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Introduction



2 Chapter 1. Introduction

1.1 Microfluidics and the Lab-on-a-Chip

Microfluidics deals with the behaviour, control and manipulation of fluids
that are geometrically constrained to the submillimeter scale (Stone et al.
{2004); Squires & Quake (2005)). The physics of fluids at this scale has
been long of interest in colloids and life sciences. Currently, Microfluidics
is a broader term that also includes all the technological research focused
on the microfabrication techniques of microfluidic circuits, as part of a
more general engineering field known as MEMS -microelectromechanical
systems- (Malouf (2004); Hardt & Schonfeld (2008)). The development
of techniques for fluid flow visualization at the microscale (Sinton (2004);
Adrian (2005)) is also of current interest in the microfluidics research.

The reason for a fast increasing interest in this field is twofold: First,
fabrication techniques developed by the microelectronics industry allow
accurate design of microfluidic circuits. Secondly, advances in biology and
biotechnology require manipulation of particles or living cells. Miniatur-
ization of analytical processes in chemistry has also the advantage of low
sample and reagent consumption. “Lab-on-a-chip”’systems are the tech-
nological goal of the microfluidics research (Dittrich et al. (2006); White-
sides et al. (2006)). Despite the terms Lab-on-a-chip and micro-Total
Analysis Systems (uTAS) are commonly used with the same meaning,
the former generally indicates the scaling of single or multiple lab pro-
cesses down to chip-format, whereas “uTAS” is dedicated to the integra-
tion of the total sequence of lab processes to perform chemical analysis.
In any case, shrinking the lab is an appealing idea to engineers, chemists
and biologists and, consequently, it is generating a growing interest in
the study of the “physics of fluids at the microscale”.

The dynamics of fluid flows generated by electric fields is the subject
of Electrohydrodynamics (EHD). Electrodes integrated in microchannels
represent an opportunity for actuation either on the liquid or suspended
particles. Therefore, EHD in microsystems is of central interest in mi-
crofluidics research. In particular, arrays of microelectrodes subjected to
AC potentials are used for pumping small amounts of liquid within the
microchannels (see section 1.3). Here lies the motivation of the present
PhD thesis: Arrays of coplanar microelectrodes (typical width tens of
microns) are a subject of current research for pumping purposes. Exper-
iments have proved the ability of such arrays to effectively pump elec-
trolytes within microchannels. However, experimental observations show
greater complexity than the behaviour predicted by the theoretical mod-
els.
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Two kind of electrodes structures are considered: arrays of asymmet-
ric pairs of electrodes subjected to an AC potential and arrays of equal
sized electrodes subjected to a travelling-wave potential. The basic ideas
behind them are shown in section 1.3. Despite the motivation for these
electrode designs is their capability for generating net pumping within
microchannels, the experimental observations rise new questions on the
EHD of microsystems. We consider that the results of this work open
some room for further research in the understanding of the interaction
of electric fields and electrolytes at the micrometer scale.

1.2 AC electrokinetics in microsystems

In order to understand how to manipulate fluids and colloidal particles
within microsystems, it is important to determine the scale and range of
forces that govern the behaviour under different experimental conditions
(Ramos et al. (1998); Castellanos et al. (2003)). In particular, the ex-
perimental methodology used in this work relies on the use of fluorescent
latex particles (500 nm dia.) for the characterization of fluid flows. The
fluid is seeded with the fluorescent beads and, using a suitable fluores-
cence microscopy set, the particle motion is tracked. In this section we
analyze the dynamics of the particles, including a brief survey of forces
that can act on particles and fluids after application of AC signals.

Let us consider a spherical particle suspended in the fluid. Assuming
that the viscous drag on the particle is given by Stokes’ law, the motion
of the particle subjected to a force F is governed by:

du

mg = —y(u—-v)+F (1.1)

where m is the particle mass, u the particle velocity, v the fluid velocity
and 7 the friction factor of the particle in the fluid (y = 67na for a
spherical particle of radius a in a fluid of viscosity 7). If the force F' and
fluid velocity are constant, the particle velocity is

F F
u= (uo—v— ——) e /Mt 4y 4 = (1.2)
Y Y

where uy is the initial velocity of the particle. The characteristic time
of acceleration, 7, = m/~, for a spherical particle of mass density p,
is 7, = (2/9)(ppa®/n). For submicrometre particles, 7, is smaller than
107 s, while typical observations times are of 1s. Therefore, the particle
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can be considered to move at its terminal velocity:

u=v+ ¥ (1.3)
8

The real acceleration process may be more complicated than that de-
scribed by eq. 1.2 (due to the surrounding liquid inertia). However, the
result that particles have reached their terminal velocity at times much
larger than 7, is still valid. This result means that any measurement
of particle velocity is a direct measure of the fluid velocity, v, plus the

velocity induced by the force acting on the particle, F/~.

It should be noted that Brownian motion was not considered in the
particle dynamics. That would introduce in eq. 1.1 a random force field
representing the effect of the thermal fluctuations of the fluid {Langevin
equation). Despite the force and velocity due to Brownian motion have
zero time-average, the random displacement of the particle follows a
Gaussian profile with a root-mean-square displacement (in one dimen-
sion) given by:

kgT
Az =V2Dt = (| 2t (1.4)
3man

For the case of a 500 nm diameter particle in water at T' ~ 20°C (as
the beads used in this work), the root-mean-square displacement after
1sis only 1 um. This means that if we are measuring velocities around
10 um/s and above (as typically occurs in our experiments), Brownian
motion can be neglected in the particle motion.

1.2.1 Dielectrophoretic force

Particles in electric fields may undergo electrophoretic and dielectrophoretic
motion. The electrophoretic motion in AC electric fields is oscillatory,
with a maximum amplitude given by Az = u/w, where w is the angular
frequency of the applied field and u the electrophoretic velocity (which
can be estimated from the Smoluchowski formula). The amplitude of the
electrophoretic motion decreases with frequency and may be neglected
for sufficiently high frequencies (Castellanos et al. (2003)). For example,
for a field amplitude of 10° V/m, a frequency of 1kHz and a zeta poten-
tial of 50 mV, the displacement is Az ~ 0.5 um.

In the case of nonuniform AC fields, particles are subjected to a net
force as a consequence of the electric field acting on the induced dipole.
This phenomenon is known as Dielectrophoresis (DEP, Pohl (1978)) and
it is of utmost interest in current 'Lab-on-a-chip’ research (Morgan &
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Green (2003)).

Due to the difference in electrical properties between the particle and
surrounding fluid, the action of the electric field induces a net dipolar
moment. The net force on the particle is then given by Fpgp = p - VE.
The induced dipolar moment phasor of a particle with volume v can
be written as p(w) = va(w)E, where a is the effective polarizability of
the particle, w is the angular frequency of the electric field and E is

the electric phasor. The time-averaged force on the particle is given by
(Green et al. (2000c)):

Fpep = %RQ[P : VE*] =
= JoRela] VIBP? — Zolm{o](V x (Re[E] x Im[E])) (1.5)

The first term on the right-hand side of (1.5) is non-zero if there
is a spatially varying field magnitude. The second term is non-zero if
there is a spatially varying phase, as in the case of travelling-wave dielec-
trophoresis (twDEP)(Green et al. (2002b); Wang et al. (1994); Huang
et al. (1993)).

