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Abstract

Abstract

Electrokinetic phenomena have their fundamental significance and have found their
wide applications for manipulating fluid flows, particles and cells in microfluidics.
However the electrokinetic phenomena in confined microfluidic domains have been
received less attention. The phenomenon of particle transport in confined microfluidic
domains is a complex process which may simultaneously involve electrophoresis,
electroosmosis and dielectrophoresis. Therefore, classic theories describing particles
electrokinetic transport in unbounded domains are no longer valid because of the
hydrodynamic and electric interactions among the particle-fluid-solid walls. This
thesis research aims at advancing our understanding of the coupled electric and
hydrodynamic processes in the electrokinetic transport of particles in confined
microfluidic domains, and explores novel approaches for particle transport and

manipulation in confined microfluidic structures.

In this thesis the studies of electrokinetic transport and manipulation of particles in
confined microfluidic domains can be divided into two parts. The first part
investigates the electrokinetic transport phenomena in open-ended microfluidic
domains by employing both experimental and numerical approaches with the focus
placed on the hydrodynamic and electric interactions among particles, fluid and the
bounded domain boundaries. Fundamental study of wall effects on electrokinetic
transport of microspheres in a rectangular microchannel is carried out. An
experimental technique to study the near-wall enhancement of electrophoretic

mobility of microspheres with respect to the flexible controlled particle-wall



Abstract

separations is proposed for the first time. Specifically, the particle-wall separations
are modulated in the vertical plane by adjusting the equilibrium height of the particle
motion above the bottom wall within the microchannel based upon the force balance
between the gravitational force against the wall-induced DEP force. A three
dimensional numerical simulation is carried out to explain the experimental results
and a reasonably good agreement is found. In addition, a method is proposed for
continuous concentration of particles in a confined microfluidic chamber. Both
experimental and numerical studies are carried out. Experimental results and
numerical simulations showed that under a very low applied voltage, particles

enrichment is achieved in the confined chamber with a short time.

In the second parts of this study, the focuses are placed on exploring novel
approaches for particle manipulations in closed microfluidic domains. A method for
on-chip particle assembly in non-uniform electric field is demonstrated by using the
combined effects of dielectrophoresis and dipole attractive force. Moreover, two
novel electronic paper display technologies are developed and experimentally
demonstrated by using polystyrene particles dispersed in DI water. Two prototypes of
the proposed electronic paper displays are fabricated. The first type of electronic
paper display relies on the phenomenon of our proposed in-plane dielectrophoresis.
While, the second type is based on the combined effects of dielectrophoresis and
dipole interaction forces. The proposed novel technologies can realize electronic
paper displays with fast switching response, high resolution, superior optical

transmittance while likely keeping low manufacturing costs.
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Chapter 1: Introduction

1.1 Background

Microfluidics is referred to as emerging science and technology dealing with systems
that process or manipulate nano-liter and even pico-liter amounts of fluids, using
channels with dimensions of tens to hundreds of micrometers (Whitesides 2006). The
fast development of microfluidics is due to its promising applications in chemical
analyses and biomedical diagnoses such as DNA separation, enzyme assays,
immunoassays, PCR amplification etc. (Bousse et al. 2000). Microfluidic devices
offer a number of capabilities, including consuming very small quantities of samples
and reagents, separation and detection with high resolution and sensitivity, low costs,

and fast analysis and detection.

In microfluidics interfacial phenomena play an extremely important role because of
the great surface-to-volume ratio of microchannel. As a result, the transport
mechanisms in microscale fluid flow, heat and mass transfer processes as well as
particle and droplet motion are different from those in a macroscale system due to the
significant surface forces (Ren 2004). In microfluidics the surface forces typically
dominate over body and inertia forces, leading to the overwhelming utilization of
surface-phenomena-based electrokinetic transport approaches instead of the
traditional pressure driven methods in manipulations of cells and micro/nano-sized
objectives and fluid pumping. This is because surface forces scale with the

characteristic length to the first or second power, while body and inertia forces scale
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with the characteristic length to the third power (Maynes and Webb 2002). Therefore,
surface forces become much stronger than body and inertia forces as the length scale

decreases.

Electrokinetic phenomena provide one of the most popular non-mechanical transport
means in microfluidics. The basic idea behind electrokinetic phenomena is as follows:
a diffuse cloud of surface charge exists adjacently to solid surfaces when they are
brought into contact with an aqueous medium. As a result, an externally applied
electric field can exert a force on this charged diffuse layer due to the Coulombic
interaction, giving rise to a fluid flow relative to the charged particle or surface. The
bulk flow relative to charged stationary surfaces is known as electroosmosis, and the
motion of charged suspended particles is known as electrophoresis. Electroosmosis
and electrophoresis find their wide applications in analytical chemistry, genomics and
proteomics. Normally, the electrokinetic motion of a cell/microparticle in charged
microfluidic channels is a combination of electroosmosis and electrophoresis, and the
translational velocity of the cell/microparticle in an electrolyte solution is given by
the well-known Smoluchowski equation. In addition, for a microparticle suspended in
liquid solution medium under non-uniform electric field, the electrostatic forces
acting on the induced asymmetric dipoles of the particle are imbalanced, yielding net

forces on the microparticle. This is known as dielectrophoresis.

Up to date, most investigations on the microparticle electrokinetic transport in

microfluidic devices have put efforts on flow-through channels with applications in
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flow pumping, continuous cells separation and sorting etc. The electrokinetic
transport phenomena in confined microfluidic domains are also of significance. For
example, it is found that the classic Smoluchowski equation describing the
electrophoretic mobility of a particle electrokinetic transport in an unbounded
microfluidic domain is no longer valid either when the particle size is comparable
with the channel dimension or for the case that the particle motion is close to the
boundary. This is because in the above situations both of the electric potential
distribution and the flow field around the particle are obviously disturbed by the
presence of the particle. Unlike the electrokinetic transport of particles in an infinite
domain, the existence of solid boundaries plays an important role in particle’s motion
because of the complicated hydrodynamic and electric interactions among the
particle-fluid-solid walls. The near wall electrophoretic mobility of microspheres in a
microchannel is predicted to be retarded at a larger particle-wall separation due to the
viscous stress but enhanced at a smaller particle-wall separation because of the strong
electric stress within the narrow gap. However, the experimental verifications of
boundary effect on electrokinetic transport of particles in a microchannel are still
lagged theoretical studies. This is especially true for the experimental study of near
wall electrophoretic mobility enhancement because the microscale particle-wall

separations were unknown in the previous investigations.

Nowadays, electrokinetics is widely utilized in microfluidic systems for cells and
bacteria concentration, manipulation, separation and sorting. Most electrokinetic

particles manipulation methods in microfluidics involve complicated hydrodynamic
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and electric interactions among the particle-fluid-solid walls as well. For example, in
order to utilize dielectrophoresis for particles/cell separation and focusing, insulating
structures are always employed to disturb the externally applied electric field and thus
a local electric field gradient is created. However, electrokinetic methods for particles
manipulation mostly have to work under a very strong externally applied electric field.

The used of high voltage power supply or amplifier is always needed.

In addition, the particles transport and manipulation in closed microfluidic domains
are of great significance to many applications such as the development of
electrophoretic displays (Ota et al. 1973; Dalisa 1977; Hopper and Novotny 1979;
Comiskey et al. 1998), electrophoretic deposition technology (Sarkar and Nicholson
1996; Besra and Liu 2007) and on-chip particles assembly (Lumsdon et al. 2004;
Velev 2004; Velev and Bhatt 2006; Simon and Orlin 2008). Electronic papers, also
called e-papers for abbreviation, are based on new display technologies designed to
mimic the appearance of ordinary inks on a normal paper. Electronic paper display
exhibits some of the qualities of a good grade of white papers, including the reflection
of light off the surface of papers. At the moment, distinct electronic paper products
have been commercialized using several different working principles, among which
the most widely used one is the electrophoretic display (EPD). EPD is a reflective
display technology based upon the phenomenon of electrophoresis. However, due to
its operation principle, the further development of EPD is limited in many aspects.
For example, only one or two types of particles can be controlled simultaneously in a

typical EPD cell and thus the full color display is a challenge for the current EPD
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technology. In addition, although the switching response of the EPD (~300 ms) is

sufficient for normal reading, it is still too slow to display video frames.

This study serves as an attempt to fulfill the void in previous investigations by
carrying out a series of fundamental and systematic experimental and numerical
researches to explore the electrokinetic transport phenomena in confined microfluidic

domains and their applications in microfluidic systems.

1.2 Research objective and scope

The main objective of this thesis is to investigate the fundamental electrokinetic
transport phenomena in confined microfluidic domains and to explore their new
applications in microfluidic systems. To accomplish this objective, the scope of this
thesis is as follows:

(1) Carrying out experimental and numerical studies of the near wall electrophoretic
mobility of microsphere transport in a microchannel.

(2) Exploration of the particle-wall-fluid interactions in confined microfluidic domain
and development of a technique for continuous concentration of particles.

(3) Investigation of novel particle assembly methods in a closed microfluidic space

and systematically analyze the physical mechanism underlying the proposed methods.



Chapter 1

(4) Development of novel electronic paper display technologies with fast switching
response, high resolution, superior transmittance with possible low manufacturing

cost.

1.3 Outline of the thesis

In order to fulfill the research objective of this thesis, the studies are carried out in
two parts. The first part, including two chapters, studies electrokinetic transport
phenomena in confined microfluidic devices with the focus placed on the
hydrodynamic and electric interactions among particle-fluid-wall. The second part,
including three chapters, investigates the fundamental electrokinetic manipulations of
microparticles in closed microfluidic domains and their new applications (Figure 1.1).

The complete thesis comprises eight chapters as following:

Chapter 1 introduces the background and motivation of this work. The recent
development of electrokinetic transport phenomena and particles transport and
manipulation in confined microfluidic domains are briefly reviewed. The main

objective and research scope of this thesis are clearly stated.

Chapter 2 provides a literature review of fundamental electrokinetic phenomena
involved in this thesis. Previous studies of boundary effects on electrokinetic
transport of particles in microfluidics are reviewed. A broad literature review of
working principles and recent development of electronic paper display technologies is

presented as well.
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Chapter 3 reports experimental and numerical studies of the near wall electrophoretic
mobility enhancement of microsphere transport in a rectangular microchannel.
Flexible control and precise measurement of particle-wall separations are
demonstrated for the first time. A three dimensional numerical simulation is carried
out, and a reasonably good agreement between the experiment and numerical results

is achieved.

Chapter 4 presents a technique for continuous concentration of particles in a confined
microfluidic chamber. A novel copper imbedding method is used to create 3D side
wall electrodes within the confined chamber. A numerical simulation describing the

mass transport within the computational domain is performed.

Chapter 5 reports a novel electronic paper display technology using dielectrophoresis
for manipulating neutral particles suspended in aqueous medium. The particle
patterning within the electronic display panel is realized by using in-plane DEP force.
Effects of operational parameters on the performance of the proposed electronic paper
display are discussed. A numerical simulation is conducted to analyze the electric

field and DEP force for particle manipulation.

Chapter 6 presents a fundamental experimental study of on-chip particle assembly
under non-uniform electric field. The particles are manipulated by using the
combined effects of DEP and dipole attractive force. A remarkable electric field

gradient is created by applying AC electric field to co-planar electrodes with
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microscale separations. A hypothesis is proposed to explain the underlying physical

mechanisms of the experimental observation.

Chapter 7 demonstrates another novel electronic paper display technology based on
the experimental observations from chapter 6. The proposed electronic paper display

has fast switching response, high resolution and superior transmittance.

Finally, chapter 8 summarizes the major findings and results of this work. Some

possible directions for the future studies are briefly outlined.

Electrokinetic Transport and Manipulation of
Particles in Confined Microfluidic Domains

Chapter 1. Introduction

Chapter 2. Literature review

Electrokinetic transport
phenomena in confined
microfluidic devices

Electrokinetic manipulations of
microparticles in closed
microfluidic domains

A \
[ \ [ |

Chapter 3. Chapter 4. Chapter 5. Chapter 6. Chapter 7.

Wall effects on | | Concentration Electronic Particle Electronic
electrokinetic of Particles in paper display assembly in paper display

transport of confined based on in- non-uniform based on the

particles microfluidic plane DEP electric field combined
chamber effects of DEP

and dipole

force

Chapter 8. Conclusions and future works

Figure 1.1 Structure of the thesis.
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Chapter 2: Literature review

2.1 Fundamental electrokinetic phenomena

2.1.1 Electric double layer (EDL)

It is well-acknowledged that most solid surfaces tend to acquire surface charges when
in contact with an aqueous solution. The surface charging can occur by a few of
mechanisms, such as ionization, ion adsorption, and ion dissolution (Li 2004). When
a solid objective is in contact with an electrolyte, the chemical state of the surface is
generally altered, either by ionization of covalently bound surface groups or by ion
adsorption (Zhao 2008). As a result, the surface inherits a charge while counterions
are released into the liquid. At equilibrium, a balance between electrostatic
interactions and thermal agitation yields a charge density profile. The liquid is
electrically neutral, but for a charged layer adjacent to the boundary, which bears a
charge locally equal in amplitude and opposite in sign to the bound charge on the
surface. This charged layer is commonly known as the electric double layer (EDL). In
spite of the traditional use of the word “double”, its structure can be very complex,
not fully resolved in many instances, and it may contain three or more layers,

extending over varying distances from the solid surface (Hunter 1981).
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Charged surface

Charged surface

Figure 2.1 Schematic representation of the electric potential distribution at a
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A schematic illustration depicting the charge and the potential distribution within an
EDL is shown in Figure 2.1. Immediately next to the charged surface, a layer of
immobilized counterions is present, which is known as the compact layer or the Stern

layer with less than one nanometer in thickness (Schoch et al. 2008). The net charge
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density gradually drops to zero from the compact layer to the electrically neutral bulk
liquid. Because the Compact layer is extremely thin (of the order of the ion hydration
radius, typically ~0.1 nm) compared with the typical microchannel dimensions, the
shear effects are virtually confined within this thin layer. The layer of mobile ions
outside the Compact layer is termed the Guoy-Chapman layer, or the diffused layer of
the EDL. These two layers are separated by a shear plane at which the electric
potential is known as the zeta potential ({). The thickness of the EDL is known as the
Debye length (A). The electric potential on the charged wall and Stern plane are

defined as surface potential (y,) and Stern potential (), respectively.

In order to neutralize the surface charge on the solid boundary, the net charge density
within the EDL is no longer zero because ions are repelled away from the compact
layer and mobilized in the diffuse layer. According to the classic EDL theory, ion
distribution within the diffuse layer can be described mathematically in a simple way

and the equilibrium condition for ions in this layer can be written as

—-ezVy —kTVInn =0 (2.1)

where e, z;, v, Ky, T and n; are respectively the fundamental electric charge, the
valence of type i ion, electric potential, the Boltzmann constant, the absolute
temperature and the ionic concentration for the i-th species. The first term

corresponds to the electrostatic force on ions of type i and the second term is the

11
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thermodynamic force. Integration of the equation under the condition nj=n’ (o) for

w =0 leads to the well-known Boltzmann distribution,
n (r)=n’ (co)exp| —ezy (r)/k,T | (2.2)

where n (o) is the number concentration of ions of type i far from the charged

surface. Finally, the Poisson equation will give the relationship between the potential

and ionic concentrations,

vzw(r):-ip(r)z-%igiezin;’ (oo)exp{—ezL(r)} (2.3)

EoE =) k,T

where &, and ¢ being the dielectric permittivity of the vacuum

(&, =8.854x10C/V -m) and the local dielectric constant of the solution medium.

The Poisson—Boltzmann equation is the starting point of the Gouy—Chapman

description of the diffuse layer.

2.1.2 Electroosmosis (EO)

As a charged solid surface is surrounded by an EDL when contact with an electrolyte
solution, the excess ions within the EDL can response to an externally applied electric

field, which in turn drives adjacent fluid motion. This phenomenon is termed

12
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electroosmosis (EO). The non-zero charge density yields a net body force on the fluid
proportional to the local net charge density if the electric field is applied
perpendicular to the decay of the EDL. As shown in Figure 2.2, the velocity of
electroosmotic flow (EOF) increases from zero at the shear plane to its bulk phase
velocity Ugo at the edge of the EDL, and thus a very high shear rate is generated at
the region near the charged surface. The electroosmotic mobility peo, which describes
the flow velocity per unit field strength, is a function of both surface and solution
phase properties. Unlike pressure-driven flows, a flat or “plug flow” velocity profile
is exhibited outside the EDL region for a uniform electroosmotic flow (Erickson

2008).

E.=-d ¢/dx

Ugo= HeoEy

v _V V

v

e e e

>EDL

Shear plane

w=¢

Charged surface

Figure 2.2 Schematic illustration of electroosmosis.
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The incompressible flow field normally is governed by the Navier-Stokes equation

and the Continuity equation (Deen 1998):

p(%+V-VV) =-Vp+nVv-p,Vé (2.4)

V-v=0 (2.5)

where v, t, p, nand p are velocity, time, pressure, viscosity and density of the fluid,

respectively. The last term in the right hand side of Equation (2.4) represents the
electroosmotic body force and is equivalent to the product of the net charge

density p, in the double layer, multiplied by the gradient of the total electric potential
¢ . The latter of these comprises of the summation of the electric potential y induced

by EDL, and the applied electric potential ¢, as indicated by

P=p+y (2.6)

The electrical potential generated by the presence of the EDL and the net charge

density are related by the Poisson equation,
V-(ee,Vy)=—p, (2.7)

The most common simplification employed in electroosmotic flow analysis is the

“Helmholtz—Smoluchowski” approximation with a few of assumptions during the

14
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derivation as follows (Liu 2005). Firstly, the nonlinear and transient term in Equation
(2.4) are dropped since the inertia terms are negligible compared with the pressure
and viscous terms. In other words, the Reynold’s number is much smaller than unity.
Secondly, for a pure electroosmotic flow (no applied pressure) with uniform surface
(zeta potential) and solution (viscosity and conductivity) properties, the applied
pressure gradient is zero. Thirdly, the length of the channel is assumed much greater
than its height. Therefore a one-directional approximation is created, and the applied
electric field is imposed along the channel length. Finally, the thickness of the EDL is
much thinner than the channel size, thus the Boltzmman distribution for the ion
concentration can be used. Under these postulations, the flow velocity at the shear

plane can be approximated as,

66 (2.8)

X X

er = /ueoE

which is commonly known to as the Helmholtz-Smoluchowski equation and is

descriptive of a plug flow velocity profile (Masliyah and Subir 2006).

2.1.3 Electrophoresis (EP)

When a colloidal particle is freely suspended in an electrolyte solution, the surface
charges are acquired due to the similar mechanism of electroosmosis. A negatively

charged particle is surrounded by EDL which includes excessive number of positive

15
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mobile ions as shown in Figure 2.3. The charged particle moves towards the anode
under a uniform electric field applied. This movement is generated by the interaction
between the net charge in the EDL of the particle and the applied electric field. The
motion of the particle induced by the Coulombic force is known as electrophoresis

(EP) (Dorfman 2008).

Figure 2.3 Schematic illustration of electrophoresis for a negatively charged spherical

particle.

The electrophoretic force acting on a microparticle with a net charge q under electric

field strength of E is given by (Kang and Li 2009),

16
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FEP =qE (2-9)

The electrophoretic velocity with which the particle moves with regard to its carrier
solution is proportional to the intensity of the applied electric field. The
electrophoretic velocity per unit field strength is called electrophoretic mobility. The
electrophoretic mobility x, is also proportional to the magnitude of the net charge on

the particle, and is inversely proportional to the size of the particle (Probstein et al.

1994).

