n® = n% = n?).

Equation A.8 further simplifies to
2 Lo 0
Ve = —— <n+z+e exp (—zrep/kT) +n’z_eexp (—zuezﬁ/kT))
€

V3 = —% (noze exp (—zey /kT) — n’ze exp (zew/kT))

2n0ze

V) = sinh (zey /kT) (A.9)

with the application of the trigonometric identity 2sinhp = exp (p) — exp (—p).
To find the charged distribution near the microchannel wall, equation A.9 can
be integrated after multiplying both sides by 2di/dz and applying the previous

assumption for the potential at a far distance from the microchannel wall':

Q%%ﬁ _ 4”:“ sinh (ze/kT) %
/FOO % (%)2 dr — 4”:7’6 /¢ _sinh (e /kT) dv
(%)2 _ 4”1” (cosh (zetp/KT) — 1)
(%)2 _ 8710# sinh? (zey/2kT)
% _ (8”0”) : sinh (zeb/2KT) (A.10)

Additionally, equation A.10 is elegantly expressed with the Debye-Hiickle param-
eter, k, for symmetric electrolyte?, which strongly depends on the ion concentra-

tion:
2 0.2
W2 — e iniz;
ekT

las o — 00, 1 = 0 and dv/dx = 0

2For simplicity, assume z, = 1,z_ = —1.
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1
2e2nY ) 2
= A1l
" ( ekT ) ( )
Substituting a non-dimensional potential parameter 1/~1 = ey /KT allows equation

A.10 to be expressed in compact form with the Debye-Hiickle parameter:

KT dy <8n0kT

e dx

) : sinh (z1/2)

dip

- = £2nsinh (¥/2) (A.12)

Equation A.12 can be integrated to find the ion distribution near the microchan-

nel wall, which has non-dimensional electrostatic potential ty:

3 i)

/1/;0 exp(iﬁ/2>—exp ¢/2 / trd
yielding ) )
(exp (Y0/2) +1) (exp (¥/2) — 1)
(exp (1&0/2) - 1) (exp (1@/2) + 1)

To visualize the potential near the microchannel wall, the relationship in equa-

rkx = +log

(A.13)

tion A.13 is illustrated in Figure A.1. From the microchannel wall, the non-
dimensional potential decays exponentially at a distance scaled by the measure
of the ionic concentration. For all surface potentials, the potential decreases®
by 1/e at a distance of 1/k. Moreover, the effect of the electric double layer
diminishes to a value of 2% of the wall surface potential, 1)y, at a distance of
3/k, showing that the electric double layer affects only a region of nanometers in

thickness®. Therefore, it is customary to regard the inverse of the Debye-Hiickle

parameter, 1/k, as the thickness of the double layer.

3e = 2.71828...
4k depends on the ionic concentration so for 1 mM solution at 25 °C, the double layer

thickness is 9.62 nm.
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Figure A.1: Electrical potential in the double layer according to equation A.13

for values of wall surface charge 1;0 =1, 2, 4, and 8.
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A.2  Debye-Hiickle Approximation

The Poisson-Boltzman equation is often simplified for use in the fluid me-
chanics analysis of electroosmotic flow. An approximation for the hyperbolic sine
function for small angles (sinh (x) ~ « for small z) is used in equation A.9:

2nze

V) =

(ze /KT (A.14)

This simplification is referred to as the Debye-Hiickle approximation and implies
that ¢ is small everywhere in the double layer (zeyp < kT'). As a result, the
approximation is only valid for

< 25.7mV

z
Depending on the pH and the materials chosen for the microchannel wall, the
values for ¢ are not usually small to satisfy the Debye-Hiickle approximation.
For example, the zeta potential for fused silica glass is -29 mV [62] and -30 mV
for PDMS [35]. At lower pH values, these values decrease to -2.6 mV for fused
silica at pH 3 [69] and -4.4 mV for PDMS at pH 3 [35].

The Debye-Hiickle parameter, s (equation A.11), can be substituted into the

Debye-Hiickle approximation (equation A.14) to yield
V3 = k% (A.15)

Equation A.15 is elliptic and can be solved by specifying the boundary conditions.
For ¢ varying only with x, equation A.15 is multiplied by 2(dw/dz) and integrated

in the same manner as equation A.10:

dpd>p o,

i

d (dp\® .,
/x:oo%<%> dr = 2k Qp:owd'l?b
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@ _

i —K (A.16)

Integrating equation A.16 and applying the boundary condition at the microchan-
nel wall (¢ = 1y) yields

Y = g exp(—K) (A.17)

which simplifies the description of the potential distribution near the microchan-

nel wall to exponential decay.

A.3 Capacitance of the Double Layer

With the ion distribution in the electric double layer well described, the next
area of focus is the derivation of the capacitance of the double layer. This value
is of importance in Section 2.3 in order to understand the change in the zeta
potential under the transverse electric field. The charge per unit area on the

microchannel wall, oy, must balance that in the liquid phase

o0 = — /OOO pe dx (A.18)

Substituting for p, from Poisson’s equation (equation A.1) yields

Og =€ OOd2—¢da7
07 % o dx?

(W
g — —€ % -

For symmetric electrolytes, equation A.10 gives:

€

OkT %
op=¢€ <8n > sinh (z;evo/kT)

B 2ekT

(&

rsinh (zevo/kT) (A.19)

0o
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To obtain the capacitance of the diffuse layer, recall that the differential capaci-

tance at constant temperature, pressure, and chemical potential is given by

C = (0Q/0T),, (A.20)

sPsfi s

where () is the electrical charge and V¥ is the potential with respect to a reference

electrode. In the case of the electrical double layer, equation A.20 is

Cyq = (dog/diby)

With equation A.19, the capacitance of the diffuse layer is:

B zey
Cy = ezk cosh ( 2k;T>

Cy = 2.2852¢"2 cosh (19.421) (A.21)

The units for the diffuse layer capacitance is F/m? for ¢!/? in mol L™" and ) in
volts. The double layer capacitance resembles the capacitance for parallel plates®
where ez cosh (zet)y/2kT) is the permittivity of the liquid phase and 1/ is the
thickness of the double layer. However, unlike a parallel plate capacitor, the
double layer has only one plate of charge, at the wall surface, and a distributed

charge in the liquid phase.

Capacitance per unit area is C' = ¢/d where d is the distance between parallel plates
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