For dielectrophoresis alone (only spatially varying field magnitude)
and if we consider that the interfacial polarization of the particle is only
due to the Maxwell-Wagner mechanism (Morgan & Green (2003)), the
dielectrophoretic velocity of a particle with radius a is given by:

2 o~ ~
a‘e E, — €

p
UDEPZ_R3{~ o7
Ep t+ 26

o }WEP (1.6)

where €, and € are the particle and medium complex permitivitty, re-
spectively. The factor between brackets is known as the Clausius-Mosotti
factor. The real part of this factor varies between +1 and -1/2, depend-
ing on the frequency. When the particle moves towards a region of higher
field strength it is said to undergo positive DEP. Conversely, if it moves
to a region of lower field strength, it undergoes negative DEP.

An analytical expression was derived in Morgan et al. (2001) for the
dielectrophoretic force on a particle subjected to a four phase travelling-
wave potential. The expression is valid at heights over the electrodes
greater than the electrodes width (d). We include it here because it
will be of interest when discussing the experiments on travelling-wave
electroosmosis. Since we use fluorescent latex beads as fluid flow tracers,
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we should consider the possibility that this force is also acting on the
particles. The time-averaged force components are:

vlo? —(r/2d)y
< F.(t) >= —O.373~dTIm[a]e (1.7)
vho® ~(n/2d)y

where Vj is the amplitude of the sinusoidal potentials applied at each
electrode. The expression is valid at y > 1.5d and in the absence of
electrode polarization.

1.2.2 AC Electroosmosis

It has been demonstrated in several works that fluid motion can be gen-
erated over microelectrode structures by the influence of an AC field on
the induced charge in the electrical double layer (Yeh et al. (1997); Green
et al. (2000a); Ramos et al. (1998, 1999b)). This fluid motion has been
termed AC' Electroosmosis (ACEQO) because of the analogy with the elec-
troosmotic streaming at solid-liquid interfaces. Generation of fluid flow
when an applied field acts on its own induced diffuse charge has been
observed in many other situations (they have recently been reviewed in
Squires & Bazant (2004)). The term “induced-charge electroosmosis”
(ICEO) was suggested in Bazant et al. (2004) to include all these phe-
nomena.

The simplest system for the study of AC electroosmosis is a couple
of coplanar electrodes subjected to a harmonic potential difference of
amplitude V5 and frequency w, i.e. V = Vycos(wt). Fig. 1.1 shows a
sketch of the physical system at a given time of the AC signal cycle. The
applied field attracts counterions at the solid-liquid interfaces and, since
the electric field is non-uniform, there appears an electrical force F = gE;
pulling the liquid outwards (E; is the component of the electric field
tangential to the electrode surfaces). Note that in the other half-cycle
the tangential field and the induced charge change sign and, therefore,
the force direction remains the same and the time-averaged force is non-
Zero.

The generated velocity by this mechanism is frequency dependent. At
low frequencies the electrical charges have sufficient time to completely
screen the electric field at the electrodes, the electric field in the elec-
trolyte bulk vanishes and so does the induced velocity. In this view,
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1
Figure 1.1: Basics of the ACEO mechanism. Electrical charge is induced
at the electrode/electrolyte interface. The tangential component of the
electric field acts on this charge giving rise to a surface fluid velocity.

the electrodes are supposed to be perfectly polarizable, i.e. no Faradaic
currents occur. At high frequencies, the electrical charges have no time
to follow the electric field, the induced charge at the electrodes tends
to zero and, therefore, the electrical force is negligible. The theoretical
expectation for the velocity versus frequency plot is a bell-shaped curve,
in accordance with the experimental observations in Green et al. (2000a).

As mentioned above, counterions are attracted at the solid-liquid in-
terfaces and net charge is induced in the electrical double layer. The
typical distance in the system within net charge is induced corresponds
with the Debye length, Ap (Hunter (1993)). For typical conductivities in
experiments, this length is of the order of 10 nm, much smaller than any
other distance in the system and, therefore, the thin double layer approxi-
mation can be used (Gonzélez et al. (2000)). This allows us to distinguish
two typical length scales: one is the Debye length (where net electrical
charge is induced) and the other is the typical system size corresponding
to the characteristic dimension of the electrodes and the variations of the
electric field. The electrolyte remains electroneutral at the length scale
of the electrode dimensions. Thus, the electric potential obeys Laplace’s
equation in the bulk V2¢ = 0. For low voltages and frequencies much
lower than the relaxation frequency of the liquid (w << o/e, as corre-
spond with the typical frequency in ACEO experiments), the electrical
double layer can be supposed to be in quasiequilibrium. In this case, and
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for perfectly polarizable electrodes, the charging of the electrical double
layer can be modelled by means of a surface capacitance (Ramos et al.
(1999a)). The charging of the capacitor through the current from the
bulk yields the following boundary condition for the electric potential at
the electrode surface:

NP = iWCDL

(Vo — @) (1.9)

where n is a vector normal to the electrode surface, o is the liquid con-
ductivity, ® is the electric potential phasor, Cpy is the double layer
capacitance and Vj is the potential amplitude applied to the electrode.
The electroosmotic slip velocity generated on the electrodes is given by
the Helmholtz-Smoluchowski formula uy;, = (¢/n)(E;, where ¢ is the
induced potential drop through the diffuse part of the electrical double
layer and E; is the tangential component of the electric field in the elec-
trolyte bulk (—9¢/0x). In Levich (1962), the Helmholtz-Smoluchowski
formula is shown to be also valid for perfectly polarizable metal surfaces
in DC fields. Since ¢ and E; are both oscillating functions with the same
frequency w (the frequency of the applied voltage), the time-averaged
electroosmotic velocity is non-zero. This velocity is the one measured
in experiments. In Gonzélez et al. (2000), these approximations to the
problem are justified from first principles.

The ACEO model has successfully explained the experiments with
pairs of coplanar electrodes (Green et al. (2000a, 2002a)). In Green et al.
(2002a), experimental velocity measurements were fitted to the theoreti-
cal expectations. A model of the EDL consisting of a diffuse layer plus a
compact or Stern layer was used. The surface capacitance of the diffuse
layer can be estimated from the Debye-Hiickel theory as e/Ap (Hunter
(1993)). The compact layer capacitance is then adjusted to fit the exper-
imental measurements. The voltage drop through the diffuse part of the
double layer (which is the one supposed to be mobile) is reduced and,
therefore, the ( potential is not the total voltage drop through the EDL
but a fraction of it, ( = A(V — ¢).

Recent work on AC electroosmosis has been focused on extending
the theory above in the following directions: modelling of the nonlin-
ear charging of perfectly polarizable electrodes (Olesen et al. (2006);
Gonzélez et al. (2008a)), inclusion of Faradaic currents into the stan-
dard electrokinetic model (Olesen et al. (2006); Ramos et al. (2007)) and
modelling of the effect of the finite size of ions (steric effects) at the elec-
trode/electrolyte interface (Kilic et al. (2007a,b)).
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In Ajdari (2000), net pumping of electrolytes with AC electroosmosis
is theoretically predicted. Both the array of asymmetric pairs and the
travelling-wave (TW) array try to exploit this phenomenon for that goal.
In section 1.3, we apply the AC electroosmosis model to the case of a
travelling-wave potential.