U
figp === (2.10)

where U, is the electrophoretic velocity and f =67z7a is the Stokes drag factor for a

spherical particle in a Stokes flow. a is the radius of the spherical particle.
Considering the EDL is thick, one can treat the particle as a point charge in an
unperturbed electric field E , the electrophoretic velocity of the particle can be

expressed by using the Huckel equation (Probstein et al. 1994).

U,=-2=0PF (2.11)
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where ¢ is the zeta potential of the particle. For the cases of high ionic strengths or

large particles of micron size, the EDL is commonly thin compared with the particle.

The electrophoretic velocity is given by the Helmholtz—Smoluchowski equation

U, =——°rE (2.12)

For the electrokinetic motion of a charged particle within a microchannel, however,
EP and EOF are typically effect simultaneously. By ignoring the polarization and the

retardation effects under the thin EDL assumption, the electrophoretic force is given

by

Fep =67e5,¢ ,aE (2.13)

The relative motion of the particle with regards to the EOF yields a hydrodynamic

drag force on a charged particle and it is given by

F

stokes

=—67na(Ug —Ugor) (2.14)

Consider the force balance between Equation (2.13) and (2.14) at a steady state, one
can derive an expression for the apparent velocity of electrokinetic motion of a

spherical particle with substituting Equation (2.12), given by
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_ 880 (é/p - gw) E
n

U:

p

(2.15)

It should be pointed out that Equation (2.12) is obtained for a spherical particle in an
infinitely large fluid domain, namely without considering any boundary effects on the
particle’s transport. Equation (2.15) is relying on the assumptions that the electric
field and flow field are both symmetric in their distributions. In fact, for a large
particle comparable to the channel’s dimension, or when a particle moves very close
to the solid boundary of a channel, Equation (2.12) and (2.15) are no longer

applicable due to the asymmetric local electric field and flow field.

2.1.4 Dielectrophoresis (DEP)

Dielectrophoresis (DEP) refers to the interaction between a dielectric particle in a
carrier liquid and a non-uniform electric field. Physically, polarization effects are
induced by an applied electric field due to mismatch of dielectric and electric
properties of the particle and its suspending medium (Jones 1995), as represented in
Figure 2.4. Due to the polarization, electric charge separation appears within the
dielectric particle as well as in the liquid side of the particle-liquid interface, giving
rise to a dipole moment. Under a non-uniform electric field, electrostatic forces acting
on the dipole are unbalanced, giving rise to a net force which is called DEP force.

When a dielectric particle with polarizability greater than the suspending medium at
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which the electric field lines bend towards the particle (Figure 2.4 (a)), it is usually
termed positive DEP with the direction towards the region of high electric field.
While, when the polarizability of the particle is less than its surrounding medium at
which the electric field lines bend around the particle (Figure 2.4 (b)), the direction of
the DEP force is away from the region of high electric field, which is usually called
negative DEP.

particle more polarisable particle less polarisable
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positve dielectrophoresis negative dielectrophoresis
(a) (b)

Figure 2.4 Polarization of a dielectric particle in a nonuniform electric field. The
arrows show the direction of dielectrophoresis (DEP) force and particle movement. (a)
particle more polarisable than the suspending medium; (b) particle less polarisable

than the suspending medium. (Morgen and Green 2008).

When the polarizability of the particle and electrolyte are the identically it is like the

case that the particle does not exist and the field lines are continuous everywhere. The
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induced dipole is a function of frequency of the applied electric field as well.
Therefore, the direction of particle movement is not only depends on the properties of
the particle and the carrier fluid, but also affected by the frequency of the applied
field. This provides the possibility that using electrokinetics as an effective tool to

manipulate and transport particles in microfluidics.

The effective dipole moment of a spherical particle is given by Jones (1995)

P =4nega’- K, -E (2.16)

where K, is the Clausius-Mossotti (CM) factor, and it is dependent on the dielectric

and electric properties of the particle and the suspending medium, as well as the
frequency of the external applied electric field. The CM factor is a measure of the

effective polarizability of a particle in a liquid medium and is given by (Pethig 2010),

Koy =—2—" (217)

where g; and & are the complex permittivities of the particle and medium,

respectively. For a homogeneous particle and medium, the complex dielectric

constant ¢” =& —i(c/ w) is a function of the conductivity o, the permittivity ¢, and

the angular frequency @. i=+-1.
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Unlike the electrophoretic force that is the pure Coulombic force acting on the
charged particle, the DEP force is actually a net effect of the unbalanced Coulombic
forces acting on the induced dipoles. In terms of the dipole moment, the DEP force

acting on a spherical particle is given by Jones (1995)

Foee = Py - VE = 2785,8° - K¢y, - V|E[ (2.18)

From above equation, it is acknowledged that the DEP force vector is direct along the
gradient of the electrical field intensityV|E|2, which, in general, is not parallel to the

electric field E . The DEP force also depends upon the magnitude and sign of the CM

factor K, . Dielectrophoresis has many applications such as trapping particles/cells,

manipulating and separating large numbers of biological objectives, creating ordered
arrays of particles etc. However, all of these applications rely upon the existence of
well-defined electric field gradients. This is generally performed by using
microelectrodes fabricated onto insulating substrates (e.g. glass) as part of a
microfluidic or Lab-on-a-Chip system. Modern techniques allow the fabrication of
micro-electrodes with precise sizes and dimensions, enabling accurate control of the

electric field geometry and therefore particle motion.
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2.2 Studies of boundary effects on electrokinetic

transport of particles in microfluidic devices

2.2.1 Theoretical studies of boundary effects on
electrokinetic transport of particles

Electrokinetic force and hydrodynamic force are often employed to drive flows and
control colloidal particles for electrokinetic transport and manipulation of
microparticles in electrolyte solutions. For a charged colloidal particle in a
microfluidic channel, the interface between solid / fluid phases is a transition of finite
thickness. No matter the length scale of the interface is thicker or comparable to the
particle (i.e., the thick EDL case), or even may be orders of magnitude smaller than
the particle size (i.e., the thin EDL case), the details of transport processes occurring
within this thin layer often control the fluid dynamics outside (Anderson 1989). The
charge on the particle’s surface is balanced by a diffuse cloud with opposite charged
sign. The charge density within the cloud decays exponentially at distances of the
order of the Debye screening length «* from the surface. Taken together, the surface
charge and the diffuse cloud (the EDL) are considered as a neutral body. A classic
method to deal with such problem is to divide the computational domain as two parts:

an inner region and an outer region.

As shown in Figure 2.5, the inner region is defined as the diffuse layer adjacent to the

particle and the solid boundaries, where the important length scale is the Debye
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length ' (Keh and Anderson 1985). The rest part of the fluid is known as the outer
region, where the particle dimension is the characteristic length scale. Under the
assumption of thin EDL, the charged particle with the surrounding diffuse cloud is
always taken as a neutral sphere. Due to the negligible volume of the EDL, the details
of flow transport within the inner region are not necessary to be analyzed. The effect
of the EDL on the flow field is reflected by approximating a slip boundary condition
on the solid surface in instead of the classic non-slip condition. For the neutral sphere
motion under an electric field is applied, the sphere is driven by the hydrodynamic
force in the outer flow region. While for the case of thick EDL, the flow field in both
inner and outer regions has to be calculated with the non-slip condition applied on
these solid surfaces. In this situation, the charged particle experiences a Coulombic
attraction under an applied electric field due to the surface charge and this force is
balanced against the hydrodynamic force in the inner flow region when the particle

motion at a steady state.

(a) (b)

Figure 2.5 (a) Sketch of the inner region and outer region of the fluid phase; (b)
Geometry of the inner region. (Keh and Anderson 1985)
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Numerous theoretical studies have been reported on the electrokinetic transport of a
single particle motion in bounded domains. Keh and Anderson (1985) analytically
investigated boundary effects on electrophoretic motion of a colloid sphere moving
parallel or perpendicular to a plane surface and through the axis of a circular orifice
under the thin EDL assumption. The corrections for the classic Smoluchowski
formula were derived by using the successive Reflections method to explore the
influence of a nearby non-conducting wall on the particle’s motion. However, the
results are valid only for a relatively large particle-wall separation. Subsequently, an
exact solution to this problem was proposed (Keh and Chen 1988) by using the
bipolar coordinates to evaluate the electric field. It was demonstrated that for a large
particle-wall separation, their results predict a reduction in particle electrophoretic
mobility in agreement with their previous findings. At small particle-wall separation
distances, however, the net wall effect was predicted to reinforce the particle
electrophoretic mobility. This near wall enhancement was later confirmed by Yariv
and Brenner (2003) and Unni et al. (2007). The former employed the Reciprocal
theorem to obtain the asymptotic expressions for the force and torque acting on the
particle, thereby avoiding the need for solving the pertinent Stokes equation. In the
latter study, closed-form solutions for the particle velocity and disturbed electrical
and fluid velocity field were obtained and the effects of the relative particle size and

eccentricity on a particle’s translational and rotational velocity were analyzed.

Moreover, Ye and Li (2002) analytically studied the electrophoresis of a sphere in a

microchannel under the gravitational field, and the separation distance was calculated
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based on the balance between colloidal surface forces against gravitational force.
However, the electric and hydrodynamic interactions between the particle and
channel boundaries are not included. In their subsequent work (Ye et al. 2005), the
eccentric electrophoretic motion of a sphere in circular cylindrical microchannels
with consideration of particle-fluid-wall interactions was numerically studied by a 3D
finite element simulation. It was found that the near wall sphere motion is enhanced
in smaller channels. Without restricting to the thin EDL assumption, the
electrophoretic motion of a spherical particle has been theoretically analyzed either
close to a plane wall (Ennis and Anderson 1997; Shugai and Carnie 1999; Hsu et al.
2008; Chang and Keh 2008) or along a capillary axis (Ennis et al. 1996; Shugai and
Carnie 1999) or in a spherical cavity (Zydney 1995). It was found that the wall effects

become more significant with increasing the EDL thickness.

Apart from the electrokinetic transport of spherical particles in microfluidics devices,
the particle-wall interaction between the domain boundary and non-spherical particles
have been investigated as well. The electrophoretic transport of a cylindrical particle
with hemispherical ends in a circular cylindrical microchannel was numerically
studied by Ye et al. (2002). The influence of the ratio of particle radius to channel
radius, the ratio of particle’s axial length to its radius and the zeta potential ratio of
particle to channel wall were analyzed. The analytical studies on the similar problem
were reported by Hsu and Kao (2002) and Liu et al. (2004 a). The dielectrophoresis
of cylindrical and spherical particles submerged in shells and in semi-infinite media

was analyzed by Liu and Bau (2004 b), in which the dielectrophoretic forces and the
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resulting velocities of cylindrical and spherical particles suspended in perfectly
dielectric viscous fluids were calculated analytically. In their subsequent work (Liu et
al. 2004 c), the electrophoresis of concentrically and eccentrically positioned
cylindrical particles in a long tube was studied. Their model accounts for the flow
induced by the particle’s motion (the particle acts as a leaky piston) and the
electroosmotic flow in the tube. The electrophoretic velocity of the particle and the
forces and torques acting on it are determined as functions of the particle’s radius,
length, and position, the particle’s and tube’s zeta potentials, the tube’s length, and
the externally imposed pressures. Liu et al. (2007) also theoretically studied the
electric field induced translocation of cylindrical particles through nanopores with
circular cross sections. The theoretical predictions are compared, and used to explain
experimental data pertaining to the translocation of DNA molecules through
nanopores. The similar research was reported by Chein and Dutta (2009) in which the
cylindrical particle was replaced by a nanosphere. In addition, the effect of induced
electroosmosis on a cylindrical particle next to a planar surface was studied by Zhao
and Bau (2007). It was found that the induced hydrodynamic and electrostatic force
may adversely affect the interaction between macromolecules in solution and wall-

immobilized molecules.
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2.2.2 Experimental study of boundary effects on

electrokinetic transport of particles

Although theoretical analyses of the wall effects on particle electrokinetic transport in
a microchannel have been intensively explored, very few experimental studies have
been reported in the literature. Through measuring fluorescence intensities, the
transport rates of fluorescent polystyrene particles through porous membranes that
separate an aqueous medium with different electrolyte concentrations was detected by
Ebel (1988). It was found that the resultant diffusiophoretic velocities of the particles
decelerate as the pore size shrinks. Subsequently, Ennis (1996) observed the reduced
electrophoretic velocity of proteins (e.g., bovine hemoglobin with diameters of 9.6
nm) in a membrane with different pore sizes by measuring the solute concentration
with a UV-visible spectrophotometer. In recent years, the near-wall electrophoretic
motion of a spherical polystyrene particle in a cylindrical glass capillary was studied
by Xuan et al. (2005 a), from which they found that the velocity of two groups of
particles increases with decreasing capillary diameter. The particle-wall separation
distance, however, was unknown in their study. Xuan et al. (2006) also
experimentally examined the electrophoretic motion of spherical polystyrene particles
in a converging-straight-diverging PDMS microchannel. It was demonstrated that that
larger particles are more viscously retarded by the sidewalls of the channel with a
smaller width. Another work (Xuan et al. 2005 b) from the same group focused on
accelerated particle electrophoretic motions in converging-diverging microchannels

on PDMS chips. It was found that the ratio of the particle velocity in the throat to that
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in the straight channel is increased for smaller particles moving through symmetric

converging-diverging channels under lower electric fields.

2.2.3 Solid wall induced dielectrophoresis on a particle
transport in a microchannel

Dieletrophoresis (DEP) refers to the phenomenon that a net force acts on a polarized
particle under applied non-uniform electric field due to mismatch of dielectric and
electric properties of the particle and its suspending fluid. A sufficient condition of
such phenomenon is the existence of an electric field gradient. As a result,
electrostatic forces acting on the induced dipole of the particle are not balanced,
yielding a net force on the particle which is known as the DEP force. When a
microsphere electrophoretically moves in a straight microchannel, although the
electric field is indeed perturbed by the presence of the solid particle and an electric
field gradient is therefore created, DEP is not considered because of the
symmetrically electric potential distribution around the particle. However, this
symmetry is broken either when the particle moves close to the channel boundary or a
large particle eccentrically moves in a microchannel. Under these circumstances, due
to the conservation of the electric current, the electric field within the narrow particle-
wall gap is much stronger than that on the other wide gap side. A net DEP force is
thus generated due to the asymmetric electric field around the particle. We term this

force as the wall induced DEP force. The wall induced DEP decays sharply when the
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particle is away from the channel wall, and vanishes when the particle moves towards

the center of the channel.

Young and Li (2005) analytically studied solid wall induced DEP on a microsphere
near a planar boundary. With integration of the Maxwell stress over the surface of the
particle, the DEP force was calculated in the presence of an externally applied electric
field. The particle’s position above the wall, i.e. the particle-wall gap, is determined
by balancing the van der Waals force, EDL interaction, and gravitational force with
the DEP force. They found that the particle-wall gap can be increased with lower
particle density, higher electric field strength, higher particle and wall zeta potentials,
as well as lower Hamaker constant. Another numerical investigation (House and Luo
2011) focused on the DC DEP effect on the trajectory of a microsphere electrokinetic
transport in an L-shape bent microchannel. In order to obtain an accurate numerical
approach, a boundary-element method was employed to solve the coupled electric
field, flow field as well as particle motion and the DEP is computed by integrating the
Maxwell stress tensor. The results were compared with that calculated by utilizing the
point-dipole method of which the volume of the particle is ignored. It was concluded
that the wall-induced DEP can significantly affect the particle’s transient motion as it

moves close to the wall.

Recently, the wall induced DEP was demonstrated to focus particle streams in a

straight microchannel under an externally applied electric field (Liang et al. 2010 a).

As a particle motion in electrophoresis through a rectangular microchannel, the wall
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induced DEP can repel particles from the solid boundaries toward the center of the
channel. The efficiency of the particles focusing was reported to be enhanced with a
longer axial traveling distance, a stronger electric field and a larger particle size.
Because the channel height is comparable to its width, a three dimensional particles

stream focusing is also achieved by using this method (Liang et al. 2010 b).

2.3 Electronic display technologies

The rapid development of computer related technologies extremely stimulate the
information acquisition and transmission in the past decades. As most documents and
materials can be directly accessed, read and edited through the computer, it is
predicted that a “paperless era” is approaching (Kirk 2009). Unfortunately, these
digital products actually did not reduce the consumption of paper. In contrast, the
huge volumes of digital information ultimately promote the demand for printing,
causing end users to desire comfortable and low-cost media for reading the
information. With the growing requirements for information transmission and

acquisition in daily life and work, paper consumption has reached a prodigious level.

One option to solve this problem is to develop and implement the novel display
technologies. For instance, electronic paper, also called e-paper for abbreviation, is a
kind of display technologies designed to mimic the appearance of ordinary ink on

paper (Graham-Rowe 2007). Unlike a conventional flat panel display, which uses a
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backlight to illuminate its pixels, electronic paper reflects light like ordinary paper.
Therefore the energy consumption of electronic paper is much lower compared with
other prevailing display technologies like Cathode Ray Tube (CRT), Plasma Display
Panel (PDP) and Liquid Crystal Display (LCD). In addition, due to the stable image
shown in the screen, which does not need to be refreshed frequently, and the fact of
its reflecting ambient light rather than emitting its own light, electronic paper is more
comfortable for reading than other conventional display technologies. Nowadays
several electronic display technologies have been developed to realize and
commercialize the electronic paper products, on the basis of different working
principles, such as electrophoresis (Hopper and Novotny 1979; Comiskey et al. 1998;
Kim et al. 2005; Baker et al. 2007), electrowetting (Hayes and Feenstra 2003; Paulson
2003; Feenstra et al. 2004), liquid powder (Hattori et al. 2006; Hattori et al. 2007;
Takagi et al. 2007; Sakurai et al. 2008), electrofluidics (Drzaic 2009; Heikenfeld et al.
2009) and so on. Among them, Electrophoretic display (EPD) is considered prime
examples of the electronic paper category, because of their paper-like appearance and

low power consumptions

2.3.1 Electrophoretic display (EPD)

Electrophoretic display (EPD) is a passive device that operates under ambient lighting
conditions based on the transport of charged pigment particles in a suspending
medium (Dalisa 1977). The charged pigment particles are transported by means of an
applied electrical field and this phenomenon is commonly known as electrophoresis.

Nowadays, the EPD has been extensively used in digital products like E-readers,
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electronic watches, monochrome display mobile phones and price labels. Currently,
there are two electronic papers products using the EPD technique based on the pixel
component as microcapsule (Comiskey et al. 1998) and microcup (Xie et al. 2005);
(Zang et al. 2007), commercialized by E Ink Corporation and Sipix imaging Inc,

respectively.

Today EPD with the technology developed by E Ink have achieved a remarkable
maturity. The Microcapsule EPD system has synthesized an electrophoretic ink by
microencapsulating oil droplets of an electrophoretic dispersion in individual
microcapsules with diameters in the range of 30~300 um. Figure 2.6 (a) illustrates the
working principle of the E Ink EPD system of microencapsulated differently colored
and charged particles. Particles can be transported towards the viewer with an
externally electric impulse. Figure 2.6 (b) shows cross-sectional photographs of a
single microcapsule addressed with positive and negative field. When a positive
electric field is applied, the white particles (for example, if they are negatively
charged) move toward the top of the microcapsule where they become visible to the
user. This makes the surface appear white at that spot. At the same time, an opposite
electric field repels the black particles to the bottom of the microcapsules where they
are hidden. By reversing this process, the black particles appear at the top of the

electronic display panel, which now makes the surface appear dark at that spot.