1.2.3 Electrothermally induced fluid motion

Changes in temperature through a liquid can induce gradients in its elec-
trical properties (i.e. conductivity and permittivity). The action of an
electric field on these inhomogeneities can give rise to a force in the liquid
bulk and, as a consequence, generate fluid motion. That is the mean-
ing of Electrothermally induced motion. It has been shown (Fuhr et al.
(1992a); Green et al. (2001); Gonzdlez et al. (2006)) that this motion can
be induced in electrolytes over microelectrode structures. A controlled
heating by an external source (Felten et al. (2006)), Joule heating (Fuhr
et al. (1992a)) or electrodes heated by microscope illumination (Green
et al. (2000b)) are examples of heat sources that can induce gradients in
the electrical properties of the liquid.

Electrical forces in the liquid bulk are given by the following expres-
sion (Stratton (1941)):

| I 1 Oe 9
_ w1 1 o 1.10
Fg = pE 2|E| Ve + 5 (pm (8pm>TlE| ) (1.10)

where p and p,, are the free electrical charge density and mass density,
respectively. The last term in 1.10, the electrostriction, can be incorpo-
rated into the pressure for incompressible fluids (Stratton (1941)). The
other two terms correspond, respectively, to the Coulomb and the dielec-
tric forces.

Electrolytes are expected to be quasielectroneutral and, therefore,
the Coulomb and the dielectric forces will be zero unless gradients in
conductivity and permittivity are present. In effect, let us consider the
conservation equation for the electrical current V-J = V-((o+iwe)E) =0
(convection currents are neglected, Ramos et al. (1998)) and the Gauss’
law p = V - (¢E). For small gradients in permittivity and conductivity,
the electric field can be expanded to give E = Eq + Eq, (|E1| < |Eol, Eg
is the electric field in the absence of gradients), where the electric fields
satisfy the equations:
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V-Ey=0 (1.11)

V.E1+(M>.E0:0

1.12
o + twe ( )

The charge density of each order correspond to

po = eV-Eq=0 (1.13)
aVa—sVU) E, (1.14)

Ppr = €V'E1+V€-E0:< a—i—iwe

If these gradients are generated by small changes in temperature, it
can be shown that the time-averaged electrical force can be written as
(Ramos et al. (1998)):

oe(a — )

1
< Fg >= ~R
E 2 © o + 1we

(VT - Eo)E, — %ea|E012VT} (1.15)

where E is the electric field phasor, * indicates the complex conjugate,

o = (1/€)(3e/8T) and 8 = (1/a)(d0 /OT).

Expression 1.15 for the electrical forces is frequency dependent. If
w is much greater than o/e the dielectric force dominates. Likewise,
if w < o/e the Coulomb force dominates because relative variations in
conductivity (Vo /o) are usually much greater than relative variations in
permittivity (Ve/e).

The use of travelling-wave electric fields for pumping liquids with a
given temperature gradient was proposed in Melcher (1966) and Melcher
& Firebaugh (1967). This idea has been used for pumping electrolytes
in microsystems with microelectrode arrays subjected to travelling-wave
potentials (Fuhr et al. (1992b); Felten et al. (2006)). However, elec-
trothermal effects can be discarded to have any effect on the velocity
measurements performed during this thesis work. Typical voltages in
our experiments are too low to generate conductivity gradients through
Joule heating.

1.2.4 Electrohydrodynamic instabilities in microflu-
idics

Our experimental observations with platinum microelectrode arrays sug-

gest that EHD instabilities may appear. For certain values of frequency
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and voltage amplitude of the applied signal, we have observed nonuni-
form fluid motion. Despite we do not treat fluid flow instabilities in this
work, it is worth to mention the possibility that AC fields can induce
instabilities within microchannels. Recent theoretical and experimental
work on EHD instabilities has been done for microsystems where a con-
ductivity gradient is imposed (Baygents & Baldessari (1998); Lin et al.
(2004); Chen et al. (2005); Boy & Storey (2007)). Experiments on EHD
instabilitites in microchannels are, typically, based on two coflowing fluids
with different conductivities that are subjected to electric fields. Electric
charge can be induced at the interface between them and the resulting
electrical force drives the instability.

Another kind of instabilities in microsystems, as those studied by
Rubinstein & Zaltzman (2000, 2007), may appear at high current densi-
ties. They are associated to depletion of electrolyte near a semipermeable
membrane and electroconvection is generated (either in the bulk or in the
double layer).

Fluid flow instabilitites are of general interest in microfluidic applica-
tions. They can be useful for achieving rapid mixing (Oddy et al. (2001);
Nguyen & Wu (2005); Hardt & Schonfeld (2008)) or they may want to
be avoided if they can cause undesirable dispersion in sample injection,
separation and stacking. In the experiments here presented, conductivity
gradients in the electrolyte may appear as a consequence of electrochem-
ical reactions at the electrodes. This could explain our observations of
non-uniform motion as EHD instabilities.

1.3 Electrokinetic Micropumps: Travelling-
Wave Electroosmosis

As mentioned in the introduction, pumping in microsystems is one of the
main concerns in microfluidics research. Fluids must typically be intro-
duced into, and transported within, the microfluidic circuits. Reliable
and cheap micropumps are still to be developed. Not only pumping but
the generation and control of secondary flows could improve many mi-
crofluidic chips. Local actuaction on the main flow may render possible
the realization of ports, valves and control of the flow direction.

In a recent review (Laser & Santiago (2004)), micropumps are classi-
fied into two groups: displacement pumps and dynamic pumps. Displace-
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Figure 1.2: Schematic diagram of the two kinds of microelectrode arrays:
(a) asymmetric electrodes array and (b) travelling-wave array.

ment pumps are those in which one or more moving boundaries establish
pressure differences on the working liquid, on the other hand, in dynamic
pumps the forces are applied directly on the liquid. Both electric and
magnetic forces can be exploited for dynamic pump purposes. When
electric fields are used we refer to electrohydrodynamic (EHD) pumps,
while magnetohydrodynamic (MHD) pumps is the term in the case of
magnetic fields. In Ramos (2007), EHD and MHD micropumps are fur-
ther classified into the following:

e Micropumps where electrical forces act on the liquid bulk: EHD in-
Jjection (Richter & Sandmaier (1990)), conduction (Atten & Seyed-
Yagoobi (2003)) and induction (Fuhr et al. (1992a)) pumps.

e Those where electrical forces act in the diffuse part of the electrical
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double layer - Electrokinetic micropumps-: DC Electroosmotic (Pre-
torius et al. (1974)) and AC Electroosmotic (Brown et al. (2000))
MICTOPUMPS.

e When magnetic forces are applied in the liquid bulk: DC (Jang &
Lee (2000)) and AC (Lemoff & Lee (2000)) MHD micropumps.

Induced chatge

i) o Netbulkflow

S inchannel '

Fast, small Slove: small
fiuid rolt fhuid
over edge over el

Figure 1.3: AC electroosmosis mechanism for a couple of asymmetric
electrodes. Fluid flow rolls are formed over the electrodes and a net flow
is generated.