33



Chapter 2

*---

White microparticles

Capsule wall

Black microparticles

Figure 2.6 E-Ink Electrophoretic display microcapsule. (a) Schematic illustration of
the E-Ink electrophoretic display. (b) Photographs of an individual microcapsule

addressed with a positive and negative electric field. (Comiskey et al. 1998)

An alternative construction of EPD cells was realized by Sipix imaging Inc using an
embossed polymer matrix to carry fluid and dyed particles. The cubic chambers,
which are used to contain dielectric fluid and charged particles, are termed Microcup.
Unlike to E Ink EPD, the Mcirocup EPD only has one type of charged particles
packaged in the cells. Depending on applications, the dimension of the EPD cell may

vary in a range of 60~200 um (width) x30~60 um (height). Upon the electric voltage
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is applied, the white particles (if the particles are negatively charged) will be driven to
the anode electrode. As a result, a white color is displayed on the top surface. On the
contrary, the particles will move to the bottom of the chamber and the surface shows

a dark color by the black-dyed fluid.

Transparent conductor
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Cellwall Dielectric fluid Transparent conductor

Figure 2.7 Schematic illustration of a typical Microcup Electrophoretic display cell.

Nowadays, Sipix imaging has developed a roll-to-roll manufacturing process (Liang
et al. 2003) to fabricate Microcup EPD. On a continuous plastic substrate, the EPD
material is created with coating, embossing, sealing and lamination processes. With
the roll-to-roll manufacturing, it is possible to satisfy a high volume fabrication of
display materials with a short time. On the other hand, because the microencapsulate
process is excluded, the fabrication of Microcup EPD is much easier than E Ink EPD.
However, due to the fact that only a single type of particles is enclosed in the cell, the

reflectivity of the Microcup EPD is inferior to the E Ink EPD.
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Figure 2.8 Sipix imaging roll-to-roll manufacturing process. (Liang et al. 2003)

2.3.2 In-plane Electrophoretic display (EPD)

Although the technology of Electrophoretic display has been intensively applied in
many digital products, it is a long journey for engineers to develop and optimize
EPDs. Due to the fact that only one or two types of dyed particles are under
effectively controlled in EPD cells, the full color display is still a great challenge for
the current EPD products (Koshimizu 2008). In despite of some approaches, such as
the use of a color-filter array or subpixels with different dyed particles, have been
attempted to create a colorful EPD, besides the costs, the loss of both brightness and
resolution are also significant (Heikenfeld et al. 2011). Recently an in-plane
Electrophoretic display (Lenssen et al. 2008; Lenssen et al. 2009); (Verschueren et

al.) has been reported to be able to realize a full color electronic paper.
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In-plane Electrophoretic display is a horizontal EPD display operates through the
lateral movement of pigments across a display cell. The working mechanism of in-
plane EPD is shown in Figure 2.9. There are two typical states in the operation of in-
plane EPD. In the spread state, without electric voltage applied, the particles are
distributed randomly throughout the cell and maximally absorb the incident light,
screening a color observed by the viewer. While in the cleared state, with an electric
field applied, the electric force attracts pigment particles toward the negative
electrode, and light can pass through the device, showing a bright color on the display

panel.

%o s 9% s 0% %
“200um I—ET5

Figure 2.9 Schematic illustration of the operation of an in-plane EPD. (Verschueren et
al. 2010)
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By using the in-plane EPD technology, a full color display with a superior brightness
is successfully realized. In-plane EPD employs a subtractive color scheme and stacks
more than one layer with different dyed particles suspension above a piece of white
substrate. As shown in Figure 2.10, since pigment particles in each layer can be
switched separately, a multi-color display is therefore realized. In addition, because of
the fact that two types of particles can be controlled independently in a single layer of
suspension, this innovation truly enables a multi-color display with two layers stacked
(consider four basic colors created by pigment particles plus a white reflector and the
possible extra colors with the combination of any two kind basic colors). However,
the switching response of in-plane EPD is experimentally demonstrated very long
compared with conventional EPD products, and thus the applications of in-plane EPD

are extremely limited.

S

white substrate

Figure 2.10 Schematic illustration of a full-color display concept by using an in-plane
EPD. (Lenssen et al. 2009)
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2.3.3 Electrorheological display (ERD)

Electrorheological display (ERD) (Wen et al. 2005) is a novel electronic display
technology relying on the use of the electrorheological effect (Klingenberg et al. 1993;
Gulley and Tao 1997; Dassanayake et al. 2000). By employing organic nanoparticles
suspended in silicon oil, an electronic display is realized in both compact storage
display mode and diffusive scattering mode. The operation mechanism of ERD is
shown in Figure 2.11. Without applying electric field, as seen in the left part of the
figure, no contrast is observed from the display panel as the nanoparticles are
dispersed randomly in the oil. Once an electric voltage is imposed between the
crossed top—bottom electrodes, as illustrated in the right part of the figure, the aligned
columnar particle strips across the top and bottom electrodes block the light and the
rest areas of the display panel are mostly transparent, allowing light transmission. As

a result, contrast can be yielded between areas with and without electric field.
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Figure 2.11 Schematic illustration of Electrorheological display. (Wen et al. 2005)

By applying an electric signal with a voltage of 50 V, a clear contrast is observed
with an optical transmittance around ~30%. With an electric potential drop across two
neighboring electrodes on the top plane, another way of displaying can be created
with the columnar particle strips parallel to the top surface, in between the parallel

electrodes.

2.3.4 Electronic display based on particles polarization

Recently, researchers from Taiwan developed a novel reflective electronic display

technology using electric polarized particle chains in an AC electric field (Chiu et al.
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2007; Chiu et al. 2008; Hsu et al. 2008; Chen et al. 2009). The electronic display
consists of 5 um polystyrene particles suspended in either deionized (DI) water or oil
in @ 200 um thick chamber. The operation mechanism of such electronic display
places on the fact that particles can be aligned as chains along direction of the electric

field due to the induced dipole moment, in some aspect similar to the ERD.

(@) (b)

Figure 2.12 Schematic illustration of the electronic display based on particle
polarization. (a) Dark state (without voltage) and (b) bright state (with voltage). (Chiu
et al. 2007)

As shown in Figure 2.12, in the absence of an electric field, particles are randomly
dispersed in the carrier solution (Figure 2.12 (a)). Incident light would be absorbed or
scattered by the particles, and thus the color of particles is observed by viewers,
which screen the dark state. While when an electric voltage is applied, the particles
would be polarized by the electric field and particle chains are formed due to the

attraction through the induced dipole. As a result, the scattering of incident light

41



Chapter 2

would be reduced and most of the incident light can pass through the display panel

(Figure 2.12 (b)). This is the bright state.

The electronic display based on particles polarization can be realized using either
polystyrene particles suspended in DI water or toners in silicone oil. The device
works under an AC electric field with amplitude of ~50 Vrms and frequencies from

200 KHz to 600 KHz.
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Chapter 3. Wall effects on electrokinetic
transport of particles in a

rectangular microchannel

3.1 Introduction

Electrokinetic phenomena (i.e. electroosmotic flow, electrophoresis and
dielectrophoresis) are very prevailing approaches to transport species and cells in
many lab-on-a-chip devices as they provide significant advantages over the traditional
pressure driven method. For the electrokinetic motion of a microparticle in an
electrolyte solution, the velocity of such microparticle with arbitrary shape can be
described by the well-known Smoluchowski formula, as described by equation (2.12).
One of the important assumptions in the Smoluchowski formula is that the particle is
transported in an infinite fluid domain and the effect of the particle volume on the
local field is not taken into account. Although in most situations this assumption is
reasonable, it becomes invalid when the particle size is comparable with the channel
dimension because the electric potential distribution and the flow field around the
particle are obviously disturbed by the presence of the particle. This is especially true
for the case that the particle motion is close to the boundary at which the presence of
device walls will significantly affect the particle transport. In this situation, the

presence of the particle can significantly disturb the local flow field and electric
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potential distribution. The disturbed electric and flow fields can in turn change the

forces acting on the particle and thus affect the particle transport in the channel.

In the past decades, a number of studies have been reported to examine the solid wall
effects on a microsphere transport in a microchannel. As summarized in the literature
review, theoretical studies predicted that the solid wall effects on a particle have two
competing aspects. When a large particle in a microchannel with a relatively greater
separation, the electrophoretic mobility is less than which calculated by using the
Smoluchowski formula due to the viscous retardation. However, once the particle
moves close to the channel boundary with a very small particle-wall gap,
electrophoretic mobility of the particle is enhanced due to a strong electric field
generated within the narrow gap. The viscous retardation wall effect was qualitatively
experimentally validated by transporting polystyrene particles in a microchannel with
various channel heights (Xuan et al. 2006). However, the key parameter, i.e. the
particle-wall separation, was unknown in those investigations. In fact, both the
flexible control and precise measurement of the particle-wall gap in a dynamic
particle transport system, especially at small particle-wall separation cases, are very

difficult and also are critical to this problem.

In this chapter, an experimental technique is proposed to examine the solid channel
wall effects on the electrokinetic transport of microspheres in microfluidic channels
with respect to the flexible controlled particle-wall separations. Specifically, the

particle-wall separations are modulated in the vertical plane by adjusting the
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equilibrium height of the particle motion above the bottom wall within the
microchannel. The equilibrium height of the particle motion depends on the force
balance between the gravitational force against the wall-induced DEP force, and it
could be flexible controlled with externally applied electric voltages. A simple
experimental setup is employed with a side-mounted CCD camera to observe and
capture the particle movement in the vertical plane. The dimensionless
electrophoretic mobility are plotted to eliminate the effect of side channel walls.
Furthermore, the numerical model is solved in a workstation with 128 GB RAM to
describe the observed phenomenon and 3D numerical simulation is carried out to

compare with the experimental results.

3.2 Theory

An illustration of electrophoretic transport of a microsphere in a rectangular
microchannel is depicted in Figure 3.1. a, b, d and h denote the sphere radius, the
distance from particle centre to the bottom wall, the channel height and the particle-
wall separation, respectively. In most microfluidic experiments, particles (polystyrene
microspheres, latex beads, biological cells, or macromolecules) are typically denser
(~1020-1300 kg/m®) than liquid fluid (water, ~1000 kg/m®), and therefore particles
tend to sink down to the bottom wall because of the gravity. When an electric field is
turned on parallel to the solid wall, particle experiences a dielectrophoretic (DEP)

force due to the presence of non-uniform electric field generated around the particle.
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Such wall-induced DEP repels the particle from the solid wall and exactly balances

the gravitational force at a certain particle-wall separation.

F;\) E 3
E—) —>

Gravity force

Figure 3.1 Illustration of electrophoretic transport of a microsphere in a bounded
microchannel (front view). Light gray lines in the microchannel depict electric field
lines with the presence of a nonconducting solid particle. (Not in scale)

The particle-wall separation above the bottom channel surface can be flexible
controlled by balancing the gravity with the wall-induced DEP along the vertical
direction. When particle motion in a microchannel at the steady state, the net force

acting on the particle along the vertical direction is given by

F,+F, =0 (3.1)
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where F; and F,., are the gravitational force and the DEP force, respectively. The

DEP force can be calculated with equation (2.18). The gravity force is expressed as
4 3
Fo =37 (py—P)9 (3.2)

where p_, p, and g are respectively the densities of the particle and the liquid and

the gravitational constant. By substituting equation (2.18) and (3.2) into equation

(3.1), we have

(pp _pl)g
3&-Key

=E-VE (3:3)
Notice that the left hand side of equation (3.3) is constant by applying a DC electric
voltage. As a result, with increasing externally applied electrical field E, the gradient
of the electrical field VE should decline, yielding larger particle-wall separation gap.
Therefore as soon as electric field is increased, the DEP force increases accordingly
and thus break the force balance established earlier. In order to reach a new balance
between DEP and gravitational forces, the particle must move further away from the
channel wall to reduce the DEP force. As such, a larger particle-wall separation is
reached at the new equilibrium and the balance between DEP and gravitational forces

is reestablished.
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3.3 Experiment

3.3.1 Experimental setup

A schematic of the experimental setup is shown in Figure 3.2. In order to directly
observe particle motion in the vertical plane within rectangular microchannel, a CCD
camera was mounted from side view. This is simply achieved by laterally turning an
optical microscope (Zeiss, Germany) 90° so that the object stage is perpendicular to
the table surface. A DC power supply (Stanford Research, USA) was used to set up
the driving electric field through two platinum wires placed into two reservoirs of the
microchannel. The particle motion in the microchannel was monitored by the CCD
camera and the captured digital images were recorded and processed by a personal

computer.

Computer

DC Power supply

\

e | — 4

Side-mounted
CCD camera

Laterally-turned microscope

e —— s et ———

Figure 3.2 The experimental setup for the investigation of wall effects on

electrokinetic transport of particles.
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3.3.2 Microchannel fabrication

A 2 cm long rectangular poly-dimethylsiloxane (PDMS) microchannel with 100 pum
in width and 250 um in height was fabricated by using the well-established soft
lithography technique (Whitesides et al. 2001). First a negative photoresist SU8
pattern was made by using the photolithography technique. Then liquid PDMS was
casted on the silicon wafer, and baked in an oven at 85 °C for 1 hour. Later the cured
PDMS slab with microchannel patterns was peeled off from the master mould, and
finally bonded with another PDMS slab after with plasma treatment in an oxygen

plasma cleaner (PDC-32G, Harrick Scientific, USA).

Due to the limitation of the photolithography technique, the side wall of the SU8
master mould actually is not smooth but rough. Walls of the PDMS channel peeled
off from the SU8 mould are also rough and thus have low surface quality which
would degrade the accuracy of measurement of particle-wall separation. To improve
the surface quality of the channel boundary, we developed a protocol for assembling
the microchip so that smooth PDMS surface can be used as the bottom channel wall
during the course of experiment (see Figure 3.3). At this situation, the CCD camera
was mounted in parallel to the PDMS-PDMS interface and was used for monitoring
the physical process within the microchannel from side view. A PDMS slab with
microchannel patterns and fluid reservoirs was peeled off from the master mould and
bonded with another PDMS slab after plasma treated (Figure 3.3 (a)). The bonded
PDMS chip was carefully cut into a cuboid (Figure 3.3 (b)). In order to improve the

surface roughness from cutting, the rough surface was placed on a glass slide coated
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with a thin film of Liquid PDMS (Figure 3.3 (c)). After baked into an oven at 85 °C
for 1 hour, the PDMS gel was solidified and incorporated into the rough surface.
Then the chip was peeled off from the glass slide and the surface quality of rough
surface was greatly improved. We smoothed all rough surfaces by repeating the
above procedure. Finally, the chip was turned 90° with respect to Figure 3.3 (b) and
bounded with a glass slide to form the final version of microchip. To facilitate the
measurement of vertical particle-wall separation during the experiment, the entire
microchip was turned 90° with respect to Figure 3.3 (c) and observation was
performed through an object lens beside the microchip, as illustrated in Figure 3.3 (d).

A microchip used in our experiments is shown in Figure 3.4.

Rectangular microchannel PDMS slab with Reservoirs
f |/ channel pattem
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|
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(Glass substrate
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Figure 3.3 Schematic illustration of microchip fabrication. (a) the PDMS slab with
microchannel pattern is obtained by soft lithography, (b) the PDMS slab with
microchannel pattern is bonded with another PDMS slab, (c) a thin liquid PDMS
layer is coated on a piece of glass substrate, and the PDMS slab is placed on the glass
slide with its side profile contacted. (d) The PDMS chip is bonded with a glass slide
and the device is observed from the side surface. As a result, the PDMS-PDMS
interface was employed as the bottom channel wall during the experiment and the

physical process within the microchannel could be readily observed from side view.

1cm

Glass shide Reservoirs
N
L

Rectangular microchannel

PDMS

Figure 3.4 A photograph of the microchip used in the experiment.
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3.3.3 Materials

Polystyrene microspheres (Duke Scientific, USA) with 15 pm, 30 um and 40 pm in
diameter were used in this study. The mixture of sodium bicarbonate (Sigma-Aldrich,
Singapore) and DI water were used as carrier fluid. Prior to the test, the originally
purchased particle solution was resuspended and diluted with 1mM sodium
bicarbonate solution in order to allow the observation of only a single particle move

into the viewing window.

3.3.4 Experimental method

Prior to experimental test, the PDMS microchannel was cleaned by soaking them in
Acetone for 10 minutes followed by rinsing several times with DI water in an
ultrasonic cleaner. Before apply the electrical voltages, the liquid heights of reservoirs
were carefully balanced to eliminate the pressure driven flow motion. During the
experiment, the direction of the applied electrical field was switched immediately
after the particles velocity was observed and the opposite direction velocity was
measured subsequently. By using this approach, the particle motion resulting from the
external pressure difference can be further minimized once average the particle
velocities in these two competing directions. In addition, to exclude the effects of two
side walls on particle motion, an AC voltage with an amplitude of 300V and a
frequency of 1kHz, obtained by amplifying the signal from a function generator
(Agilent, USA) with an amplifier (EPA-102, Piezo System), were applied for at least

1min prior to each measurement to repel the particle to the centerline of channel by
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means of DEP forces induced by side walls. Immediately after that, the particle
motion in the microchannel was detected under DC electric voltages to examine the
bottom wall effect on the near-wall particle transport. The DC voltages were varied
from 20 V to 600 V with intervals of 5V, 25 V and 50 V in the ranges of 20~100 V,

100~300 V and 300~600 V, respectively.

The particle motion was captured at a rate of 15 frames per second (fps) through the
side-mounted camera under a 10x objective lens and was subsequently analyzed
using the image processing software. The particle-wall separations were measured
directly from the captured images with a resolution of 696>620 pixels. Particle
velocities were determined by dividing the distance the particle travels by the
corresponding time interval. The electrophoretic mobility of the particle was then

obtained by dividing the particle velocity over the corresponding applied electric field.

3.4 Numerical simulation

In order to explain the experiment observation, a 3D numerical simulation is carried
out with commercial software Comsol Multiphysics 3.4 (Comsol INC, Sweden).
Comsol Multiphysics is a general Partial Differential Equation (PDE) solver using the
Finite Element Method (FEM) and has several predefined modules. The geometrical
parameters of particle and microchannel are chosen to be identical to those in the

experimental conditions. It is assumed that:
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(a) The particle and microchannel walls are rigid and non-conducting.

(b) The fluid within the microchannel is incompressible and a Newtonian fluid.

(c) The electric double layers (EDL) on the particle and microchannel
boundaries are thin.

(d) The particle rotation is not considered.

The mathematic equations employed in the numerical simulation are provided below.

Due to the thin EDL assumption, there is no free charge within the bulk fluid.

Therefore, the electric field is governed by the Laplace equation

Vi =0 (3.4)

together with the following boundary conditions,

n-Vy =0, on the channel walls and particle surface (3.5)
w =0, at the inlet (3.6)
W =y,, at the outlet (3.7)

As the Reynolds number in the experiment is much smaller than 1 and only particle
transport at the steady state is concerned, the Navier-Stokes equation (2.4) can be

simplified to the Stokes equation
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—nViv+Vp=0 (3.8)

The flow field is governed by the Stokes equation and the Continuity equation (2.5),

and they are subjected to the following boundary conditions,

p =0, at inlet and outlet (3.9
ggogw
v=—2%(]-nn)-V, on the channel wall (3.10)
£&¢, .
v=U+——=(1—-nn)-Vy , on the particle surface (3.11)
n

where ¢, and £, are respectively the zeta potential of the channel wall and the zeta

potential of the particle. | is the unit dyadic. U is the electrophoretic velocity of the

microsphere, and it satisfies Newton’s Second law as

m—=F, (3.12)

where m and t are the particle mass and time. According to the thin EDL model, the

net force acting on the particle is the hydrodynamic force F, only, which can be
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obtained by integrating the hydrodynamic stress tensor o, with respect to the particle

surface.