In this work we deal with electrokinetic micropumps driven with AC
signals. In general, these micropumps work with electrolytes of low con-
ductivity and for low voltage and frequency signals. As mentioned in the
introduction, two kinds of microelectrode structures are used with the
aim of generating a net flow: arrays of asymmetric pairs of electrodes
subjected to an AC potential (Brown et al. (2000); Studer et al. (2004))
and arrays of equal sized electrodes subjected to a travelling-wave poten-
tial (Cahill et al. (2004); Ramos et al. (2005)), see fig.1.2. Both designs
are examples of how to exploit AC electroosmotic motion for generating
a net pumping within a microchannel. As predicted by Ajdari (2000),
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Figure 1.4: Physical mechanism of Traveling Wave Electroosmosis. A
sinusoidal potential is travelling to the right. Electrical charge is induced
at the electrode/electrolyte interface and a net force pulls the charges.

asymmetries in microelectrode structures can be used to rectify electroos-
motic flows and, consequently, give rise to a net unidirectional flow over
these electrodes.

Fig. 1.3 illustrates the ACEO basic mechanism for a couple of asym-
metric electrodes. Two fluid rolls are formed over the electrodes as a
consequence of the slip electroosmotic velocity on them. Since one elec-
trode is larger than the other, the two rolls are of different sizes and one
dominates over the other, giving rise to net flow in the direction indi-
cated in the picture. Besides of the theoretical prediction by Ajdari, a
rigorous mathematical treatment can be found in Ramos et al. (2003)
(linear ACEO model is used) and Olesen et al. (2006) (weakly nonlinear
theory for ACEQ is applied and Faradaic currents are included in the
model).

We focus primarily on the study of pumping of electrolytes with
travelling-wave potentials. Experiments with asymmetric arrays are also
included for the sake of comparison. Fig. 1.4 shows the physical mech-
anism of Travelling-wave Electroosmosis. lons accumulate at the elec-
trode/electrolyte interface in response to the applied potential. Due to
the finite charging time of the electrical double layer, a delay exists be-
tween maximum electric field and maximum induced charge in that layer.
The electric field pulls the charges generating fluid flow in the same di-
rection of the travelling-wave.

In Ehrlich & Melcher (1982), the fluid motion induced by a travelling-



1.3. Electrokinetic Micropumps: Travelling-Wave Electroosmosis 15

wave field acting on the charge induced in the electrical double layer
is studied for the first time. However, they analyzed the case of a
semi-insulating bipolar liquid and a thick dielectric layer between the
electrodes and the liquid. This is different from our system, which
consists in an electrolyte in contact with the electrodes. The time-
averaged slip velocity can be easily calculated for the case in Fig. 1.4,
in which the electric potential at the level of the electrodes has the form
V(z,t) = Vycos(wt — kox), where w is the angular frequency of the ap-
plied signal and kg is the wave-number that characterizes the spatial
periodicity. Making the assumptions of thin electrical double layer and
electrolyte in quasiequilibrium (as in section 1.2.2), the electric potential
in the bulk is solution of Laplace’s equation V2?¢ = 0 and, making use of
phasors ¢ = Re[®e™*], the boundary condition for the electric potential
at the electrodes level (y = 0) is given by:

(Voe~ o7 — @) (1.16)

The solution of Laplace equation has the form ¢ = Ae Foveilwt—koz),
After applying 1.16 it is obtained:
AT

A= 1.17
1+4Q (1.17)

where 2 = wCpr/(cko).

Once the electric potential has been solved, the electroosmotic fluid
velocity can be calculated from the Helmholtz-Smoluchowski formula
usiip = (6/N)A@E;. The voltage drop through the diffuse layer A¢ can
be written as A(V — ¢), where A is defined as the ratio of the voltage
drop through the diffuse layer to the total voltage drop through the dou-
ble layer. When the EDL is modelled by two capacitors in series, this
parameter can be written as A = C;/(C; + Cy), where Cy is the surface
capacitance of the diffuse layer and C, is the surface capacitance of the
compact or Stern layer. The time-averaged slip velocity is given by:

e, 0
=——A—|®-V|? 1.18
After introducing the solution for the potential, the generated elec-

troosmotic slip velocity is (Ramos et al. (2005)):
ekoVp?  Q
2n 1+Q2

Fig. 1.5 shows the slip electroosmotic velocity (in units of AekoVp?/47)
versus the nondimensional frequency 2. A bell shape function is obtained

U=A (1.19)
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Figure 1.5: Electroosmotic slip velocity for a sinusoidal travelling-wave
potential versus nondimensional frequency 2 = wCpy/(cke). Maximum
velocity is obtained for € = 1.

with peak velocity U = AekoVy?/4n at Q = 1, the characteristic charging
frequency. For frequencies much greater than this, the induced charge is
negligible. On the other hand, for frequencies much smaller than Q = 1,
the induced charge is maximum but there is no time delay between this
and the AC signal.

The pumping velocity is defined as the average electroosmostic ve-
locity at the level of the electrodes. In the case of a purely sinusoidal
travelling-wave potential, all points are equivalent and the average ve-
locity is just the electroosmostic velocity. If we consider the potential
generated by the four-phase shifted configuration, the maximum pump-
ing velocity is found to be U = 0.052AckoViZ/n at a nondimensional
frequency 2 = 1.4492 (Ramos et al. (2005)). A theoretical analysis of
travelling-wave electroosmosis considering the nonlinear charging of the
electrical double layer is found in Gonzélez et al. (2008a). In Ramos et al.
(2007), the effect of Faradaic currents in the linear regime is included in
the study of travelling-wave electroosmosis.
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1.4 Thesis Outline

The main goal of this work is the description of electrolyte flows gener-
ated by arrays of microelectrodes subjected to travelling-wave potentials.
The array of asymmetric pairs of electrodes has been studied by other
groups (Brown et al. (2000); Ramos et al. (2003); Mpholo et al. (2003);
Studer et al. (2004); Gregersen et al. (2007)) and we consider them here
for the sake of comparison. A careful experimental study is pursued. This
includes not only fluid flow observations but the measurement of other
relevant physical quantities that we can access. Theoretical modelling
and computations are performed in order to provide physical insight on
the underlying mechanisms. We do not only aim at the characterization
of the flow generated by the travelling-wave device but shed some light
on electrokinetic phenomena at higher voltages. The work is organized
as follows:

The flow generated by a couple of coplanar electrodes is studied
in chapter 2. Earliest experiments and theories on AC electroosmo-
sis (ACEQ) are based on this geometry (Green et al. (2000a); Ramos
et al. (1999a); Gonzalez et al. (2000)). The ACEO theory was succesfully
tested with this electrode structure subjected to AC signals of amplitude
around 1-2V,,. However, voltage amplitudes applied to microelectrode
arrays exceed those values, they typically reach 7-8V,,. Therefore, in
chapter 2 we study the fluid flow generated by a couple of symmetric
electrodes within a wider voltage range than in previous works.

Experiments with titanium arrays are presented in chapter 3. Two
different kinds of microelectrode structures are used: an array of equal
sized electrodes (subjected to a TW potential) and an array of asym-
metric pairs of electrodes. A comparison between arrays is done. The
predictions of the AC Electroosmosis theory are compared to experi-
mental observations. At low voltages, the experiments are in qualitative
agreement with the theoretical results. The experimental observations
at higher voltages can not be explained by the theory, even the direction
of the net flow is opposite to prediction (flow reversal).

Chapter 4 shows the experimental results obtained with platinum
travelling-wave arrays. Fluid flow observations with arrays of two dif-
ferent electrode sizes (10 and 20 um) are compared to titanium arrays.
A thorough experimental study is performed: fluid velocities are mea-
sured, electrical impedance and currents measurements are taken, the
influence of channel height and shape is explored, the effect of electrolyte
conductivity is analyzed and the behaviour of molecular fluorescent dyes
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is studied. We draw conclusions from these experiments and justify the
theoretical work performed in the next chapters. This work consists of
the two following points:

(1) In chapter 5, the effect of Faradaic currents in travelling-wave
electroosmosis is modelled in the linear regime. This model represents
a more general approach to the polarization of the electrode/electrolyte
interface at low applied voltages - electrochemical reactions are allowed
to ocurr.

(2) From the experimental observations, we postulate that electrical
charge in the electrolyte bulk may be induced as a consequence of gra-
dients in ionic concentrations. In chapter 6, numerical computations are
performed in order to show how the electrical forces due to the induced
charge in the electrolyte bulk can lead to a net motion over a TW mi-
croelectrode array.

We also include a chapter where the influence of the electrode height
on the performance of travelling-wave electroosmosis (TWEO) microp-
umps is studied theoretically (chapter 7). The linear ACEO including
Faradaic currents theory is applied and an optimum electrode height is
found. The results are compared to previous theoretical work with asym-
metric arrays.

Finally, we present the general conclusions of the thesis and discuss
future work.

In appendices, we included additional experimental work related to
fluid manipulation with microelectrodes: Control of two-phase flows by
AC electric fields (appendix A) and Electrolyte Flow induced by AC Volt-
ages wn a Point-Plane Electrode Microsystem (appendix B). Experimen-
tal fluid velocities in this thesis were obtained with a Particle Tracking
Velocimetry software written in Matlab. Appendix C describes this soft-
ware and includes an example of how to use it.



Chapter 2

Fluid flow over a pair of
microelectrodes. Preliminary

experiments
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A pair of coplanar electrodes is the simplest electrode structure for
the experimental study of AC electroosmosis. Fig. 2.1 shows a scheme for
the general case of two electrodes of different width (W; and W3). Pio-
neering experiments and theories on ACEO (Ramos et al. (1999a); Green
et al. (2000a); Gonzalez et al. (2000)) are based on this geometry - two
coplanar metal electrodes of the same size, W; = W,. Direct observation
of fluorescent beads moving close to the electrodes allowed the experi-
mental characterisation of the phenomenon at low voltages 1-2 V,,. The
theoretical framework in Gonzélez et al. (2000) was successfully applied
for predicting the fluid velocity over titanium electrodes for low voltage
amplitudes 0.5V, (Green et al. (2002a)) !. In that paper, side view of
the electrodes allowed the visualisation of fluid velocity streamlines. Very
good agreement with the theoretical streamlines was found.

(A) (B)

Electrodes

Figure 2.1: A couple of coplanar electrodes: (A) side view, (B) top view.

The voltage amplitudes used in the experiments with microelectrode
arrays exceed the typical voltages in the previous experiments with pairs
of electrodes. It is therefore convenient to inspect the fluid flow generated
by pairs of electrodes subjected to AC signals of amplitude up to 7-8 Vpp,
which are the maximum amplitudes used in the experiments with arrays
in the present thesis. In this chapter, we present measurements of the

!The deviation of the experimental values from the theoretical prediction was
ascribed to the presence of a compact layer of titanium oxide on top of the electrodes
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fluid velocity on top of a couple of titanium electrodes of the same width.
We also introduce the experimental procedure for fluid flow observation
over microelectrode structures.

2.1 Experimental details

A pair of plate electrodes of the same width was used for the measure-
ment of the AC electroosmotic velocity. The electrodes were fabricated
on a planar glass substrate using photolithography, consisting of layers
of 10 nm titanium, 100 nm gold and 20 nm titanium. The electrodes were
2mm long and 500 pm wide (W, = W,), the gap between electrodes (G)
was 25 um. The two electrodes were subjected to AC signals provided
by a function generator (Thurlby Thandar Instruments TGA 1244). KCI
aqueous solution was used as working fluid, the conductivity of this solu-
tion was 2.1mS/m. A rectangular chamber made of PDMS (polydime-
thilsiloxane) was placed on top of the electrode structure (Fig. 2.2). The
chamber was 5 mm long, 2 mm wide and 1 mm high. The PDMS sticks on
the glass and the liquid was contained inside the chamber. A microscope
coverslip was placed on top of the liquid and PDMS and the device was
then ready to do experiments.

Fluorescent latex spheres (500nm diameter) were suspended in the
electrolyte and used as flow tracers. An Epi-fluorescence microscope
(Nikon-Optiphot100) with a X20 objective was used for visualising the
beads. The light source was a mercury lamp and a suitable filter set for
FITC fluorescence was employed. In experiments where the beads were
moving faster than 100 ym/s, we had to use a fast camera for tracking the
beads. A regular camera is capturing 25 frames per seconds (fps). Frame-
rates up to 250 fps were necessary in order to correctly track the beads.

Glass Slide electrodes Chamber

Top View

Figure 2.2: Top view of the pair of electrodes and the PDMS chamber.
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The only drawback of using a fast camera is that it requires higher light
intensity than a regular CCD camera. The fluorescence emitted by the
beads was not enough to clearly distinguish them in the video recordings.
Nevertheless, 500 nm beads can be resolved without fluorescence illumi-
nation. Therefore, the experiments with the fast camera were carried out
with white illumination - no fluorescence filters.

Videos of the beads motion were captured and stored in a computer.
The fluid velocity was later measured by tracking the motion of the beads
through the video frames. Both manual tracking (finding the position of
a given bead in every frame) and using the particle tracking program
described in appendix C produced the same results.

1000 -

Velocity [um/s]

Voltage [Vpp]

Figure 2.3: Fluid velocity versus voltage at different positions for a fre-
quency of 200 Hz.

2.2 Results and discussion

After applying the AC signals to the electrodes, the flow tracers at the
electrodes level move away from the interelectrode gap. Focusing a few
tens of microns above the electrode, one can see beads moving in the
opposite direction. This shows the fluid recirculation. Fluid rolls are
formed on top of the two electrodes, as expected in AC electroosmosis.
Fig. 2.3 shows the measurements of the fluid velocity versus applied volt-
age for a frequency of 200 Hz. The velocity is measured at four different
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distances from the electrode edge on the gap side: 10, 20, 30 and 40 pm.
At a first glance, one can infer that the velocity shows a square-law de-
pendence on the applied voltage, as expected from the AC electroosmosis
theory. The trend is actually smaller, but velocity increases nearly as V2.

100 o

Velocity [um/s]

Voltage [Vw]

Figure 2.4: Fluid velocity versus voltage at different positions for a fre-
quency of 400 Hz.

Fig. 2.4 and 2.5 show the measurements of the fluid velocity versus
applied voltage for a frequency of 400 Hz and 1200 Hz, respectively. The
velocity is measured again at four different distances from the electrode
edge on the gap side: 10, 20, 30 and 40 um. The velocity increases nearly
as the square of the voltage. At voltages lower than 4V, the velocities
are higher at 200 Hz than at 400 Hz or 1200 Hz. This is in accordance
with the results in Green et al. (2000a), where the frequency for maxi-
mum velocity was around 200 Hz. This is not the case at higher voltages
at which the frequency for maximum velocity depends on the position.
For example, the velocity at 10 um from the electrode edge is maximum
at 1200 Hz but at 40 um the maximum velocity is found at 200 Hz.