F, = [0, -nds = [{-PL+7[Vv+(Vv) ]} nds (3.13)

Here we neglect the EDL and van der Waals interactions between particle and bottom
wall since the EDL thickness is negligibly thin in the present investigation (around 10
nm for 1mM sodium bicarbonate solution) and the van der Waals interaction takes

effect only when separation is down to the order of 200nm or less.

x le-4

Figure 3.5 An illustration of 3D meshes used in the numerical simulation.
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A 3D mathematic model based on above-described equations is established. The
model is solved in a workstation with 128 GB RAM. Figure 3.5 shows a three-
dimensional mesh generation in the numerical simulation. There are 297,279
tetrahedral mesh elements inside the domain, and the region near the particle surface
is meshed more densely to accurately estimate the force acting on the particle. Due to
the symmetry along the direction that is perpendicular to side walls, only half of
channel was used as the simulation domain. Because the electric and flow fields are
decoupled, so we solved the electric field first and then the flow field. The initial

velocity of the particle transport is given by using the Smoluchowski equation.

To verify the numerical model, we simulated the electrophoretic motion of a particle
in a large domain with dimensions to be 200 times of the particle diameter. The result
obtained from the numerical simulation was then compared with the Smoluchowski
equation and an excellent agreement was achieved. In addition, mesh independence
was tested prior to the computation to ensure that all solutions obtained are fully

convergent and independent of mesh density.

3.5 Results and discussion

The effect of the top channel wall on the particle motion vanishes because of the very
large separation between particle and top channel wall. In the following, particle-wall

separation exclusively refers to the separation between the particle and the bottom
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channel wall. The electrophoretic mobility («) of the particle obtained in the
experiment were normalized by a reference mobility (i) to eliminate the effect of
side channel wall, where y, is the electrophoretic mobility of the particle motion
above the bottom surface at a/b = 0.2. As a result, the effect of side channel walls on

the particle transport was cancelled once obtains the dimensionless electrophoretic

mobility.
1.4 T T T T T T v ) X 1
| ——40 pm particle (numerical simulation)
- =<=-30 pm particle (numerical simulation)
1.3 | --<--15 pm particle (numerical simulation)
® 40 pm particle (experiment) f’_
® 30 pm particle (experiment)
5 1.2 A 15 pum particle (experiment)
N
=

0'9 X | " | X | 2 1 . | s
0.4 0.5 0.6 0.7 0.8 0.9 1.0

Figure 3.6 The relationship between the particle electrophoretic mobility against the
particle-wall separations. Experimental data for 40 um, 30 um and 15 um particles
are signified by black circles, red squares and blue triangles, respectively. The black,
red and blue solid curves suggest the numerical predictions for 40 um, 30 um and 15
um particles.
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Figure 3.6 depicts the variation of the electrophoretic mobility with the particle-wall
separations for three sizes of particles. The largest particle-wall separation achievable
in our experiment is limited to a/b=0.4. To achieve even larger particle-wall
separations, extremely high strength of electric field must be required, and thus the
electrophoretic motion of particles becomes too fast to be recorded with the camera
used in our experiment. It is readily identified from the plot that at small particle-wall
separations (0.8< a/b <1), the measured electrophoretic mobility is increased
significantly. However, for relatively large particle-wall separations (0.4< a/b <0.7),
the measured electrophoretic mobility is nearly a constant and rarely depends on the
particle-wall separations. The numerical results can well predict the trend of
experiment as shown in Figure 3.6, though there are quantative differences between
these two. Such differences however could be due to the assumptions made for
numerical simulations. In fact, the wall effects on electrophoresis have been attributed
to two competing mechanisms: on one hand, the narrow gap between particle and
channel wall leads to the enhancement of local electrical field because of the
conservation of electric current, therefore accelerating the particle; on the other hand,
the solid channel walls viscously retards the flow which in turn slows down the
particle. The former effect dominates over the latter effect when the particle is close
to the bottom wall, resulting in the increment of electrophoretic mobility due to the

dominant enhancement of electric stress within the narrow gap.

The particle-wall separation for a moving particle is directly measured by counting

the pixels from pictures captured during the experiment, as shown in Figure 3.7.
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Prior to applying an electric voltage, the value of a+b of a particle stay on the bottom
surface of the microchannel was measured (Figure 3.7 (a)). For a moving particle
above the surface with a separation under an externally applied electric field, the
change of the value a+b was then calculated and thus the particle-wall separation can
be obtained (Figure 3.7 (b)). By using this method, the small particles-wall separation
can be easily obtained. Due to the limitation of the measurement method, for the 15
um particle, it is very difficult to accurately determine the particle-wall separation
with an a/b value greater than 0.860. However, because a/b = a/(a+h), more refined
dimensionless particle-wall separations can be obtained by using larger particles. For
example, with a 40 um particle used in the experiment, a dimensionless particle-wall

separation as great as 0.957 was accurately measured during the test.

The snap shots of particles transport in the microchannel at various particle-wall
separations for 40 um, 30 um and 15 pum particles are demonstrated in Figure 3.8 (a),
(b) and (c), respectively. By adjusting externally applied electrical voltages, the
vertical positions of the particle transport were flexible controlled and could be
readily observed by the side-mounted camera. As explained by equation (3.3),
increasing applied electric field yields the reduction of VE and thus enlarging the
particle-wall separation. It should be pointed out that since the particle-wall
separations were manipulated by varying externally applied electric voltages, stronger
electric fields are required to provide an equal DEP force against the relative gravity
force at higher equilibrium positions, and therefore yielding faster particle transport

speeds as well. At the dynamic particle transport system, due to the limitation of the

60



Chapter 3

camera speed, the particle images tends to a little bit blur at higher transport velocities,

as shown in the smaller a/b cases.

20pm

a=20pm

@ab=1

20pm

(b) a/b =0.790

Figure 3.7 Measurement of particle-wall separations for a 40 um particle.
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a/b=0.538  a/b=0.631  a/h=0.673  a/b=0.719

a/b=0.749  a/b=0.790  a/b=0.866  a/b=0.957

(a)

=0.487  a/b=0.507 a/h=0.597 a/b=0.685

a/b=0.755  a/b=0.804  a/b=0.860  a/h=0.925

(b)

a/b=0.505 a/b=0.563  a/b=0.636 a/b=0.710

a/b=0.754  a/b=0. 778 a/b—() 803  a/bh=0.860
C

Figure 3.8 Snap shots of particle-wall separations for (a) 40 um, (b) 30 um and (c) 15

um particles transport in a microchannel. Scale bars represent 40 pum. The
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corresponding DC voltages are (a): 550V, 350V, 300V, 250V, 200V, 150V, 70V and
25V; (b): 600V, 550V, 450V, 350V, 200V, 100V, 65V and 35V; (c): 550V, 450V,
350V, 250V, 200V, 150V, 100V and 70V.

3.6 Summary

The solid wall effects on near-boundary electrophoretic transport of microspheres in a
microchannel have been studied both experimentally and numerically in this chapter.
To our best knowledge, this work is the first experimental investigation and
observation of the velocity enhancement of electrophoretic transport of a microsphere
near a solid boundary with flexible controlled particle-wall separations. In this study
the focus was placed on the x-z vertical plane instead of the x-y horizontal plane and
hence the narrow gap can be accurately adjusted by means of the force balance in
terms of the DEP force against gravity. The utiliztion of DEP force to control the
partial-wall separation is originated from the following reasons. (1) Electric signals
promise high accuracy and much faster feedback than mechanical methods in
microfluidic manipulations. (2) The use of DEP force to control the particles position
in the microchannel does not affect the channel structure and provides a simple and
low cost measurement without increasing the sophistication of the experimental setup.
(3) As both DEP and near-wall EP velocity enhancement are introduced due to
electric current conservation within the microchannel, the near-wall EP velocity
variation can be sensitively modulated by adjusting applied electric voltage. In order

to directly observe the particle displacement within the wvertical plane, an
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experimental setup is employed with a side-mounted CCD camera by laterally turning

an optical microscope with 90°.

Experimental results suggested that the electrophoretic mobility of a particle is
pronouncedly enhanced with a decrease of the particle-wall separation. This is
because as the narrow gap shrinks to a certain value, the effect of electric stress due to
the squeezed local electric field can overcome the viscous retardation from the solid
boundary, and thus the particle is accelerated. As the particle-wall separation is
directly “read” from the images, the use of larger particles can realize the
measurement with a smaller particle-wall gap. The experimental results are well

described by the numerical simulations with good agreement.
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Chapter 4. Continuous concentration of
particles in a confined microfluidic

chamber

4.1 Introduction

The fast development of microfluidics is due to its promising applications in chemical
analyses and biomedical diagnoses such as DNA separation, enzyme assays,
immunoassays, PCR amplification etc (Bousse et al. 2000). In most cell-based assays,
the preconcentration of sample molecules and micro/nano particulates from the
background medium is significant to the success of on-chip biomedical assays. It is
well accepted that these particulates/cells in high concentration can not only directly
improves the effectiveness of the biochemical detection and chemical reaction, but
also facilitates the subsequent analytical and processing steps. Examples can be
readily found in microbial analysis of water quality (Greenberg et al. 2005), gene
hybridization process (Hames and Higgins 1995) and fluorescence-based bioassays

(Visor and Schulman 1981).

Recently, with fast development of micro total analysis systems (u-TAS) (Reyes et al.
2002) and labs-on-a-chip (LOC) (Stone et al. 2004) technologies, traditional benchtop
sample processing methods are no longer satisfy the requirement of concentrating

samples in microscale devices. Alternatively, a great many of microfluidic based
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approaches regarding the on-chip particulates/cell concentration and manipulation
have been addressed, such as hydrodynamic filtration (Yamada and Seki 2005; Aoki
et al. 2009; Lee et al. 2010), electrokinetics (EK) (Dhopeshwarkar et al. 2005; Kim et
al. 2006), dielectrophoresis (DEP) (Durr et al. 2003; Lapizco-Encinas et al. 2004;
Chen and Du 2010) and ultrasonic wave (Li et al. 2007; Shilton et al. 2008; Zhang et
al. 2009). In addition, microfluidic concentrators enable concentrating or
manipulating particulates/cells in a continuous fluid flow rather than in a stationary
medium, because of its potential capacity to process relatively large sample volume in

microscale and produce high throughput.

The concept of hydrodynamic filtration relies on the fact that when particle are
transported in the channel, the center of the particle cannot be present in a distance
equals to particle radius from sidewalls (Yamada and Seki 2005). This method is
performed by employing a microchannel network with a number of branch channels.
By controlling and adjusting flow rate at each branch point, the particle concentration
can be achieved. Nilsson et al. (2004) utilized an ultrasonic standing wave field to
manipulate and concentrate suspended particles from the medium in a continuous
flow. The particles were formed in lines and collected via the side outlets by means of
acoustic frequency control. However, the channel has to be actuated by a
piezoceramic plate at the back side of the chip. Electrokinetic approach is used to
collect charged molecules/particles in a microfluidic device in terms of the
combination of electroosmosis (EO), electrophoresis (EP) and hydrodynamics. To

accomplish the concentration of particles, the externally applied electrical voltage
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(normally in the order of several hundred to thousands volts) is inevitable. In addition,
based upon the principle that particles can motion in a non-uniform electrical field
resulting from the unbalanced force acting on the induced dipole of the particle, DEP
is widely utilized in microfluidic systems to concentrate, manipulate, separate and
sort particles, cells and bacteria (Pethig 2010). Either direct current (DC) (Chou et al.
2002; Chen and Du 2010) or alternative current (AC) (Durr et al. 2003; Chen et al.
2006) electric signal is employed to carry out DEP. The non-uniform electrical field
is yielded by patterning asymmetric electrodes in the microchannel (i.e., electrode-
based DEP) or using only two simple electrodes that straddle an insulating structures
array (i.e., insulator-based DEP). More recently, Shafiee et al. (2010) successfully
exhibited the enrichment of biological particles in an insulator-based microfluidic
system. This so called contactless DEP system incorporates side liquid electrodes
adjacent to the main microfluidic channel and they are separated by a thin dielectric
barrier. By applying a high-frequency electric field, they claimed that this method is
able to concentrate 2 um polystyrene beads and THP-1 human leukemia cells from a

heterogeneous sample solution.

Although various particles enrichment approaches have been successful developed,
instinct limitations are easily found in these methods. The microfluidic configuration
in hydrodynamic filtration is so complicated and the precise flow rate control in each
branch channel is of vital significance to the concentration performance. Similarly,
acoustic method needs a piezoceramic plate to generate ultrasonic standing wave,

which increases the cost of the device and complexity of the operation. Electrokinetic
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and DEP methods have to work under a strong externally applied electric field either
in intensity and or in frequency. In this chapter, a method for rapid and continuous
particles concentration in a confined microfluidic chamber is presented. The confined
microfluidic chamber consists of a pair of metal electrodes embedded at two side
walls. By applying a very low DC electric voltage (a few volts), particles enrichment
is achieved in the confined chamber with a short time. The structure of the
microfluidic concentrator is very simple and is fabricated using the conventional soft
lithography. A novel copper imbedding method is used to create 3D side wall

electrodes within the confined microfluidic chamber.

4.2 Experiment

4.2.1 Microchannel configuration

The configuration of microchannel used in the experiment for particles concentration
is shown in Figure 4.1. The microchip was fabricated by using a PDMS slab with
microchannel structures and it was bonded with a piece of glass slide. The sample
flow was fed to the microchannel through plastic tubes connected with needles
inserted into the PDMS slab. The entire microchannel configuration is 2 cm in length
and 100 um in depth with a confined microfluidic chamber designed at the center of
the channel. The dimension of the confined chamber is 400 um > 400 um. Two 40
um wide “gates” are designed at each side of the confined chamber to facilitate the

sample fluid access.
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Flow outlet JL_
7|V
e 40um 400um
microchannel
400pm
(a) (b)

Figure 4.1 Schematic illustration of microchannel configuration. (a) Cross sectional
view of the microchannel along the depth direction. (b) Top view of the section of

confined chamber.

4.2.2 Microchannel fabrication

The microchip was fabricated with poly-dimethylsiloxane (PDMS) using the standard
soft lithography method. A pair of side-wall copper electrodes was embedded into the
microchannel to yield an electric field across the confined microfluidic chamber. The
fabrication procedure of the microchannel with copper electrodes is demonstrated in
Figure 4.2. The 100 pum thick copper foil (Sigma-Aldrich, Singapore) was carefully
incised as small pieces with the dimension of 0.5 mm>8 mm approximately and was
folded as L-shape. First, the master (Figure 4.2(a)) was casted with a droplet of liquid
PDMS around the SU8 mold to form a thin liquid PDMS layer (Figure 4.2(b)).
Subsequently, a pair of L-shape copper foils was emplaced at the designed positions.
External forces were provided horizontally in parallel to the wafer surface towards the

center (as indicated by the arrows in Figure 4.2(c)) to push the copper foils tightly
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connect to the SUS8 patterns. The silicon wafer with copper electrodes was
immediately baked at 90 <C on a hotplate for half minute (Figure 4.2(c)) in order to
fix the copper electrodes with the cured PDMS. The mold was then poured over by
the PDMS mixture of 10:1 mass ratio of prepolymer and curing agent (Figure 4.2(d)).
After being degassed into a vacuum oven for 30 minutes, the liquid PDMS was cured
into a convection oven (Binder, Thermal Fisher Scientific, USA) at 80 <C for 1 hour.
Once cured, the PDMS with the channel portion was peeled off from the mold
(Figure 4.2(e)) and two 0.5-mm-diameter holes were punched vertically at each end
of the channel to form the inlet and outlet. Finally, the PDMS slab with the channel
portion and a clean glass slide were bonded to form the microdevice (Figure 4.2(f))
after plasma-treated in oxygen plasma cleaner (PDC-32G, Harrick Scientific, USA)

for 45 s and heating at 80 <C for 10 min.

The microchip used in the experiment is shown in Figure 4.3. It is seen that the

copper electrodes contact tightly with PDMS microchannel and a confined

microfluidic chamber with side-wall electrodes is thus formed.
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PDMS
SU8 SU8 4
Silicon | | Silicon |
(a) (b)

SU8

| Silicon

(d)

PDMS I PDMS I

Glass substrate

(®) ®

Figure 4.2 Schematic illustration of the fabrication steps for a microchannel with
copper electrodes. (a) the master mold including SU8 patterns, (b) a thin PDMS layer
was coated on a silicon wafer, (c) L-shape copper foils were emplaced and then
heated on a hotplate, (d) liqguid PDMS was poured over the mold, (e) Peeling off the
PDMS film, and (f) bonding the PDMS slab with a glass slide.
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(@) (b)

Figure 4.3 The microchip for particles enrichment used in the experiment (a) A
photograph of the PDMS microchannel and (b) A microscopy image of the confined

microfluidic chamber.

4.2.3 Materials and method

In order to test the performance of particles concentration in the present device,
fluorescent polystyrene microspheres (Duck Scientific, USA) with the sizes of 1 um,
0.5 um and 0.1 um in diameter were used in this experiment. Deionized (DI) water
and 0.01mM and 0.1 mM Sodium chloride (Sigma-Aldrich, Singapore) solutions
were employed as the medium solvent. Prior to the test, the original particle solution
was dehydrated with a centrifuge machine and resuspended in the media solvent to
obtain a 500-time-diluted sample solution. Before each experiment, the microchip
was treated with 5% bovine serum albumin (BSA) for 4 hours to minimize the
particle adhesion to channel walls. Before applying electrical field, the sample
solution was transported through the entire test section from inlet to outlet for few

minutes to obtain a steady flow rate.
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To examine the physical process of microparticles enrichment in the confined
microfluidic chamber, 1 pm fluorescent microspheres was firstly used and
resuspended in DI water to form a 500 times diluted solution. An 8 VV DC electric
voltage was provided across the copper electrodes, yielding a 20 kV/m electric filed
along the vertical direction within the confined chamber. The diluted sample solution
was introduced into the chamber from bottom right corner inlet and went out through
the top left corner outlet by the syringe pump at a 0.5mL/h volume flow rate. The
fluorescent intensity variation of particles in the confined chamber was recorded after
the voltage is turned on. Subsequently, the effects of applied electric voltage, feeding
flow rate, electrolyte solution and particle size were studied by varying experimental

conditions accordingly.

4.2.4 Experimental setup

The experiment setup is illustrated in Figure 4.4. The electric field was generated by
applying a DC voltage across the copper electrodes. The antennas of the L-shape
electrodes were connected directly to a constant DC power source (GPS-3030DD,
GW Instek, Taiwan) which provides uninterrupted power supply during the course of
the experiment. The diluted sample solution was introduced into the test section and
fed by using a syringe pump (LSP02-1B, Longer Pump Co, PR China). Plastic tubes
were employed to link the syringe pump and needles inserted into the PDMS
microchannel. The motion of particles within the test section was imaged and
recorded by using an inverted microscope (Nikon TE-2000U, Japan) equipped with a

cooled monochrome camera (Retiga Exi) for optical observation and a mercury arc
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lamp for fluorescent excitation. The acquired images were transferred to a computer

for further analysis and were processed using the image software NIS Elements AR.

CCD Camera

Image Acquiring and Processing 7
== Electrode /

DC power supply

Figure 4.4 Schematic of the experimental setup.

4.3 Mathematical model

A mathematic model is established to describe the physical process of particle
enrichment within the confined microfluidic chamber under an externally applied
electric field. The physical problem is formulated in x-y two dimensions only because
previous studies have suggested that 2D model can sufficiently capture the transport

phenomenon with both good accuracy and economic computational costs. The
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computational domain is strictly focused on a rectangular microfluidic chamber as
shown in Figure 4.5. Several assumptions are made as follows:

(@) The fluid in the microchannel is incompressible and Newtonian;

(b) The flow is laminar flow and in the steady-state;

(c) The electrical charges on the channel surfaces are uniformly;

(d) The temperature within the microchannel is uniform and constant.

Electrode

Flow Outleté
-

Solid wall

Solid wall

E
i Flow inlet

Electrode

Figure 4.5 Sketch of the computational domain.

As the particle enrichment within the confined microfluidic chamber involves multi-
physical problems including electric potential distribution, momentum transport and
mass transport, a multi-physical mathematic model is developed to simulate the

complex phenomena.
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The electric field in the bulk fluid satisfies the Laplace equation

Vi =0 (4.1)

The boundary conditions on the electrodes surfaces AF and CD are set as specified

electrical potentials and the rest boundaries are electrical insulation.

Since the flow considered in the microfluidic system is usually of creeping type with
very small Reynolds number, the incompressible fluid flow at the steady state can be

governed by the Navier-Stokes equation and the Continuity equation,

PV-VV =-Vp+nV’v (4.2)

V.v=0 (4.3)

The non-slip condition v =0 is employed on the electrodes surfaces AF and CD due

to the equipotential and the slip condition v=-g¢,{,E/7n is used at the chamber
walls BC and EF due to the EOF, where ¢, denotes zeta potential on the solid walls.

The flow is introduced into the confined chamber at inlet DE with a normal inflow

velocity Vj and at the outlet AB the back pressure is set as zero.

Because the microspheres used in the experiment are much smaller than the
microchannel, the particle enrichment process within the microfluidic chamber can be

described by the mass transport equation,
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oC
EJFV -(V+v,,)C=DV°C (4.4)

where C, t and D are resepectively the concentration of microspheres, time and mass

diffusion coefficient of the particles solution. v, is the electrophoretic velocity of
charged particles under the externally applied electric field. v, can be calculated by
using the theory addressed in Chapter 2, ie. v, =y, E (where g, is the

electrophoretic mobility of charged particles). The mass diffusion coefficient of

microspheres can be estimated from the Stokes-Einstein relation,

_ KT
67na

D

p

(4.5)

where D, is the diffusion coefficient of microspheres calculated with the above
equation and a is the radius of the microsphere. However, many studies have
suggested that the utilization of D, directly obtained from the Stokes-Einstein relation
is hardly to reflect the actual physical process. The underlying reasons can be
possibly explained as follows. Firstly, in the mathematic model the particle-particle
and particle-wall interactions are not included. Due to the existence of EDL on the
particles and solid walls, the EDL repulsive force among particles and chamber walls
are extremely significant when the inter-particle distance and particle-wall distance
are very small. This is especially true when microspheres are enriched at a very small

volume within the confined microfluidic chamber (Zhao 2012). Secondly, in the
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mathematic model the viscosity of the particles is assumed constant and identical with
the value of water. Indeed, for the solution with microspheres suspended, the
viscosity is not a constant value but depends on the particle size and volume fraction
of particles. Especially for the small space where microspheres are concentrated, the
local viscosity is totally different from that of the pure solution. Thirdly, as the
dielectric permittivity of particles is much lower than the medium fluid, induced
dipole is therefore generated within the microspheres when an externally electric field
is applied. Such induced dipole tends to arrange microspheres as chain structures
along the electric field and it is competing to the enrichment effect which
accumulates particles at a small space. As a result, correction of equation (4.5) is
suggested by introducing a correction factor ¢ and then the mass diffusion coefficient

of the particle solution can be rewritten as,

D=cp, = X! (4.6)
67na

It is quite difficult to determine such correction factor c¢ as it can depend on the
surface charge density of the particles, the dielectric properties of the particles and the
volume fraction of the microspheres. However, since the dependence of ¢ on these
factors is complicated and unknown, a zero-order approximation is applied in this

study by assuming that the correction is constant for a specified particle size.

The governing equation (4.4) is subject to the following boundary conditions. Since

the particles are introduced into the confined microfluidic chamber from the inlet
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boundary, the particles concentration should be as same as the initial particles
concentration at DE. At the flow outlet AB it is assumed that microspheres only go
through convectively and hence convective flux boundary condition is employed. At
the rest boundaries, particles cannot penetrate through the chamber wall and thus
impermeable boundary conditions are applied. Furthermore, at the initial state, the

confined chamber is filled with the inflow particle solution, so the initial condition

isC=C,|,,. A summary of all boundary conditions specified for solving the three

governing equations are listed in Table 4.1.

Table 4.1 Summary of boundary conditions specified in the mathematic model.

Governing
quations Electric field Flow field Mass transport
Boundaries
AB Insulation Zero pressure Convective flux
BC Insulation EOF Impermeable
CD Electric voltage Non-slip velocity Impermeable
Insulation Inflow velocity Specified
DE .
concentration
EF Insulation EOF Impermeable
FA Grounded Non-slip velocity Impermeable

The mathematic model is solved by using Comsol Multiphysics 3.4 (Comsol INC,

Sweden). The computational domain is meshed with triangular elements. Because the
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electric field, flow field and concentration field are not coupled, it is thus reasonable
to solve the steady state electric field and flow field firstly. After that, the transient
mass transport is calculated subsequently by using the results obtained from the first
step. The electrophoretic mobility 1e=3.5>10" cm?V's™ is used in the numerical
simulation. The test of mesh independence is conducted prior to the computation to

ensure that all the solution obtained is not dependent on the grid density.

4.4 Results and discussion

4.4.1 Particles enrichment within the confined chamber
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Figure 4.6 Sequential images of the enrichment process of 1 pum particles in the

confined microfluidic chamber. Images sets in the left hand side and right hand side

8
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show experimental observations and numerical simulations respectively with a time
interval of 16 s. The flow inlet and outlet are emplaced at the bottom right corner and
the top left corner respectively. Electric field is applied vertically within the chamber
from bottom to top.

Figure 4.6 shows the particle enrichment process with time elapse in the confined
microfluidic chamber. The experimental observations and numerical simulations are
demonstrated in the left hand side and right hand side, respectively. The flow inlet
and outlet are placed at the bottom right and top left of the confined microfluidic
chamber, respectively. It is pronouncedly noticed that particles are rapidly enriched at
the lower left region within the confined chamber. In fact, once moving into the
confined chamber, a strong electrophoretic force towards the bottom anode is added
on the particles due to the Coulombic attraction. At the same time, the particles also
experience a hydrodynamic force because of the fluid flow. The combination of these
two forces, therefore, attracts particles to the lower left corner of the confined

chamber and traps them with chamber boundaries.

In order to quantify the trapping efficiency within confined microfluidic chamber, the
fluorescent intensity of trapped particles, which reflects the local particles
concentration, was measured during the experimental process. Image sequence was
capture under the fluorescent microscope and was then analyzed with an in-house
code. Because the calibration suggests a linear relationship between the fluorescent

intensity and the particle concentration, the particle concentration can be readily
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converted from the experimentally measured fluorescent intensity (Ge 2011). Before
the device was energized, the mean fluorescent intensity of the 500-time-diluted
sample solution was analyzed and set as reference. The maximum fluorescent
intensities of particles in the confined chamber at each time step were then detected
during the experimental course and were normalized by the reference subsequently,

suggesting the particles concentration efficiency as time elapse.

4.4.2 Effect of applied electric voltage

The effect of applied electric voltages on the microspheres enrichment process within
the confined microfluidic chamber is depicted in Figure 4.7. The electric voltages of
8V, 6V and 4V are applied and the rest parameters are held unchanged. The results
suggest that the trapping efficiency rises dramatically with the increment of the
electric field within the trapping region. As applied electric voltages drop, the
electrophoretic force acting on the microspheres is weakened, yielding a decline of

particles trapping efficiency.

To simplify the computation, numerical results shown in the figure are obtained with
a constant correction factor c. It is found that the simulation results can give a close
match to most of the experimental observations by setting ¢ = 466. As the correction
factor c is related to the local microspheres concentration, it can be readily inferred
that the actual mass diffusion coefficient D of the microsphere is a space and time-

dependent function. At the initial stage of the microspheres enrichment process, the
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local concentration of the microspheres at the trapping area is low, resulting in an
overestimation of the correction factor c. As results, the experimental observations
are greater than that of the numerical simulations. However, the difference between
experimental and numerical results reduces with time elapse and a good agreement is

found once higher microsphere concentrations are achieved.
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Figure 4.7 The particle enrichment varies with the applied electric voltage. Symbols
and curves indicate experimental results and numerical simulations, respectively.

Experimental results plotted in the figure were captured every 4 seconds. ¢ = 466.
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4.4.3 Effect of feeding flow rate

Figure 4.8 shows the effect of flow rate on the particles concentration within the
confined microfluidic chamber. The results suggest that the reduction of feeding flow
rate can lead to a significant decline of maximum particles concentration Cpax Within
the confined chamber. Indeed, at the region above the bottom electrode, the flow
velocity has a very smaller vertical component but a much greater horizontal
component. Therefore, the drop of horizontal flow velocity is much pronouncedly
than the vertical flow velocity decrease at this region due to the reduction of feeding
flow rate. At a lower feed flow rate, the microspheres are concentrated “evenly” on
the electrode surface because of a small horizontal flow velocity above the electrode,
yielding a lower maximum particles concentration Cnax. On the contrary, at a higher
feeding flow rate, particles above the bottom electrode are swept to the left hand side
due to a significant horizontal flow velocity and concentrated at a small volume
within the confined chamber, therefore yielding a higher maximum concentration
Cmax (as shown in Figure 4.9). In addition, the flow field within the confined
microfluidic chamber is dependent on the combination of externally pressure driven
flow and EOF induced by chamber boundaries. As the feed flow rate drops, the effect
of EOF on the flow field becomes increasingly significant. The wall induced EOF,
especially in the z direction (the direction perpendicular to the computational domain),
can generate vortex within the confined chamber and therefore weaken the

microspheres enrichment effect.
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Figure 4.8 The particle enrichment varies with the feeding flow rate. Symbols and
curves indicate experimental results and numerical simulations, respectively.

Experimental results plotted in the figure were captured every 4 seconds. ¢ = 466.
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Figure 4.9 Images of 1 um microspheres enrichment within the confined microfluidic
chamber after the electric field is applied for 64 s at a feeding flow rate of (a) 0.5
mL/h, (b) 0.2 mL/h and (c) 0.05 mL/h.

4.4.4 Effect of electrolyte solution

Figure 4.10 describes the effect of electrolyte concentrations on the trapping process
of microparticles within the confined microfluidic chamber. It is well acknowledged
that the zeta potential is dependent on the electrolyte concentration and typically
increases with the decrease of the electrolyte concentration. The variation of zeta
potentials on both the solid walls and particles would responsible for the changes of
the flow field and the electrophoretic mobility of the particle. The particles suspended
in the sample solution with a lower electrolyte concentration experiences a stronger
electrophoretic interaction under the applied electric field, and therefore they are
more effectively trapped within the confined chamber than that of higher electrolyte
concentrations. However, it should be realized that in the present study the 3D

electrodes were formed by copper foils, which significantly limit the concentration
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range of the electrolyte during the test due to the electrodes corrosion. In the
experiment, we found the electrodes corrosion become significant when the

electrolyte concentration is greater than 1mM.

[T T | | | | T | | —
140 .y’ ‘AJA-
K A J
120 - o/ AA .
| 0/ 4. ]
F o
100 | r. 5 -
A
Oc L A e
. 80 il
<
3 ]
O 60} - -
i "M DI water (Experiment) -
40 | ® 0.01mM NaCl (Experiment)
- A 0.1mM NaCl (Experiment) -
20 + —— DI water (Simulation) ]
- - = -0.01mM NaCl (Simulation) 1
g - e 0.1mM NaCl (Simulation) T
| | L | | L | ) 1 ) | \ | ) | ) |

0 10 20 30 40 50 60 70 80 90
Time /s

Figure 4.10 The particle enrichment varies with the electrolyte solution. Symbols and
curves indicate experimental results and numerical simulations, respectively.

Experimental results plotted in the figure were captured every 4 seconds. ¢ = 466.
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4.4.5 Effect of particle size
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Figure 4.11 The particle enrichment varies with the microsphere size. Experimental

results plotted in the figure were captured every 4 seconds.

The effect of particle size on the concentration process of microspheres within the
confined microfluidic chamber is investigated and the result is represented in Figure
4.11. It is readily observed that the microsphere size plays a vital role in the particle
trapping process. The 1 pum particles are efficiently trapped within the confined

chamber, evidenced by a 145 folds maximum concentration enhancement after 64 s
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during the experimental course. In contrast, the concentration of 0.1 pum particles
within the trapping region grows very slowly, indicating a low trapping performance
in this case. The enrichment process of small microspheres is even retarded if the
mean concentration is examined, as shown in Figure 4.12. As the particle size reduces,
the mass diffusion coefficient raises accordingly based on the Stokes-Einstein relation
and thus the microspheres enrichment process is significantly retarded. In addition,
because of the complexity of the correction factor, it is difficult to find a constant
factor ¢ matching all experimental and numerical results. Therefore, only

experimental observations are demonstrated in the figure.

() (b) (c)

Figure 4.12 Images of microsphere enrichment within the confined microfluidic
chamber. (a) 1 umandt =64 s, (b) 0.5 umand t =100 s and (c) 0.1 um and t = 100 s.
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4.5 Summary

In this chapter, a method for continuous concentration of microspheres in a confined
microfluidic chamber was proposed and systematically studied. By applying very low
DC electric voltage across a pair of copper electrodes and feeding the particles
solution with a syringe pump, successful microsphere enrichment has been
demonstrated. The study of experimental parameters suggests that higher electric
voltage and feeding flow rate, electrolyte solution with lower concentration, and
larger particle size are favorable to such particles enrichment process within the
confined microfluidic chamber. A numerical model is developed to simulate the
particle enrichment process and reasonable agreement with the experimental

observations is obtained.

The major advantage of this method is that since the separation between two
electrodes is in microscale and the device is energized by very low DC electric
voltage, it is envisioned to implement this method for Lab-on-a-chip devices,
especially for those mobile devices operated by batteries. However, restrained by its
operation principle, the efficiency of such method degraded dramatically once the
particles size drops to submicron. In addition, a novel 3D electrodes fabrication
approach in microfluidic channel is proposed and experimentally demonstrated.
PDMS microchannel with 3D copper electrodes can be created within 2 hours without
involving clean room facilities when surface roughness of the electrodes and channel

boundary is not specifically required.
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Chapter 5: A novel electronic paper display

based on in-plane dielectrophoresis

5.1 Introduction

Nowadays, particle-based displays rely on the electric polarity and charge distribution
of the particles, i.e. the Electrophoretic Display (EPD), have been developed for a
long period because of their high contrast and low power consumptions. EPD is a
reflective display technology based upon the phenomenon of electrophoresis. In a
typical EPD, dyed micro/submicro-particles with surface charges are suspended into a
dielectric carrier fluid and they are encapsulated within an electronic display cell with
transparent electrodes patterned on the inner surfaces of front and back planes. The
desired information is displayed on the front plane by transporting pigment particles

toward the top electrodes under an external applied electric field.

Since the information display on EPD is realized by means of the rearrangement of
particles with an electric impulse, the optical performance of EPD is significantly
depends on the electric and physical properties of the particles and fluid. The
fabrication of pigment particles and electrophoretic suspension is a complicated
process. For instance, pigment particles are firstly atomized from an organic
suspension and sieved to obtain an approximately uniform size. The white and black
pigment particles used in EPD cells are made of different materials in order to yield

different zeta potential with opposite signs on the particles surface, and thus they can
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electrophoretically move to the opposite directions in response to an applied electric
field. The microparticles are then dispersed in an organic mixture with a lower
viscosity and a density equals to the particles so as to enhance the particle transport
velocity and eliminate the effect of gravitational force (Comiskey et al. 1998; Kim et
al. 2005). Polymeric adsorbed layers are coated on the particles surface to prevent
them from coagulating. In some cases a charge controlling agent is added into the

suspension fluid as well in order to yield higher surface charges on the particles.

In recent years, several new electronic paper display technologies by using neutral
particles instead of charged pigment spheres (Wen et al. 2005; Chiu et al. 2007; Chiu
et al. 2008; Hsu et al. 2008; Chen et al. 2009) have been reported. Since the surface
charge on pigment particles is no longer essential, the manufacturing process of these
electronic displays can be greatly simplified. These devices can be realized either by
suspending polystyrene microparticles into deionized (DI) water or mixing toner
particles with oil. However, the operation of these electronic paper display
technologies normally rely on high electric voltages input and therefore the energy
consumption of these technologies are significantly. In addition, limited by their
working principles, the optical transmittance of these technologies are still in lower

levels.

In this chapter, a novel electronic paper display technique by using neutral particles

directly suspend in aqueous medium is presented. The particles rearrangement within

the electronic display panel is realized by using an in-plane dielectrophoretic force.
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Because dielectrophoresis (DEP) (Pethig 2010) is a physical phenomenon
independent of the surface charge of particles, the advantage of using DEP as
particles driven force is that either charged or neutral pigment particles can be used in
this new technology. As a result, the manufacturing cost of the current electronic
paper display could be much reduced since the complicated chemical processes on
both pigment particles and the carrier medium are not necessary. In addition, the use
of aqueous medium, like water, instead of organic mixture can also yield a faster
particles transport within the device as the viscosity of water is typically lower than

most oils used in electronic display technologies.

5.2 In-plane dielectrophoresis

Normally, a non-uniform electric field can be formed by applying an electric field
across a pair of co-planar electrodes. The inhomogeneity of the electric field between
the two co-planar electrodes is significantly dependent on the inter-electrode
separation if the dimension of the electrodes is fixed, and it is enhanced by reducing
the inter-electrode gap, as shown in Figure 5.1. As a result, an electric field gradient
along the longitudinal direction is created when the inter-electrode gap varies along
the electrodes length and a DEP force is thus yielded parallel to the back plane. This
DEP force can be used for particles/cells manipulation in microfluidic devices (Choi

and Park 2005; Chunag et al. 2009). Because the direction of the DEP force created
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by the co-planar electrodes is longitudinally parallel to the electrodes, we term this

effect in-plane DEP.

Figure 5.1 A non-uniform electric field yielded by a pair of co-planar electrodes with
(a) a wider and (b) a narrower inter-electrode separation. The curve lines above the
electrodes denote electric field.
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5.3 Operation principle

Figure 5.2 illustrates the operation principle of the electronic paper display developed
in this study. As shown in the figure, an electronic display unit/cell consists of a
transparent frontplane and a backplane with electrodes patterns as well as a spacer for
separating the front and back planes. The display cell is filled with pigment particles
suspended in a dielectric fluid. In the absence of electric field, pigment particles are
evenly distributed throughout the display panel, and thus light is scattered by the
uniformly dispersed particles to represent a dark state in display situation (Figure 5.2
(@)). When an AC electric voltage is imposed, the pigment particles subject to in-
plane DEP forces are repelled to desired regions, and the rest regions without
presence of particles are transparent to light to represent a bright state (Figure 5.2 (b)).
Consequently, light is reflected by the background underneath the display unit and a

reflective electronic paper display is therefore created.
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Figure 5.2 Schematic diagram for illustrating the operation principle of the electronic
paper display based on in-plane DEP (a) without any electric voltage applied (dark
state) (b) with an electric voltage applied (bright state).

In order to realize the electronic paper display by using in-plane DEP, co-planar
electrodes are symmetrically patterned with varied inter-electrode separations on the
backplane of the display cell. Figure 5.3 represents four different designs of
electrodes configurations on the backplane. In design 1, the electrodes are designed as
wave-shape array with 30 um in width and each strip consists of quarter-circular arcs
with an inner radius of 100 um. The minimum separations between electrodes are 30
um and they are enlarged with the electrodes length. In design I, the minimum inter-
electrode separation is reduced to 20 um. Design Il uses 30 um wide straight
electrodes instead of the wave-shape negative electrodes and the minimum inter-
electrode separation is maintained as 30 um. In design IV the inner radius of the
quarter-circular arcs is increased to 170 um while the minimum inter-electrode

separation is still 30 um.
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ne

Figure 5.3 Four different designs of electrodes configurations patterned on the
backplane of the electronic display panel.
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5.4 Experiment

5.4.1 Microdevice fabrication

The transparent electrodes were patterned on 0.7 mm thick Indium Tin Oxide (ITO)
glass with an electric resistance of 10 ohm/sg. The microdevice was then fabricated
using a piece of plain silica glass (without any electrodes) covered on the ITO glass.
A 60 pm thick dry adhesive layer (Arclad 8102 transfer adhesive, Adhesives
Research, Inc.) was used to separate these two glasses. Two 1 mm holes were drilled
using diamond drill bits at corners of the display panel in order to facilitate filling of

particle solution. The prototype used in the present study is illustrated in Figure 5.4.
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(b)

Figure 5.4 (a) the schematic illustration (cross-sectional view, not in scale) and (b)

photograph (top view) of a prototype of the electronic paper display.