The theoretical square-law dependence of ACEO on voltage arises
from the assumption that the net electrical charge at the electrode-
electrolyte interface is proportional to the applied voltage, the electrical
force then scales with V2 and so does the velocity. Some saturation of
the EDL charging mechanism could be expected as the voltage increases
(Olesen et al. (2006)), the velocity would then have a smaller dependence
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Figure 2.5: Fluid velocity versus voltage at different positions for a fre-
quency of 1.2kHz.

on voltage. This is not observed since velocities increase nearly as ex-
pected from the linear theory. If we fit the experimental measurements at
low voltage to the theoretical prediction (as in Green et al. (2002a)), it is
found A = 0.095 (A is defined as the ratio of the voltage drop through the
diffuse layer to the total voltage drop through the double layer). As can
be found from the nonlinear analysis by Gonzalez et al. (2008a), higher
applied voltages would be required for this value of A in order to see a
saturation of the velocity. It should also be noted that, at the voltages
we are reaching in these experiments, dielectrophoretic forces could be
acting on the particles near the electrodes and, therefore, these particles
do not accurately map the fluid flow.

As a general conclusion of these preliminary experiments, we obtain
that velocity measurements do not deviate noticeably from the trends
predicted by the linear theory of ACEQ. If we perform experiments with
arrays of electrodes subjected to AC signals, it then makes sense that the
fluid flow behaviour could be predicted from this theoretical background.
Nevertheless, this assumption fails as will be shown in the following chap-
ters.



Chapter 3

Experiments with arrays of
titanium: Flow observations
and velocity measurements
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This chapter includes the experimental results obtained with micro-
electrode arrays made of titanium. We make use of two different elec-
trode arrays: A travelling-wave microelectrode array and an array of
asymmetric pairs of electrodes. Pumping of electrolytes using an asym-
metric electrode array has been characterised by other groups (Brown
et al. (2000); Mpholo et al. (2003); Studer et al. (2004); Gregersen et al.
(2007)). We pay particular attention to the travelling-wave array (which
is the subject of this thesis) and we include the experiments with the
array of asymmetric pairs for the sake of comparison.

3.1 Experimental Details

The array of asymmetric pairs consists of ten pairs of electrodes of dif-
ferent size, see Figure 1.2(a). The larger electrodes (E;) are 100 um wide
while the smaller (E,) are 10 um. The electrodes of every couple are sepa-
rated by a gap (G7) 10 um wide. The distance between pairs of electrodes
is (G2) 100 um, so the spatial periodicity is 220 um. The array has a total
length of 2100 um. The electrodes were fabricated on a planar glass slide
using photolithography techniques and they consist of three metal layers
of different thickness: 10 nm titanium, 100 nm gold and 10 nm titanium.
The titanium layer is used because it sticks to the glass, the gold layer
enhances the electrode conductivity and the top layer of titanium has
the purpose of reducing corrosion for low frequency applied signals. An
AC signal generator is used to subject each pair of electrode to a voltage
difference of amplitude V4 and frequency w.

The microelectrode array used in the travelling-wave (TW) experi-
ments consists of 20 electrodes fabricated on glass as in the case of the
asymmetric array. The electrodes are 20 um wide separated by 20 um
gaps. Each electrode is driven by an AC voltage of amplitude V; and
frequency w. The voltage on consecutive electrodes is phase shifted by
90°, as shown in Figure 1.2(b). This produces a travelling-wave potential
with a wavelength of 160 um.

A long glass square chamber was built for each array. Small glass
pieces are cut from microscope coverslips and glued onto the device. For
the travelling-wave device the chamber height was 200 ym, whilst the
asymmetric device had a chamber height of 260 ym. The channel has an
inlet and an outlet at both ends and it could be filled by manual pipet-
ting. KCl solutions 0.1 mM were used as working electrolyte. Fluorescent
latex particles (500 nm diameter) were suspended in the electrolyte and
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Microscope Objectives

Function Generator

Figure 3.1: Scheme of the experimental setup for fluid flow visualisation.
Top and side view can be performed.

used as flow tracers. Suitable excitation and emission fluorescence filters
are used in order to visualise the fluorescence emission of the flow tracers.

Fig. 3.1 shows a scheme of the experimental setup for these experi-
ments. Electrode pads allow to make the electrical connections on one
side of the array. The other side is free and a microscope objective
and camera were pointed horizontally along the electrodes, so that the
electrodes could be imaged in cross section. Fluid flow was observed
both from above and from the side. Observations of the fluid flow were
recorded on video and transferred to a computer. The fluid velocity mea-
surements were carried out with the use of a software for particle tracking
velocimetry (PTV) written in Matlab (see Appendix C).

3.2 Travelling-Wave Array of Titanium

When the 4-phase AC signal is applied to the electrode array, fluid flow
is driven at the electrode surface. An example of fluid flow above the
electrodes for the travelling-wave pump is shown in Figure 3.2. This
image is of fluid motion viewed from the side with the electrodes in the
bottom of the image. The fluorescent tracer particles are used to plot
the pathlines by superimposing successive video frames (50 in this case).
The chamber is closed at both ends so that the fluid recirculates. This
can be seen in the figure where the tracer particles at the top move in
the opposite direction to those above the electrodes in the bottom half
of the chamber.

A typical plot of the horizontal fluid velocity measured as a function
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—

Figure 3.2: Particle paths for the travelling-wave array for an applied
signal of 1kHz and 5V,,. The black arrow indicates the direction of the
fluid flow at the electrode level, and the white arrow the direction at the
top of the chamber. The dashed line is placed at the height where the
fluid velocity in Fig. 3.4 is measured.
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Figure 3.3: Horizontal velocity versus height for an applied signal of
2kHz and 6 Vpp (travelling-wave array)
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of height above the electrodes is shown in Figure 3.3. This was taken for
a voltage of 6 Vi, at a frequency of 2kHz. Similar profiles were obtained
for other frequencies and voltages. The experimental velocity profile can
be fitted to a parabola with the maximum speed at the electrodes (solid
line in the figure). This velocity profile has zero net flux, as expected
for a 2D flow when the chamber is closed at both ends. This profile
corresponds to the theoretical prediction obtained from the Stokes equa-
tion with no volumetric force and non-slip velocity condition at the top
boundary and slip condition at the bottom boundary. The experimental
curve shows that the fluid is driven at the electrodes, and recirculates
at the top of the chamber with a total flux equal to zero. The average
velocity at the level of the electrodes can be estimated by extrapolating
the velocity profile as shown in the figure.

The pump behaviour was characterised as a function of voltage and
frequency by measuring the fluid velocity at a height of 140 um above the
electrodes (dashed line in Fig. 3.2). At this height the fluid is moving in
the opposite direction to that at the electrode surface. Measurements at
this height were considered to be representative of the global behaviour
of the pump as indicated by the profile of Figure 3.3.

A 2-D map of these measurements plotted in the voltage versus fre-
quency domain is shown in Figure 3.4. Values of velocity are negative
when the fluid is dragged on the electrodes in the direction of the travel-
ling electric field. At low voltages, the fluid is dragged in this direction,
i.e. negative velocity values. We refer to this mode of behaviour as
Normal Pumping. This is the mode of pumping that is predicted by
the low voltage theory of AC electroosmosis (Cahill et al. (2004); Ramos
et al. (2005)). At higher voltages, the fluid is driven in the opposite
direction, a mode of behaviour we designate as Reverse Pumping. The
physical mechanism responsible for this behaviour is not clear at present.