5.4.2 Materials

In order to investigate the electronic paper display, polystyrene particles (Duke
Scientific, USA) with 2.9 um and 1.0 um in diameter (white color) were chosen as
pigment particles, and they were re-suspended and mixed with deionised (DI) water
at a weight/weight concentration of 3%, corresponding to 2.6<10° and 6.3x10°

particles/ml approximately, respectively.
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5.4.3 Experimental setup
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Figure 5.5 Experimental setup used for testing the performance of the prototype of the

electronic paper display.

The AC electric signal applied on the electronic display panel was provided by a
function generator (Agilent 33250A, USA). The information screened on the
electronic display panel was captured by a digital camera with a rate of 25 frames per
second (fps). The microscale particles rearrangement within the electronic display
cell was captured by an optical microscope (Zeiss, Germany) equipped with a CCD
camera (Sensovation, Germany) at a rate of 15 fps and the results were processed
subsequently by using the image processing software. During the experiment, the
particles solution was introduced into the electronic display cell by a syringe through
a hole on the front plane and the cell was hence filled automatically by capillary

forces.
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5.5 Numerical simulation

Numercial calculation of the electric field gradients squared VE? is conducted to
analyze the performance of the electronic paper device. The electric field distribution
can be obtained by numerically solving the Laplace equation with finite element
method based software Comsol Multiphysics 3.4 (Comsol Inc., Sweden). The
boundary condition on the electrodes is specified as given electric potential and the

rest boundaries are defined as zero charge/insulation.

5.6 Results and discussion

5.6.1 Information display on the electronic paper panel

A prototype of the electronic paper display with design | electrodes configuration
shown in Figure 5.3 was tested in the experiment. Particles solution with 2.9 um
polystyrene microspheres suspended in DI water was filled into the cell and the
device was tested with a 10 Vpp, 1 MHz AC electric voltage. The experimental
results are shown in Figure 5.6 and Figure 5.7. Figure 5.6 demonstrates sequential
images of the information display on the electronic display panel with time lapse. It is
observed that after the electric voltage is turned on within 200 ms, a word “NTU”
appears on the electronic display panel. As the electric voltage is kept loading, the
word becomes increasingly clear and a considerable contrast is created after the

voltage is applied for 1000 ms. The line width of each letter on the screen is 500 pm
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approximately and the dimension of letters is about 2 mm, indicating a remarkable
resolution for reading. This dimension is known at the same level of most printed

materials.

Figure 5.6 Sequential images taken for a prototype of the electronic paper display

with design | electrodes configuration. An AC electric signal of 10 Vpp, 1IMHz was
used in the experiment.

In order to explore the microscale particles movement, the microdevice was also

detected under a microscope lens with a 10> magnification. Figure 5.7 shows the
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microscopy images of microspheres rearrangement under the AC electric field with
time lapse. According to the theory of DEP, a 10 Vpp, 1 MHz AC electric voltage
provides negative DEP forces on particles, and thus particles are repelled to the
regions with lower electric field after the voltage is turned on. Numerical simulations
suggest that both the electric field and the gradient of the electric field squared are
much greater near the regions of minimum inter-electrode gap, and therefore a strong
DEP force is yielded to push particles toward the regions with larger inter-electrode
gap (Figure 5.8). The experimental observation confirms that prediction. It is seen
that pigment particles move to the low electric field regions immediately with an
electric voltage is turned on. With the electric voltage is applied for 1000 ms, the
regions around minimum inter-electrode separations have been cleared, showing the
bright state screened on the electronic display panel. After that, the particles are
observed keep moving to the low electric fields, however, the response is much
retarded and the particles pattern changes very slowly due to low electric field

gradients as well as weak DPE forces at these regions.
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Figure 5.7 Microscopy images illustrating particle patterns in the electronic display

cell with design I electrodes configuration. (a): The dark state without applying the
electric voltage. (b) ~ (h): The bright state after the electric voltage is turned on for
134 ms, 200 ms, 400 ms, 600 ms, 800 ms, 1000 ms and 2000 ms, respectively. (i): A
magnified microscopic image showing the rectangular area of (h). The light-colored
curves in (i) represent the positions of electrodes patterns on the backplane. An AC
electric signal of 10 Vpp, 1MHz is used in the experiment. All images are taken under
a microscope lens with a 10> magnification and the microscope lens is focused on the

vertical strip of the letter “T”.
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Figure 5.8 Computational results of design | electrodes configuration: Surface plots of
(a) electric field intensity and (c) the gradient of the electric field squared. Line plots
of (b) electric field intensity and (d) the gradient of the electric field squared along the
dashline “AOA” in Figure 5.8 (a) and (c).

5.6.2 Optical performance of the electronic paper display

To further analyze pigment particles rearrangement responses to the electric field, we
studied the transmittance of the electric paper display with design | electrodes
configuration under AC electric field of 10 Vpp, 1MHz. The electronic display cell
was filled with 2.9 um microspheres solution. Transmittance of the electronic paper
display is defined as the proportion on the backplane with electrodes patterns that
incident light can pass through the electronic display cell and was obtained by
processing microscopy images captured during the experiment with an in-house code.
The 8 bits images taken from the experiment were firstly converted to binary images
with a threshold values setting as the average of the maximum and minimum
intensities of the image. Subsequently the areas of black and white regions on the
image were calculated respectively with the in-house code. Figure 5.9 demonstrates
an example of images processing by using the proposed method for a microscopy
image shown in Figure 5.7 (g). By counting the ratio of white areas to the total area of

the image, the transmittance was thus acquired.
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(@) (b)

Figure 5.9 Images processing for illustrating the conversion of a grayscale

microscopy image (a) to a binary image (b). The microscopy image is captured with a

10>=magnification after the electric voltage is applied for 1000 ms.

Figure 5.10 shows the transmittance of the electronic paper display with design |
electrodes configuration under an AC electric field of 10 Vpp, 1IMHz. It is readily
found that the transmittance rises dramatically right after the electric voltage is
applied. The value keeps approximately constant after the electric field is imposed for
2 s following a slow increment period between 1 s and 2 s. This is because pigment
particles experience a strong DEP force around the “A” regions as indicated in Figure
5.8 (¢) and they are repelled from “A” regions toward “O” regions along the dashline
immediately after the electric field is turned on. However, with the particles

movement, the DEP force drops sharply along the “AO” dashline and the effect is
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much weakened near the regions of “O” because both the intensity and gradient of the
local electric field are low. The response time of the proposed electronic paper
display, which is defined as the time required for a 90% change in the transmittance
after the electric field is applied (Ahn et al. 2008), is then estimated. It is suggested
that the electronic paper display with design | electrodes configuration has a response

time about 850 ms.
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Figure 5.10 The transmittance of the electronic paper display with design I electrodes

configuration vary with time.
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5.6.3 Effect of electrodes configuration

Figure 5.11 shows the effect of electrodes configurations on transmittance of the
electronic paper display. The electronic paper device with design | electrodes
configuration demonstrates a fast switching response within less than 1 s and shows
almost a constant transmittance after the electric voltage is applied for 2 s. With a
smaller minimum inter-electrode gap, the DEP force is greatly enhanced, therefore
the response of electronic paper display with design Il electrode configuration is even
faster than design 1. The transmittance of electronic display with design Il electrodes
configuration is much lower than the others. As the wave-shape electrodes are
replaced by straight electrodes, the areas of low electric field are hence reduced.
Therefore, the regions for pigment particle “storage” are less than which in the rest
designs, resulting in a lower transmittance at the bright state. Similarly, the electronic
display with design IV electrodes configuration shows a higher transmittance at the
bright state as it provides much areas for particles “storage”. However, due to the
growth of particles displacement from high electric field regions to low electric field
regions, it takes a longer time until the transmittance rise to a stable value. In
addition, as the numerical simulations suggested (Figure 5.12), the gradient of the
electric field squared of design Il and IV are low, and thus the electronic paper
display with electrodes configurations of design Il and IV demonstrate slower

responses compared with which by using design I and 11 electrodes.
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Figure 5.11 Effect of electrodes configurations on the transmittance of the electronic

paper display.
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Figure 5.12 (a), (b) and (c): numerical simulation illustrating the gradient of the

electric field squared for electrodes configurations of design II, Il and 1V,

respectively.

5.6.4 Effect of electric signal

DEP is critical to the performance of the present electronic paper display as the
pigment particles rearrangement within the display panel is relies on the in-plane DEP
force. Therefore the effects of operating parameters on the transmittance of the
electronic paper display are studies. In each experiment one parameter was tested and

the rest were maintained unchanged.
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Figure 5.13 (a) and (b) represent the experimental results of the effect of AC electric
field on the transmittance of the electronic paper display with design (a) electrodes
configuration and 2.9 um microspheres solution. As the DEP force is proportional to
the gradient of the electric field squared, the transmittance of the electronic paper
display reduce pronouncedly with the drop of electric voltages. Similarly, by
modulating the frequency of the AC electric signal from 1 MHz to 300 KHz, a
sharply transmittance drop is observed due to the reduced driven force on the pigment
particles. We did not lower down the frequency below 100 KHz as it may induce

unwished positive DEP to be involved.
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Figure 5.13 The effects of (a) electric voltages and (b) frequency of the electric field

on the transmittance of the electronic paper display.

5.6.5 Effect of particle size

Figure 5.14 (a) shows the effect of pigment particles size on the transmittance of the
electronic paper display with a 10 Vpp, 1MHz AC electric field. It is seen that with a
small pigment particles filled into the display panel, the transmittance of the device is
extremely degraded. Actually, once reduce the pigment particles size, on the one

hand, the value of CM factor drops (Figure 5.14 (b)), yielding a smaller driven force
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on the particles; on the other hand, since the magnitude of DEP force is proportional
toa®, smaller pigment particles can significantly weaken the in-plane DEP force. As a
result, although the same electric field is maintained, the transmittance of the
electronic paper display with 1 um pigment particles is much inferior to which with

large pigment particles.
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Figure 5.14 (a): The effects of pigment particles size on the transmittance of the
electronic paper display. (b): Plot of the CM factor versus electric field frequency.
Re[f.m] denotes the real part of the CM factor.

5.7 Summary

In this chapter a novel electronic paper display technology is developed by using
dielectrophoresis for patterning polystyrene particles suspended in DI water. A
prototype of the proposed electronic paper display relies on in-plane DEP is

fabricated. The in-plane DEP force is created by applying an AC electric field across
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co-planar wave-shaped electrodes with varying inter-electrode separations, and the
display on the panel is achieved within 850 ms after the voltage is turned on. The
particle displacement within the electronic display cell is experimentally and
numerically studied. The performance of the electronic paper display with four
different electrodes configurations is tested. It is found that the switching response of
the electronic paper is enhanced by reducing the minimum inter-electrode gap. A
higher transmittance of the electronic paper display is observed by enlarging the low
electric field region. Therefore, optimization of electrodes configuration is of vital
importance to the optical performance of the present electronic paper display. It is
believed that the present electronic paper display can be further improved by
patterning well-designed electrode configurations and scaling down the dimension of
electrodes with advanced microfabrication methods. In addition, it is also shown that
by modulating the input electric signal, the transmittance of the electronic paper
display is controllable, suggesting the potential multi grayscale display with a
programmable electric circuit. As the operation principle of the present electronic
paper display is based on DEP, the optical performance would be degraded by using
smaller pigment particles. The present electronic paper display does not have specific
requirements on the pigment particles and carrier fluid, and therefore is expected to

create a low-cost electronic paper in future.
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Chapter 6: On-chip particle assembly by co-
planar electrodes induced non-

uniform electric field

6.1 Introduction

The investigations of the assembly of micro- and submicro- sized particles have been
rapidly grown in the past decades. Particles can be manipulated and assembled by
various approaches including hydrodynamic drag, electrostatic interaction, van der
Waals force, capillary force as well as gravitational force. The recent advancements
in microfluidics, lab-on-a-chip systems and electrokinetics allow for the manipulation
of microparticles directly with aid of electric field. The utilization of electric field to
manipulate particles through on-chip electrodes has several advantages over the rest
approaches. Firstly, use of electric field provides precise control and adjustment of
driven forces acting on the particles. This is hardly possible with any other
approaches such as using fluid flow, evaporation or mechanical manipulations. The
electric field related parameters characterizing an AC electric signal including
amplitude, frequency and wave shapes can be readily controlled and can affect the
behaviors of particles in different ways. Secondly, the rapid development of
micromachining technologies and Micro-electromechanical Systems (MEMS)
enables relative simplicity and availability of the experimental detections and

microchip fabrications. The microlithography facilities used in microelectronic
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devices fabrication allow the ease fabrication of microelectrodes for the required

investigation (Velev and Bhatt 2006).

In most microfluidic chips, the fabrication of 2D co-planar electrodes is much
preferred because of its lower cost and ease fabrication. The application of an AC
electric signal across a pair of co-planar electrodes can yield a non-uniform electric
field existed above the electrode surface and hence lead to the emergence of
dielectrophoretic (DEP) force (Bhatt 2006). The sign and magnitude of the DEP force
acting on a particle in the suspension above the co-planar electrodes can be either
positive or negative, depends on the effective polarizability of the particle, which is

described by the real parts of the Clausius-Mossotti (CM) factor.

Figure 6.1 Dielectrophoretic (DEP) force acting on a particle in a suspending liquid

above the co-planar electrodes. F, ., and F .., represent the positive and negative

DEP forces, respectively. The dash lines indicate the electric field lines yielded by the
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co-planar electrodes. The black arrows suggest the direction of the DEP force acting

on the particle.

DEP has become a very popular tool for on-chip microparticles control, manipulation
and assembly in microfluidics. Many pioneering works and recent researches in DEP
are focused on the sorting, trapping and manipulation of DNA (Washizu and
Kurosawa 1990; Washizu et al. 1994; Washizu et al. 1995; Suzuki et al. 1998;
Kawabata and Washizu 2001; Asbury et al. 2002; Chou et al. 2002; Dalir et al. 2009),
carbon nanotubes (CNTSs) (Chen et al. 2001; Krupke et al. 2003; Krupke et al. 2003;
Lee et al. 2005), cells (Fiedler et al. 1998; Brisson and Tilton 2001; Gascoyne et al.
2002; Heida et al. 2002; Huang et al. 2002; Minerick et al. 2002; Manaresi et al. 2003;
Minerick et al. 2003; Gray et al. 2004; Prasad and Ozkan 2004; Lewpiriyawong et al.
2011; Lewpiriyawong et al. 2012), droplets (Washizu 1998; Schwartz et al. 2004;
Wang et al. 2009; Wang et al. 2010; Wang et al. 2010) as well as polymer
microspheres (Fuhr et al. 1992; Pethig et al. 1992; Fuhr et al. 1994; Green and
Morgan 1999; Huang et al. 2002; Lewpiriyawong et al. 2008; Lewpiriyawong et al.
2010). Moreover, DEP is also synergistically combined with other techniques in lab-
on-a-chip and microfluidic devices, such as optoelectronic tweezers (Chiou et al.

2005)and electrowetting (Yeo and Chang 2005; Yeo and Chang 2006).

In addition, the use of AC electric field to manipulate and assemble particles has been
intensively studied. New materials can be developed by directly assembly of particles

with electric functionality in microfluidics (Trau et al. 1995; Trau et al. 1996; Trau et
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al. 1997; Velev 2004; Zhang and Liu 2004; Zhang and Liu 2006; Xie and Liu 2008;
Xie and Liu 2009). Under the application of AC electric fields, the effect of DEP
force becomes much complex when a large amount of particles are suspended into the
carrier medium. The induced dipole on particles can not only interplay with the
externally applied electric field, but also with each other if the neighboring particles
are close enough. It has been reported that rapid and switchable assembly of 2D
colloidal crystals is realized by using AC electric fields applied to co-planar
electrodes with a gap (Lumsdon et al. 2004; Velev 2004; Velev and Bhatt 2006;
Simon and Orlin 2008). The micro-sized particles are attracted to the surface between
electrodes by a positive DEP force and subsequently 2D crystals are oriented along
the electric field due to the inter-dipole chain force (attractive force). However, in
these studies the separation gap between electrodes is in millimeter scales, and hence
the electric field gradient at the middle regions of the inter-electrode gap is very weak.
In addition, a greater separation between electrodes requires a higher electric voltage

input to yield a sufficient electric field.

In this chapter, on-chip particles assembly in non-uniform electric field is
demonstrated by using combined effects of DEP and dipole attractive force.
Specifically, a remarkable electric field gradient is created by applying AC electric
field to co-planar electrodes with microscale separation. A negative DEP force is
employed to relocate particles in the inter-electrode gap toward electrode surface and
thus push the particles away from the gap between electrodes in a short period. In

addition, a hypothesis is proposed to explain the experimental observation.
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6.2 Experiment

6.2.1 Microchip design and fabrication

The microchip used for investigating on-chip particles assembly in a non-uniform
electric field is similar to which used in chapter 5. Briefly, it consists of a piece 0.7
mm-thick Indium Tin Oxide (ITO) glass with electrodes patterns, a 60 um thick dry
adhesive layer and a piece of 1 mm-thick silica glass. To protect the electrodes from
dissolving in electrolyte solution, a 1.5 um thick SU8 dielectric layer was spin-coated
on the ITO glass surface. Two 1 mm holes were drilled on the corner of the top silica
glass in order to feed the particle solution. A photograph and schematic illustration of

fabricated microchip are shown in Figure 6.2.

Straight electrodes array were patterned on the bottom ITO electrodes. Each electrode
was designed with a 200 um width and arranged parallel to each other with

separations of 50 um, 100 pm and 200 um, respectively (Figure 6.2 (c)).
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> electrodes

Figure 6.2 Microfluidic chip used for investigating on-chip particles assembly in a
non-uniform electric field, (a) a cross-section view of the structure, (b) a photograph
of the microchip (top view) and (c) design of electrodes array on the bottom ITO
glass. The grey rectangular strips in Figure 6.2 (c) represent the ITO electrodes and

white areas between electrodes denote inter-electrode gaps.
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6.2.2 Materials and methods

Polystyrene microspheres with 2.9 um, 1 um and 0.5 pum in diameter were used in this
study. The original particle solution was dehydrated and resuspended in DI water.
During the experiment, the particles solution was introduced into the electronic
display cell by a syringe through a hole on the front plane and the cell was hence
filled automatically by capillary forces. The AC electric signal was provided by a
function generator (Agilent 33250A, USA). The microscale particles displacements
were captured by an optical microscope (Zeiss, Germany) equipped with a CCD

camera (Sensovation, Germany) at a rate of 15 frames per second (fps).

6.3 Results and discussion

6.3.1 On-chip particles assembly by non-uniform electric

field

On-chip assemble of 2.9 um polystyrene microspheres suspended in DI water at a
concentration of 5% w/w were first tested in the experiment. An AC electric field of
10 Vpp, IMHz was applied across the co-planar electrodes with a 100 pum inter-
electrode separation. The physical process of on-chip particles assembly in a non-
uniform electric field is demonstrated in Figure 6.3. Immediately after the electric
signal is turned on, two defect bands are clearly seen along the electrode edges.

Particles in the inter-electrode gap assemble compactly to form a rectangular strip
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parallel to the co-planar electrodes. With the time elapse, particles in the middle strip
are gradually lifted and transported to each side above the electrodes. The image of
particles in the middle strip in Figure 6.3 becomes blurring, suggesting the particle
lifting process. Particles in the middle strip move to electrodes with bridge-like
continuous chains, like fiber drawing form a silk. Since the particles are relocated
from the middle strip to the electrodes at each side, the width of middle particles strip
within the gap reduces gradually. At the same time, the distance between the outer
boundaries of the two defect bands is enlarged with time elapse. With increasingly
particles relocate from middle gap to electrodes, the middle particle strip tends to
disconnected, as shown in Figure 6.3 from 20 s to 50 s. After the voltage is applied
for half a minute, the bridge-like particle chains detach with particles motion due to
the sharply reduction of particle numbers in the middle gap (Figure 6.3 30 s), leading
to the retardation of the particles relocation. The middle gap between co-planar
electrodes is emptied and almost no particle is observed within the gap after the AC

electric field is applied for 50 s approximately, as seen in the figure.
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inter-electrode

Figure 6.3 The physical process of 2.9 um microspheres assembly under a non-
uniform electric field. An AC electric field of 10 Vpp and 1 MHz is applied across
the co-planar electrodes with a 100 um inter-electrode separation. The scale of last
picture is different from the rest. The light lines in the figure indicate the edges of

electrodes.

Experimental observation suggests that the on-chip particles assembly in a non-
uniform electric field involves two stages, as shown in Figure 6.4. As the non-
uniform electric field is yielded by applying AC electric voltages across the co-planar
electrodes, it is believed that the highest electric field exists at the inner edges of both

electrodes. The physical mechanism of stage | of particles assembly in a non-uniform
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electric field is illustrated in Figure 6.4 (a). Once the electric voltage is switched on,
the non-uniform electric field yields a very strong DEP force at the electrode edges
and particles are hence repelled away from the highest electric field regions.
Simultaneously, because of the chain force (attractive interaction among particles)
resulted from the interaction of induced dipoles under an externally electric field, the
particles in the co-planar electrodes gap are further compacted result in the formation
of a close-packed particles strip in the gap between the co-planar electrodes. In stage
I, with the electric voltage keep loading, particle chains in the middle gap are
gradually lifted by DEP force until they reach a metastable position at which the net
force acting on particle chains along the vertical direction (y direction in the figure) is
balanced by y-component DEP force against gravity. However, the net force acting on
particle chains along x direction due to x-component DEP force and chain interaction
drive particles relocate from the metastable position above the middle gap to the

electrode surface at each side, as shown in Figure 6.4 (b).

e electrodes

electrodes

ITO substrate 5 .
\ A

130



Chapter 6

electrodes
electrodes

ITO Subitrate 4 2

L

(b)

Figure 6.4 Schematic illustration of the physical mechanism of on-chip particles

assembly in a non-uniform electric field for (a) stage | and (b) stage Il. The dash

curves indicate the electric field lines.

Both the DEP force and chain attractive force are related to the induced dipole in
dielectric particles resulted from the mismatch of electric and dielectric properties of
the particle and the carrier medium. The use of non-uniform electric field generates
non-homogeneously distributed dipole moment over the particle-liquid interface,

giving rise to a net DEP force exerting on particle,

Foep =275,,3° Re| foy, ()| VE? (6.1)

where ¢, is the dielectric permittivity of the fluid and Re| fom (a>)| is the real part of

the Clausius-Mossotti factor. The induced dipoles in the particles by applied electric

field also exert attractive forces between particles and cause them to align into chains.
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The chain force is given by (Lumsdon et al. 2004; Velev 2004; Velev and Bhatt 2006;

Gupta et al.; Kim et al. 2011)

F.run=—Cr5,,8° Re| oy, ()| E? (6.2)
where the coefficient C ranges from 3 to > 1000 depending on the distance between

the particles and the length of the particle chain (Jones 1995).

6.3.2 Effect of particle concentration

In order to systematically study the on-chip particles assembly in a non-uniform
electric field and explore the underlying physical mechanism accounting for this

phenomenon, several operational parameters are further studied.

The effect of particle concentration on the process of particle assembly was
investigated. The physical process of 2.9 um particles assembly under an AC field of
10 Vpp, 1MHz applying across the co-planar electrodes with a 100 um inter-electrode
separation was tested. The 2.9 um polystyrene microspheres were re-suspended into
DI water with three different concentrations (w/w) 5%, 1% and 0.2 %. The
experiment results are shown in Figure 6.5. With a 5% particle concentration, stage |
and stage Il of the on-chip particle assembly process almost effect at the same time.
However, with lower particle concentrations, i.e. 1% and 0.2%, particles along the

electrodes edges are firstly repelled and arranged in the middle gap to form a compact
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particle strip, showing the stage I. With time elapse, the particles in the middle strip
are gradually lifted and move to electrodes, indicating the stage Il particles assembly

process.

It is observed that, at stage | with a high particle concentration a wider middle particle
strip is formed but narrower defect bands. In addition, a much faster on-chip particles
assembly process is observed for the 5% particle solution. This is because at stage |
the formation of the middle particles strip is mainly attributed to the DEP force at the
inner electrode edges and chain attractive force. The distance between neighboring
particles reduces sharply with the significant increment of particle concentration,
resulting in the greatly enhancement of the chain attractive force acting on the
particles. Once the electric voltage is turned on, the DEP forces at the electrodes
edges repel particles toward the middle gap and they are closely packed due to a
strong chain interaction along the direction of the electric field. As a result, particles
form a rectangular strip immediately after the electric field is applied for the 5%
particle solution. In contrast, because the chain force is significantly weakened in
response to the sharply decline of particles number, the compact particles strip in the
middle gap is still uncompleted even the electric signal is turned on for 3 s with the

0.2% particle solution.
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Figure 6.5 Images of the on-chip particle assembly under non-uniform electric field
with particle concentrations (w/w) of 5%, 1% and 0.2 %. The scale bar represents 100

um. The light lines in the figure indicate the edges of electrodes.
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At stage Il, the particles assembly process is also found enhanced with a higher
particle concentration. As seen in the Figure, for a 5% particle solution, most particles
have relocated from the middle gap to aside electrodes after the electric field is
applied for 30s. The middle gap between the co-planar electrodes is cleared with
almost no particles after the electric voltage is loaded for 50 s. However, for lower
particle concentrations (for instance, 0.2 % particle solution), as the chain force acting
on the particles is much weakened due to a larger inter-particle separation, there are a
large number of particles staying in the middle gap even after the electric field is
applied for 50 s, as shown by the pictures at the last row in Figure 6.5. The faster
response of particles assembly process at stage Il with a higher particle concentration
is resulted from the high volume fraction of the particles. On one hand, with a higher
particle concentration, the reduced inter-distance can enhance the chain interaction
among neighboring particles. On the other hand, because DEP is dependent on the
volume of the dielectric object, with the increasing number of particles within the
micro chip, a greater chain force can in turn form longer particle chains, and thus

strengthening the DEP force.

The contribution of chain force on the particles assembly process could also be
discovered by comparing the particles assembly process at stage | and stage Il. For
example, for the 5% particle solution, the particles relocate from the middle strip
toward the electrodes with bridge-like continuous chains from 0 s to 30 s. Due to the
great chain attractive force, most particles have accumulated at the electrodes within

30 s after the electric field is applied. However, once the continuous chains structures
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are broken, the particle assembly process is highly retarded due to the significant
reduction of chain force. Although only a small group of particles in the middle gap,

it takes 20 more seconds for the completion of the stage II.

6.3.3 Effect of applied electric voltage

In order to quantify the process of on-chip particles assembly in a non-uniform
electric field, we define parameters I, and I, signifying the distance between the outer
edges of these two defect bands and the width of particles strip in the middle gap,
respectively. lyis the inter-electrode separation. |; and I, are normalized by lo, giving

the dimensionless parameters L; and L,, namely, L; = Iy lpand Ly = Iy .

Figure 6.6 Illustration of the parameters defined for analyzing experimental results.

136



Chapter 6

Figure 6.7 represents the effect of applied electric voltage on the particle assembly
process in a non-uniform electric field. The particle assembly process under AC
electric voltages of 10 Vpp, 7.5 Vpp and 5 Vpp were tested and the rest parameters
are kept unchanged. Because both the DEP and chain forces are functions of applied
electric field, with the drop of the applied voltage, the particle assembly is retarded
dramatically. The dash line in the figure representing an intermediate period at which
the middle particles strip is detached so that it is difficult to exactly examine the value
of L, (corresponding to images of 20 s, 30 s and 40 s demonstrated in Figure 6.3).
After a longer time, i.e., t =50 s, it is no particle in the middle gap and thus L, drop to

0 indicating the completion of stage Il in the particle assembly process.

o 1 2 3 4 5 6 7 8 9 10 11 12 50

20 Tttt ottt f’
. L '
1 = § B ¥
L m ; I ¥ i
n ¥ = A & *
L. 15} . s 4
L m e R * = 10Vpp
a " 4 * 7.5Vpp
s a4 4 5Vpp
oM - 1.0
fat
E % 505 % & 4 a4 a4 a 1 o4 |
H 2 e s 4 s o tal
B = = E = = =
. = B 405
o 10Vpp L2
© 7.5Vpp .
& 5V
—Lg PP tH 0.0
| I | I 1 P | M | I | I 1 PR | PR | M | I | I 1 PR | ,!!Ll_
o 1 2 3 4 5 6 7 8 9 10 11 12 50
t/s

Figure 6.7 Effect of applied electric voltage on the process of particle assembly in

non-uniform electric field. Experimental date showing L; and L, are represented by
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solid and hollow symbols, respectively. The dash line indicates the intermediate

period.

6.3.4 Effect of the inter-electrode separation

r
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Figure 6.8 Effect of inter-electrode separation on the process of particle assembly in
non-uniform electric field. Experimental date showing L; and L, are represented by
solid and hollow symbols, respectively. The dash line indicates the intermediate

period.

Figure 6.8 represents the effect of inter-electrode separation on the on-chip particles
assembly in a non-uniform electric field. The inter-electrode separations of 50 um,

100 pm and 200 um were studied during the experiment and all other parameters are
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held constant. It is observed that the particles assembly process is enhanced
dramatically with the shrinking of inter-electrode separation. In fact, a narrower inter-
electrode separation can enhance both the intensity and gradient of the electric field
and therefore significantly increasing the DEP and chain forces during the particles
assembly process. As a results, particles assembly with a 50 um inter-electrode gap
response rapidly and L, drop to O within 4 s after the voltage is turned on (as shown in
Figure 6.9) compared with 50 s with that of the 100 um inter-electrode gap. At a 200
um inter-electrode separation, both the intensity and gradient of the electric field in
the middle gap are very weak, therefore, the width of the particles strip in the middle

gap almost unchanged after the electric field is applied for 5 s (Figure 6.10).

Figure 6.9 The physical process of 2.9 um microsphere assembly under non-uniform

electric field with a 50 um inter-electrode separation. An AC electric field of 10 Vpp
and 1 MHz is applied across the co-planar electrodes. The light lines in the figure
indicate the edges of electrodes.
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Figure 6.10 The physical process of 2.9 um microsphere assembly under non-uniform

electric field with a 200 um inter-electrode separation. An AC electric field of 10 Vpp
and 1 MHz is applied across the co-planar electrodes. The light lines in the figure

indicate the edges of electrodes.

6.3.5 Effect of the frequency of the electric field

Figure 6.11 shows the effect of the frequency of the applied AC electric field on the
particles assembly in a non-uniform electric field. The frequency of 1MHz, 500 KHz
and 100 KHz were studied during the experiment and all other parameters are held
constant. At a 500 KHz, both L, and L, grow very slowly with time elapse, indicating

the drop of driven force acting on particles. Actually, for 2.9 um particles suspend in

DI water, the real part of the Clausius-Mossotti factor Re|f, (®)|, which is a

measure of the effective polarizability of particles, reduce significantly when the

frequency drop from 1 MHz to 500 KHz (as shown in Figure 6.12). At 100 KHz,
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according to the prediction of the plot of CM factor, the value of Re| foum (co)| is above

0 which suggest a positive DEP force at this frequency. The experimental
observations are demonstrated in Figure 6.13. The particles assembly is significantly
retarded by the reduced DEP and dipole chain force at 500 KHz frequency. With the
frequency keeps dropping to 100 KHz, particles are observed assemble in the middle
gap without any defect band, suggesting the positive DEP force acting on the
particles. We did not test the frequency at the order of ~10 KHz because the

electrohydrodynamic flow (EHD) becomes significant at such frequencies range.
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Figure 6.11 Effect of the frequency of the applied AC electric field on the process of
particles assembly in non-uniform electric field. Experimental date showing L; and L;
are represented by solid and hollow symbols, respectively. The dash line indicates the

intermediate period.
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Figure 6.12 Plot of the CM factor versus frequency for particles with different size.
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(a) /=500 KHz

38 I

(b) #=100 KHz

Figure 6.13 The physical process of 2.9 um microsphere assembly under non-uniform
electric field with applying an AC electric field of 10 Vpp , (a) 500 KHz and (b) 100
KHz. The electric field is applied across the co-planar electrodes with a 100 um inter-

electrode separation. The light lines in the figure indicate the edges of electrodes.

6.3.6 Effect of particle size

The effect of particle size on the assembly process was studied. We tested the
polystyrene particles with the diameters of 2.9 um, 1 um and 0.5 pm and the rest
parameters were held unchanged. The particles assembly with 1 pm particles was
observed much slower than which of 2.9 um particles, as seen in Figure 6.14. On one
hand, since DEP and chain forces are proportional to r® and r® respectively, the

decrease of particle size results in a sharply reduction of driven force and thus slow
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down the particles assembly. On the other hand, the value of Re|f.,, ()| for 1 um

particles at 1 MHz is very small (as seen in Figure 6.12) and thus further weakens the
driven force. For 0.5 um particles, the DEP and chain force get over a hundred times
and about 36 times weaker, respectively. As a result, even the electric voltage was
applied over 2 minutes, particles relocation is still not observed yet in the experiment,
due to the slight driven force acting on the particles. In addition, once the particle
size reduces to submicron range, the effect of Brownian motion on the particles
becomes significant, and thus the particles assembly process is retarded. The
Brownian force for small suspended particles is modeled as (Li and Ahmadi 1992,

Ramos et al. 1998; Kim and Zydney 2004),

127ank, T
Py =g (63)

where ¢ is a Gaussian random number with zero mean and unit variance and At is
the magnitude of the time step. The time-averaged randomizing force F, due to

Brownian motion is zero. The DEP force and Brownian force acting on the particles
can be estimated by using equation (6.1) and (6.3). For example, for 2.9 um particles
suspended in the carrier medium over an observation time of 0.5 s, the DEP force and
Brownian force acting on the particle near the electrode edge are approximately
~2.4x10" N and ~ 2.2x10™"* N, respectively. Therefore, the effect of Brownian force
on the particles assembly process can be safely ignored. While, for 0.5 um particles,

the DEP force and Brownian force acting on the particle near the electrode edge over
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an observation time of 0.5 s are ~1.1x10™ N and ~0.8x10"* N, respectively.
Obviously, the particles assembly process is significantly affected by the presence of

Brownian motion.

Figure 6.14 The physical process of 1.0 um microsphere assembly under non-uniform

electric field. An AC electric field of 10 Vpp and 1 MHz is applied across the co-
planar electrodes with a 100 um inter-electrode separation. The light lines in the

figure indicate the edges of electrodes.

6.4 Summary

The physical process of particle assembly in non-uniform electric field is
experimentally investigated in this chapter. With co-planar electrodes patterned on an

ITO substrate, the particles in the middle gap between electrodes can move to side
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electrodes under an applied AC electric field. The process of particle assembly in
non-uniform electric field includes two stages. At the first stage, the strong DEP force
at the electrodes edges repel particles away from the high electric field regions,
forming two defect bands along the electrodes inner edges. At the same time,
particles in the middle electrodes gap assemble as a close-packed strip due to the
dipole induced chain interaction under the AC electric field. At the second stage, the
particles in the middle strip are gradually lifted and move toward each side as
continuous chains with the effect of DEP and chain attraction. Finally, with a longer
period after the AC electric field is applied, the particles in the middle electrode gap

are completely transported to the electrode surfaces.

The particles assembly under non-uniform electric field is found to be enhanced with
higher particle concentration, stronger electric voltage as well as narrower inter-
electrode separation. The particle assembly also is affected by the frequency of the

AC electric field and the particle size as well. Decreasing the frequency can retard the

particle assembly due to drop of the value of Re|f,, ()| which weakens the driven

forces acting on particles. However, further reducing the frequency, the DEP force
acting on particles can become positive, resulting in particle assemble in the middle
electrode gap. In addition, the particle assembly also is retarded with a decrease of
particle sizes. Smaller particles get weaker DEP and chain forces but stronger
Brownian effect, thus the response slows down. Limited by the ITO electrodes, the
work presented in this chapter involved the use of DI water solution only. More

investigations should be conducted in the future to explore the particle assembly at
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high-concentration electrolyte and non-aqueous media by using gold/platinum

sputtered electrodes.
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Chapter 7: A novel electronic paper display
based on the combined effects of

dielectrophoresis and dipole force

7.1 Introduction

The past decades has witnessed the fast development of the electronic paper
technologies. With the rise of electrophoretic display (EPD) media, the world is
opening up for new uses of electronic displays. In the late of 1990s, the first
demonstration of microcapsulated EPD in Massachusetts Institute of Technology and
its subsequently works lead to dramatic improvements in EPD performance and the

commercial EPDs now ubiquitous in e-Readers.

Although the EPD technology has been commercialized for over 10 years, many
improvements still remain to be implemented (Henzen and VVan De Kamer 2006). The
first challenge is the relatively low transmittance in e-paper. The transmittance
characterizes the ability of light passes through and reflects on the electronic screen
and is believed one of the most conspicuous properties of electronic paper display.
The transmittance values of electronic papers lie between 20% for various LCD-
based systems and about 40% for electrophoretic display. The fast switching response
is the second challenge for the development of electronic paper display. Commercial

electrophoretic displays now show a switching time of ~300 ms and can satisfy the
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requirement of reading. But it is still much slower for video display. The third
challenge is the demonstration of full color electronic paper display. The current e-
reader and e-book products rely on EPD technology can only show a black-and-white
display, which extremely limits their further development. Even if attempts with color
filter or RGB sub pixels were made, the commercialization of full color electronic
paper is still up in the air because the screen looks washed-out with a color filter and
both contrast and brightness are sacrificed with the RGB mode. In addition, a high
resolution is an important criterion for electronic paper display as well. A 170-pm
linewidth for gray-scale displays is acceptable for most of the current e-papers.
However, if the standard RGB stripe configuration is used, the linewidth should have

to be reduced to less than 60 pm.

Moreover, as introduced in chapter 5, the current EPD products rely on titanium
oxide or toner particles suspended in oil mixture. In order to maximize the surface
charge on the particles, very complicated chemical processes are always inevitable.
As a result, attempts of manufacturing cost reduction and performance improvement

on the current EPD products are limited by their structures and fabrications.

In this chapter, another type of novel electronic paper display is proposed and
experimentally demonstrated. The operational principle of the proposed electronic
paper display relies on the fundamental physical phenomenon investigated in chapter
6. By patterning straight co-planar electrodes on the backplane of the electronic

display panel, information screening is realized by relocating pigment particles from
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the inter-electrode gap to the aside electrode surface. According to the experimental
observations shown in chapter 6, the response of the particles assembly within the
microchip is extremely accelerated by scaling down the electrodes dimensions.
Therefore, the most distinguishing feature of the current electronic paper display is
that with a smaller electrodes dimension design, both the resolution and switching
response are dramatically enhanced simultaneously. In addition, as particles in the
middle gap between the co-planar electrodes can be totally cleared after the electric
field is applied, a remarkable transmittance is realized by using the current technique.
Due to the fact that particles are rearranged horizontally in parallel to the electrodes
surface, a full color electronic paper display is also likely to be realized by stacking

multi electronic display cells with different dyed color particles.