Four separate regions can be distinguished in Figure 3.4: normal
pumping, reverse pumping, no net pumping and electrolysis. The latter
corresponds to a region of very low frequencies and high voltages which
is generally destructive owing to bubble formation because of electroly-
sis. There is a region of voltage where the pumping mechanism changes
from normal to reverse pumping. No net flow was observed in this region.
Fluid rolls occurred over the electrodes but these did not lead to unidirec-
tional fluid flow. Therefore, we designate this region as No Net Pumping.

Figure 3.5 shows the recirculation magnitude of the velocity for the
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Figure 3.4: Velocity map for the travelling-wave array of microelectrodes
in the plane voltage versus frequency. Velocities are measured at a height
of 140 pum (dashed line in Figure 3.3)

200
u
Travelling Wave Array
f = 1kHz
150
q ¥
£
= 100
2
(5]
o
M
> 504 .
|
|
- L}
] Ty Wi ™
T T M T 1
2 4 6 8
VPP v

Figure 3.5: Horizontal velocity at a height of 140 um versus voltage for
a given frequency of 1kHz (travelling-wave array).



3.2. Travelling-Wave Array of Titanium 31

] Travelling Wave Array
80 -

] Ve \+ 5.1 Vpp

0. \

- %
: : \f/ﬁ\

10

Velocity [um/s]

N

i\i\i

04— : e
101 1
Frequency [kHz]

Figure 3.6: Horizontal velocity at a height of 140 um versus frequency
for a given voltage of 5.1V, (travelling-wave array).

pump at a frequency of 1kHz as a function of voltage. At low volt-
ages normal pumping is observed. The velocity amplitude increases only
slightly with voltage until saturation and then no net pumping is ob-
served. At a voltage of 4 V,;,, the fluid velocity begins to increase again
(in the opposite direction) as reverse pumping occurs. The velocity am-
plitude then increases rapidly with voltage as shown in the figure. At
7V, the fluid speed is 200 um/s, corresponding to an average velocity

of 600 pum/s at the level of the electrodes.

Figure 3.6 shows a plot of the velocity against frequency at a constant
voltage (5.1 Vpp). The liquid flow corresponds to the region of Reverse
Pumping in Fig. 3.4. The velocity reaches a maximum at a frequency of
approximately 500 Hz.

For a 4-phase travelling-wave signal the low voltage model predicts a
maximum pumping velocity at the electrodes given by U = 345AVp2p pm/s
(section 1.3). The fluid velocity at the level of the electrodes can be de-
termined by extrapolation of the experimental data. For the electrode
array used in this work, and for a signal of amplitude 2 V,,, and frequency
600 Hz, the measured velocity was 38 um/s. A comparison with theory
shows that A ~ 0.03, a small value if compared to those obtained for
a pair of electrodes: A ~ 0.2 in Green et al. (2002a) and A ~ 0.1 in
chapter 2. This small value for A can be in part explained by the fact
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TW direction

Figure 3.7: Pathlines over a travelling-wave array. (a) 2.4V,, and 1kHz
(Normal pumping). (b) 4.13V,, and 800Hz (Reverse pumping), the
drawing below shows the particle motion direction.

that the oxide layer which forms on top of the titanium electrode reduces
the voltage across the diffuse layer.

Fig. 3.7 shows pathlines of the fluorescent beads over the travelling-
wave array. Fig. 3.7(a) corresponds to an applied signal of 2.4V}, and
1kHz (reprinted from Ramos et al. (2005)). In this case the net flow
is in the direction predicted by the AC electroosmosis theory and the
pathlines fit to the theoretical streamlines expected by that theory. Fig.
3.7(b) is for an applied signal of 4.13 V,,, and 800 Hz. The array is pump-
ing the liquid in the reverse direction. No theory currently predicts the
shape of these pathlines but they are clearly different from the pathlines
at low voltage. These pathlines cannot be obtained just by changing the
fluid velocity direction at the level of the electrodes of Fig. 3.7a). Fluo-
rescent beads accumulate at the centre of the electrodes and some beads
are strongly ejected in the vertical direction, forming clockwise rotating
“flow rolls” on the right side of the electrodes (the potential travels from
right to left). Particles are also subjected to electrical forces near the
electrodes, these particles do not accurately map the fluid flow
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3.3 Asymmetric Array of Titanium

Figure 3.8 shows the magnitude of the fluid velocity as a function of volt-
age, measured at a height of 210 um above the electrodes at a frequency
of 10kHz. The velocity at this height is considered representative of the
global behaviour of the pump since it is in the region above the fluid
rolls where the fluid recirculates. At the frequency of 10kHz the fluid
flow was observed to be near the maximum for this design of electrode
array.

164

124 Asymmetric Pairs Array %

f=10kHz

Velocity [um/s]

Figure 3.8: Horizontal velocity at a height of 210 um as a function of
voltage for a frequency of 10kHz (asymmetric pairs array).

Similar to Figure 3.6, the electrolyte moves across the electrodes in
one direction at low voltages and changes direction at a transition volt-
age of approximately 15V,,. At low voltages the net fluid flow direction
corresponds to that predicted by linear theory, i.e. from small to large
electrode as shown in Figure 1.3b. This is termed normal pumping. At
higher voltages the fluid reverses direction, as for the travelling-wave
pump. Figure 3.9 shows the experimental fluid pathlines for normal
pumping and reverse pumping in each case. The large fluid roll that
extends into the bulk in each case has a typical size around 220 pym, that
is the spatial periodicity of the array. When the pumping changes to
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Figure 3.9: Pathlines for the asymmetric array. (a): 10kHz and 8 V.
(b): 10kHz and 18 V,,,. The electrodes are drawn in the images. Dashed
lines are placed at the height where the fluid velocity was measured.

reverse mode, the rolls over the electrodes change, both in shape and
position on the electrodes. The rolls in the reversal mode seem to be
slightly shifted to the right.

3.4 Discussion

As mentioned in the introduction, the travelling-wave electrode array is
generally employed to move particles using travelling-wave dielectrophore-
sis (twDEP). We can compare the particle motion due to fluid flow and
that due to twDEP motion. Using the theoretical results for the dielec-
trophoretic force given in the introduction, the horizontal travelling-wave
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dielectrophoretic velocity at a height y > 1.5d (in water) is given by:

- a?V?
VpopEp = 4.35 X 1078Im| f]Tm’eW?d)y m/s (3.1)

where, a is the particle radius and d the electrode width (in meters).
Im[f] the imaginary part of the Clausius-Mossotti factor. This equation
shows that at large distances from the electrode (y >> d) the electric
field is close to zero. Therefore at the point of observation (140 um above
the electrodes) the twDEP (and DEP) velocities are negligible (smaller
than Brownian motion). The fluid velocity measurements are not af-
fected by dielectrophoresis at this height. Even at heights around 1.5d
the travelling-wave dielectrophoretic motion is negligible. For particles
10 times larger, at 6 V;,, and at a height around d, the dielectrophoretic
velocity is less than 30 um/s. Generally, travelling-wave DEP is observed
when particles undergo negative DEP and have a non-zero imaginary
component of the dipole. Practically, this occurs at frequencies much
greater than 1kHz. At high frequencies the AC electroosmotic fluid ve-
locities are much lower, so that twDEP dominates.