7.2 Experiment

7.2.1 Microchip fabrication

The microchip used in this study is similar to the prototype used in chapter 5 and was
fabricated with the identical method. Briefly, the transparent electrodes were
patterned on 0.7 mm thick Indium Tin Oxide (ITO) glasses with an electric resistance
of 10 ohm/sqg. A piece of plain silica glass (without any electrodes) with a thickness
of 1 mm was covered on the ITO glass as the front plane and they are sandwiched
with a 60 um thick dry adhesive layer. Two 1 mm holes were drilled on the corner of

the top silica glass in order to feed the particle solution (Figure 7.1).
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Figure 7.1 (a) the schematic illustration (cross-sectional view, not in scale) and (b)

photograph (top view) of a prototype of the electronic paper display.
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7.2.2 Materials and methods

Polystyrene microspheres (white color) with 2.9 um in diameter were used in this
study. The original particle solution was dehydrated and resuspended in DI water at a
weight/weight concentration of 3%, corresponding to 2.6x10° particles/ml
approximately. The AC electric signal was provided by a function generator (Agilent
33250A, USA). The microscale particles displacements were captured by an optical
microscope (Zeiss, Germany) equipped with a CCD camera (Sensovation, Germany)
at a rate of 15 frames per second (fps). The information screened on the electronic

display panel was recorded by a digital camera with a rate of 25 frames per second

(fps).

7.3 Results and discussion

7.3.1 Information display on the electronic paper panel

A prototype of the electronic paper display based on the combined effect of DEP and
dipole attractive force was tested in the experiment. Particles solution with 2.9 um
polystyrene microspheres suspended in DI water was filled into the cell and the
device was tested with a 10 Vpp, 1 MHz AC electric voltage. The inter-electrode
separation is 20 um, which is known the smallest dimension fabricated by using the
photolithography with a plastic film mask (Madou 2002). The experimental results

are shown in Figure 7.2.
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Figure 7.2 Sequential images taken for a prototype of the electronic paper display

under combined effects of the DEP and dipole attractive force. An AC electric signal
of 10 Vpp, IMHz is used in the experiment. The inter-electrode separation is 20 pm.
Scale bar represents 2 mm.
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250 pm | 67 ms

Figure 7.3 Microscopy images illustrating the process of particle patterns within the

electronic display cell. An AC electric signal of 10 Vpp, 1MHz is used in the

experiment. (a) Snap shots of the letter “T” with a 5> magnification and (b) snap
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shots of the vertical strip of the letter “T” with a 20> magnification. The light lines in

Figure 7.3 (b) indicate the 20 um inter-electrode gap.

It is observed that after the electric voltage was turned on for 120 ms, a word “NTU”
and digits “123” are screening on the electronic display panel. As the electric voltage
is kept loading, the word becomes increasingly clear and a considerable contrast is
created after the voltage is applied for 200 ms. The dimension of each letter and digit
is less than 1 mm, indicating a remarkable resolution. The line width of each letter
and digit is measured less than 60 pum, which is much favorable for the high
resolution electronic paper display. Figure 7.3 shows the microscopy images of
pigment particles rearrangement within the electronic display cell under an AC
electric signal of 10 Vpp and 1MHz. Because the electric voltage on the co-planar
electrodes with a 20 um gap can create a considerable non-uniform electric field, a
very fast particles displacement is thus achieved. By analyzing the transmittance of
the electronic paper display versus time elapse based on binary images processing, it
is found that the switching response of this electronic paper display is 230 ms (Figure

7.4).

155



Chapter 7

L l L l v l L r L l L l v l L l v l L l
100 ge—0—0—0——0-—0—0—0—0—0—0
90 | n”
- D//
80 | /
~~ 70 } O
a2 !
T 60 |
3] I
S 50
Z I =230 ms
S 40|
721 L
=S sk | o
L R
= 20}
10
0
A | 1 | ! | 2 | \ | 2 | : | 2 | A | ' |

0.70 0.1 02 03 04 05 06 07 08 09 10

t(s)

Figure 7.4 The transmittance of the electronic paper display varies with time.
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7.3.2 Effect of inter-electrode separation
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Figure 7.5 Effect of inter-electrode separation on the transmittance of the electronic

paper display. An AC electric signal of 10 Vpp, 1MHz is used in the experiment.

Figure 7.5 shows the effect of inter-electrode separation on the transmittance of the
electronic paper display. With the enlargement of the inter-electrode gap, both the
intensity and the gradient of the electric field generated by the co-planar electrodes

are weakened. Because the DEP force and dipole attractive force are proportional to

VE? and E?, respectively, the increment of inter-electrode gap leads to a

significantly decline of driven forces acting on pigment particles. As a result, the
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particles rearrangement within the microchip is significantly retarded with the
enlargement of the inter-electrode gap. Figure 7.6 demonstrates the photographs of
information screening on the electronic display panel with different inter-electrode
gaps after the electric voltages are applied for 200 ms. It is seen that, once the inter-

electrode gap is enlarged, the update response of the electronic paper display

degrades sharply.

Figure 7.6 Photographs of information screening on a prototype under the combined
effect of DEP and dipole attractive force after the electric field is turned on for 200
ms with inter-electrode separation of (a) 20 um, (b) 30 um, (c) 50 um and (d) 100 pm.
An AC electric signal of 10 Vpp, 1MHz is used in the experiment. Scale bar
represents 2 mm.
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7.3.3 Effect of applied electric voltage
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Figure 7.7 Effect of applied electric voltage on the transmittance of the electronic
paper display. The frequency of the AC electric signal is fixed at 1IMHz in the

experiment. The inter-electrode inter-electrode separation is 20 um.

The effect of applied electric voltage on the transmittance of the electronic paper
display is shown in Figure 7.7. According to the experimental results in chapter 6, the
microscale particles rearrangement is retarded with the decline of applied electric
voltage. Once the voltage drops, the driven force acting on particles is reduced,

yielding a slow update response of the electronic paper display.
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7.3.4 Effect of frequency of the electric field
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Figure 7.8 Effect of frequency of the applied electric field on the transmittance of the
electronic paper display. The amplitude of the AC electric signal is fixed at 10 Vpp in

the experiment. The inter-electrode separation is 20 um.

Figure 7.8 shows effect of frequency of the applied electric field on the transmittance
of the electronic paper display. Similar to the effect of the applied electric voltages,

the decline of the frequency of applied electric field can result in the drop

of Re| foum (a))|, and thus lead to the reduction of driven force acting on the particles.

In order to avoid presence of positive DEP force during the experiment, only the

frequencies above 300 KHz were tested. The experimental results suggest that the
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response of the electronic paper display becomes slowly with the drop of the

frequency, due the decline of DEP force and dipole force acting on the particles.

7.4 Summary

A novel electronic paper display technique by using the combined effect of DEP
force and dipole attractive force is developed and demonstrated in this chapter. A
prototype of the proposed electronic paper display is fabricated. Experimental results
suggest that information screening on the electronic display panel is achieved within
230 ms after the voltage is turn on. It is found that the switching response of the
proposed electronic paper display is retarded by either reducing the frequency or
voltage of the applied electric field. Moreover, because the enlargement of the inter-
electrode gap can significantly weaken both the intensity and the gradient of the
applied electric field simultaneously, the performance of the proposed electronic

paper display is extremely degraded with the increase of the inter-electrode gap.

The greatest strengths of this novel electronic paper display are known from two
aspects. Firstly, according to the experimental results, both the switching response
and the resolution of the electronic paper can be greatly enhanced simultaneously by
reducing the dimension of the electrodes. Secondly, as particles within the inter-
electrode gap can be relocated to the electrodes completely after the electric field is

applied, the proposed electronic paper can achieve a remarkable transmittance. This is
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very important to the investigation of color display as the full color electronic paper
can be realized by stacking multi-cells with each cell feeding by different dyed

pigment particles.

One drawback of the current electronic display is that the device has to be actuated at
a high frequency (i.e. 1 MHz used in this chapter). Hence, the portability of the
device remains challengingly. Actually, 1 MHz frequency is employed only because a
stronger negative DEP force can be yielded above this frequency for 2.9 um
polystyrene particles (as explained by Figure 6.12). Once pigment particles with
different materials and sizes are extensively investigated, the working frequency of
such electronic paper display technology is expected to be reduced and thus this

drawback could be resolved.
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Chapter 8: Conclusions and future works

8.1 Contributions of this thesis

In this thesis, electrokinetic transport and manipulation of microparticles in confined
microfluidic domains are investigated. The investigation is carried out in two parts,
namely, electrokinetic transport phenomena in confined microfluidic devices and
particle manipulation in closed microfluidic structures. The first part concentrates on
the complicated particle-fluid-wall interactions in open ended microfluidic channels
and the second part focuses on the electrokinetic manipulation of particles in closed
microfluidic structures without externally fluid flow. The major contributions made

by this thesis research can be summarized as follows:

1. Wall effects on electrokinetic transport of microspheres in a rectangular
microchannel.

The near wall enhancement of the electrophoretic mobility of microsphere transport
in a rectangular microchannel is experimentally validated for the first time. Although
the wall effects on electrokinetic transport of particles have been extensively studied
in the past decades, the experimental verification is still challenging because both the
control and measurement of the tiny particle-wall gap are very difficult. In order to
solve this problem, the focus was placed on the x-z vertical plane instead of the x-y
horizontal plane, and hence the narrow gap could be accurately adjusted by means of

the force balance between the DEP force against the gravitational force. Both
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experimental results and numerical simulations suggest that the electrophoretic
mobility of particles is obviously enhanced with reducing the particle-wall separation.
This is because as the narrow gap shrinks to a certain value, the effect of electric
stress due to the squeezed local electric field can overcome the viscous retardation

from the solid boundary, and thus the particle motion is accelerated.

In order to directly observe the particle displacement within the channel vertical
direction, an experimental setup was employed with a side-mounted CCD camera by
laterally turning an optical microscope in 90°. In addition, a protocol for assembling
the microchip with smooth PDMS side surfaces is proposed. With these efforts, the
particle transport processes within the microchannel can be clearly observed from

side view through the PDMS channel wall.

2. Continuous concentration of particles in a confined microfluidic chamber.

A method for continuous concentration of microspheres in a confined microfluidic
chamber is proposed and also studied experimentally and numerically. Microsphere
enrichment is achieved by applying a very low DC electric voltage across a pair of
two electrodes and feeding the particles solution with a syringe pump. It is shown that
higher electric voltage, larger feeding flow rate, electrolyte solution with lower

concentration, or/and biger particle size are favorable for such particles enrichment.

Moreover, a new fabrication method for creating three dimensional electrodes in

PDMS microfluidic devices is proposed and demonstrated. 3D side-wall electrodes
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within the confined microfluidic chamber were realized by embedding copper strips
into the PDMS microchannel. Experimental study showed that the electrodes work

well during the course of the experiment.

3. A novel electronic paper display based on the in-plane dielectrophoresis.

A novel electronic paper display technology based on the in-plane dielectrophoresis
was developed. A prototype of the proposed electronic paper display was fabricated.
Pigment polystyrene particles dispersed in DI water within the electronic display cell
can be patterned by using in-plane DEP force under an applied AC electric field
across co-planar electrodes with varied inter-electrode separations. Experimental
results showed that the information display on the panel is achieved within 850 ms
after the voltage is turned on. It is found that the switching response of the electronic
paper can be enhanced by reducing the minimum inter-electrode gap, optimizing the
electrode configurations, and increasing the amplitude and frequency of applied
electric voltage. As the proposed electronic paper display does not have any specific
requirement on both the pigment particles and carrier fluid, it is expected the
proposed novel electronic paper display technology will have low manufacturing

Costs.

4. On-chip particle assembly by using co-planar electrodes induced non-uniform
electric field.
The detailed physical process of particle assembly in non-uniform electric field is

experimentally investigated. The non-uniform electric field is created by applying AC
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electric voltage across a pair of co-planar electrodes patterned on the ITO substrate.
After the electric signal is imposed, the particles in the middle gap between electrodes
can move toward side electrodes. The process of particle assembly in such non-
uniform electric field includes two stages. At the first stage, the strong DEP forces at
the electrodes edges repel particles from the high electric field regions, forming two
bands along the inner electrodes edges. At the same time, particles in the middle
electrode gap accumulate as a closely-packed strip due to the dipole induced chain
interaction under the AC electric field. At the second stage, the particles in the middle
strip are gradually lifted and are formed as chains to move toward each side under the
effects of DEP and chain attraction. Finally, the particles in the middle electrodes gap
are completely transported to the electrode surfaces. The particle assembly in non-
uniform electric field is found to be enhanced with higher particle concentration,
stronger electric voltages and narrower inter-electrode separations. Also, the particle
assembly is affected by the frequency of the AC electric field and the particle size as
well. Reduce the frequency and particle size can significantly hinder the particle

assembly process.

5. A novel electronic paper display based on the combined effects of
dielectrophoresis and dipole force.

A novel electronic paper display technology by using a combined effect of DEP force
and dipole attractive force is developed and demonstrated. The proposed electronic
paper display employs the operation principle developed in chapter 6. A prototype of

the proposed electronic paper display was fabricated. Experimental results showed
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that information shown on the electronic display panel is achieved within 230 ms
after the voltage is turned on. It is found that the switching response of the proposed
electronic paper display is retarded by reducing the frequency and voltage of the
applied electric field. Moreover, because increasing the inter-electrode gap can
weaken both the intensity and the gradient of the applied electric field simultaneously,
the performance of the proposed electronic paper display deteriorates significantly

with increasing the inter-electrode gap.

As the particles within the inter-electrode gap can be relocated to the electrodes
completely after the electric field is applied, the proposed electronic paper can
achieve remarkably high transmittance. On the other hand, both the switching
response and the resolution of the electronic paper can be greatly enhanced

simultaneously by reducing the dimension of the electrodes.

8.2 Recommendations for future studies

Based on the results presented in this thesis, some recommendations are made for the

future investigations as listed below.

1. Wall effect on dielectrophoresis of microspheres in a microchannel
Due to the presence of the particle near the channel boundary, the flow field and the
electric potential distribution are disturbed when microparticles are electrokinetically

transported in a microchannel. In this situation, both the electrophoresis and
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dielectrophoresis will be affected by the solid boundaries due the particle-fluid-wall
interactions. Although the investigation of wall effects on the electrophoresis of near
wall particle transport has been reported, the study of solid boundary effects on the
dielectrophoresis of particles is also interesting. For example, based on existing
studies on electrokinetic transport of particles in microfluidic devices, it is found that
the numerical simulation can only reasonably predict the trend of particle trajectory
but needs a correction factor in the DEP force so that simulation results could match
with experimental observations. Therefore, in order to understanding on how the
finite particle size and the wall boundary can affect conventional DEP force,

systematical studies of particle-wall interactions on dielectrophoresis are necessary.

2. Optimization of the novel electronic paper display technologies.

In this thesis, two types of novel electronic paper display technologies are proposed
and developed. Experimental results showed that the performance of the novel
electronic papers are affected by many factors, such as the dimension and
configurations of electrodes, applied electric field, particle size, particle concentration,
electric and dielectric properties of the particles and fluid etc. Future study will aim to
optimize the performance of these two novel electronic paper display technologies to

achieve better electronic papers with faster switching update and higher resolution.

3. Programmable control of information display on the proposed novel

electronic paper technologies.
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Novel electronic paper display technologies are proposed and developed in this thesis.
However, these studies are proof-of-concepts only. To commercialize these novel
electronic paper display technologies, improvements on many aspects are needed.
Programmable control of information screening on the electronic display panel is one
of the most important goals in the next step. With a pixel matrix addressing scheme,
each pixel of the electronic paper display can be stimulated individually by using a

pilot circuit connected with a controlling platform.

4. Investigation of full color electronic paper displays.

Currently, full color display is still challenging for particle based electronic paper
technologies. Although Philips Research has developed a full color electronic paper
relying on the phenomenon of in-plane electrophoresis, the update refreshing of their
products is too slow for normal reading uses. The second type electronic paper
display proposed in Chapter 7 of this thesis provides a novel technology with fast
switching response and high resolution and transmittance. The future study aims to
realize full color display on the electronic paper with two methods (i) employing a
multi-layers structure of the electronic paper display by stacking individual electronic
display cells with each cell fed with particular kind of dyed particles, and (ii)
employing a single layer electronic display cell with three different dyed particles
such that the color is shown by controlling the CM factor of each kind of particles

with specific frequency of the electric signal.
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Appendix A: Soft lithography method for

microchannel fabrication

Soft lithography refers to a Micro-electromechanical Systems (MEMS) technique
developed for fabricating or replicating structures using elastomeric stamps, molds,
and conformable photo masks. The terminology “Soft lithography” is defined because
elastomeric materials, most notably poly-dimethylsiloxane (PDMS), are always used

to construct features measured on the micrometer or even nanometer scale.

Figure A.1 shows the flow chart of the fabrication procedure of the microfluidic
devices where the photolithography is used. A negative photoresist SU 8 50 is used in
this study. A piece of silicon wafer is firstly cleaned prior to spin-coating a 100 um
thick SU 8 layer on the wafer. The silicon wafer with negative photoresist layer
undergoes a pre-bake on a hotplate at 65 °C for 10 mins. Then the wafer is placed
under the photo mask, and exposed to UV light. The exposed part of the SU8 is
hardened due to the cross-links between molecules. Followed by a softbake at 95 °C
for 30 mins and the development process, a SU8 microchannel mold with a height of

100 pm is thus defined.
Followed with a postbake at 120 <C for 45 mins, pure Liquid PDMS is poured on the

silicon mold and then baked in the Oven at 80 <C for 1h. After that, the cured PDMS

layer together with microchannel stamp is peeled off from the Silicon wafer. Finally,
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the peeled PDMS layer and a glass slide are bonded together to form a microchannel

structure after plasma treatment.

‘Lll' Photo mask
/

_M

Spin-coat SU 8 layer
on the silicon wafer UV exposure of SU 8

&
Pouring PDMS on the Development of SU 8
silicon wafer and bake

l

Peeling off PDMS from
the silicon wafer

Plasma treatment and bonding

Il Silicon SUS PDMS [ Glass substrate

Figure A.1 Schematic of the fabrication procedures for the microchannel used in the

experiment.
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Appendix B: Electrodes patterning procedure

on ITO glasses

Indium tin oxide (ITO) is a solid solution made of 90% In,O3 and 10% SnO, by
weight. It is transparent and colorless in thin layers. Because of its two distinguish
features, i.e. electrical conductivity and optical transparency, ITO is one of the most

widely used transparent conductive materials.

The ITO glass is a kind of glasses with conductive films coated on its surface. It is
commercial available in the market. However, to obtain the desired electrodes

patterns in the experiment, a few actions are needed to process the ITO glasses.

As shown in Figure A.2, a piece of ITO glass is firstly cleaned prior to spin-coating a
2 um thick positive photoresist AZ 7220 layer on its surface. The ITO glass with AZ
7220 layer undergoes a pre-bake on a hotplate at 100 °C for 90 s. Then the ITO glass
is placed under the photo mask, and exposed to UV light for 8 s. Followed by a
softbake at 110 °C for 60 s and the development process, the desired electrodes parts
on the ITO glass surface are thus covered by positive photoresist. Subsequently, after
hardbake at 120 °C for 45 mins, the ITO glass is immersed into etching solution for 4
mins at the room temperature. The etching solution consists 37.5 % HCI, 70% HNO3
and DI water with a volume ratio of 4:1:2. Finally, after remove the positive

photoresist on the 1TO surface, the desired electrodes patterns are thus obtained.
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Figure A.2 Schematic of the fabrication procedures of electrodes patterning on the
ITO glass.
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