Comparison of the asymmetric pump and the travelling-wave pump
is not simple because the electric field and geometry are different in each
case. However, since in this case the spatial periods of both arrays are
close (160 um for the TWEO and 220 um for the ACEO), a fair com-
parison can be made if the amplitude of the AC signal applied to each
pair of the asymmetric array is divided by 2. In effect, each electrode in
the TW array is subjected to a signal Vycos(wt + ) while each pair of
the asymmetric array has one electrode subjected to a signal Vycos(wt)
and the other electrode is grounded. The case of the asymmetric array
is equivalent to have one electrode subjected to (Vp/2)cos(wt) and the
other to (Vp/2)cos(wt+m) and, therefore, we can consider that each elec-
trode was subjected to a signal of amplitude half the amplitude applied
to each pair. The comparison shows that much greater fluid velocities are
achieved with the travelling-wave device than with the asymmetric elec-
trode. The experimental pathlines can also be compared. The fluid flow
for the travelling-wave device is more uniform, and this can be an advan-
tage in circular chromatographic applications (Debesset et al. (2004)).
Also, higher voltages are required in the asymmetric array to observe
Reverse Pumping. The threshold voltage in TWEO was 4V, (Fig. 3.4)
while a signal of amplitude larger than 7V, has to be applied to each
electrode to observe Reverse pumping in the asymmetric array (Fig. 3.8).

Although the normal mode of pumping can be qualitatively explained
by the linear (Ramos et al. (2005)) and weakly nonlinear (Gonzalez et al.
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(2008a)) theories, the reversal of pumping which is seen in both types
of devices cannot. This reversal of fluid flow at higher voltages and
frequencies has also been observed by Studer et al. {2004) and Urban-
ski et al. (2006), who studied the pumping of a platinum asymmetric
electrode device. Lastochkin et al. (2004) also observed a reversal of
flow at higher voltages and frequencies with a pair of planar orthogonal
electrodes. Studer et al. (2004) found that the maximum velocity for the
normal pumping was measured around 1 kHz, and the maximum speed in
the reverse motion was found around 50 kHz. This frequency was higher
than observed in the present work with titanium arrays. In Studer et al.
(2004), the transition from normal to reverse pumping was observed in-
creasing the frequency rather than increasing the voltage, as in our case.
In recent experiments with platinum asymmetric arrays (Gregersen et al.
(2007)), a more careful study of the low voltage (< 1.5 V,,s) and low fre-
quency (< 20kHz) regime showed unexpected reverse pumping but for
lonic concentrations equal or greater to 400 uM and, therefore, different
physical origins might be expected for both observations. An important
difference between titanium and platinum electrodes is that the former
possess an oxide layer that reduces the voltage accross the diffuse layer
and prevents Faradaic currents. On the other hand, platinum electrodes
are far from the ideal perfectly polarizable electrodes and Faradaic cur-
rents could be present even for low voltages (as those in the reverse
pumping observed by Gregersen et al. (2007).
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This chapter presents the experimental work with travelling-wave ar-
rays made from platinum. First, fluid velocity measurements on a 20 um
wide platinum electrode array are shown. KCIl water solutions with con-
ductivity 1.5mS/m are used and a similar flow map to figure 3.4 (ob-
tained with a titanium array) is found. Another platinum array with
10 um wide electrodes is also studied for comparison.

We also show electrical impedance measurements of the system be-
fore and after the array has been pumping the electrolyte for a time
of five minutes. After the travelling-wave potential was switched off,
the impedance of the array was measured as a function of time. The
measurements indicate a sharp decrease in the impedance of the system
compared with the values prior to application of the signal. Continued
monitoring of the impedance showed that the original values were recov-
ered after around 100s. The electrical current was measured whilst the
array was pumping the liquid and transient behaviours in both electrical
current and fluid velocity were observed.

The effect of the electrolyte conductivity is also studied. Three differ-
ent KCl solutions were used with conductivities 1.5, 7.7 and 16.9mS/m,
respectively. As a general trend, it was found that electroosmotic ve-
locity decreased with increasing conductivity. The threshold voltage for
reverse pumping was studied and we observed that, for higher conduc-
tivities, higher voltages are required in order to observe flow reversal.

For a further characterization of the flow reversal, the influence of the
array shape has also been explored. A circular TW array and a straight
one within a microfluidic loop have been studied. Low channels (~ 50 ym
high) were fabricated on the arrays in order to evaluate the influence of
channel height on flow reversal.

Fluorescent dyes have been used to study the effect of ionic concen-
tration gradients. Rhodamine 6G and Bodipy have been employed as
tracers of positive and negative ions, respectively. Flourescein has been
used as a pH indicator.

4.1 Experimental details

The microelectrode array consists of a row of 55 coplanar microelectrodes
of equal size fabricated on a planar glass wafer using photolithography.
Two arrays were studied - array A consisting of 20 um wide electrodes
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Figure 4.1: Connections for the electrical current measurement. The
voltage drop across a resistor is measured by the Lock-in amplifier.

Electrodes array

N
0° annel %}
° ° mpedance Analyzer
% =D 90 Impedance Anal
L
2700 270°

Resistors

Figure 4.2: Connections for the impedance measurement. Electrodes
corresponding to phases 0° and 180° are connected to one wire and those
corresponding to 90° and 270° to another.

separated by 20 um gaps, and array B consisting of 10 um wide elec-
trodes with 10 um gaps. The total length of array A is 2.2mm and of
array B 1.1mm. Microscope coverslips were used to fabricate a fluid
channel (approximately 3cm long) over the microelectrode array with
dimension of 700 pm wide by 180 um high. Ultraviolet adhesive was used
to glue the coverslip pieces. The channel was probed to be free of leaks.
A 107*M solution of KCl (conductivity is 1.5mS/m) was used as the
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working electrolyte. The end points of the channel were connected to
PTFE tubes and thence to a syringe. The electrolyte was renewed after
every measurement. Fluorescent latex particles (500 nm diameter) were
suspended in the electrolyte and used as flow tracers. An epifluorescence
microscope (Nikon Optiphot-100) was used to observe the flow tracers,
recorded using a digital camera and video. Fluid velocity measurements
were carried out using the Particle Tracking Software (Appendix C).

Electrical current measurements were made by energizing the array
with a four-output-signal generator. Current was measured from the
voltage drop across four identical resistors (of low resistance - 102) con-
nected to the device, see Fig. 4.1. The voltage drop was measured using
a lock-in amplifier, where the in-phase V, and out-of-phase V, signals
were measured with respect to the driving signal. The impedance of the
array was measured using an Impedance Analyzer, Agilent (4294A). In
addition, the impedance of the device was measured before and after
application of the travelling-wave signals for pumping. Electrodes cor-
responding to phases 0° and 180° are connected together to the High
Output of the Impedance Analyzer, similarly, electrodes corresponding
to phases 90° and 270° are connected together to the Low Output, see
Fig. 4.2. In this way the impedance is measured between neighbouring
electrodes and provides a measure of the quasi-equilibrium properties of
the liquid before and after the travelling-wave potential is applied.

4.2 Velocity measurements

When an AC voltage is applied to the electrode arrays, the fluid is driven
into flow close to the electrode surface. Because the channel is closed with
valves at both ends (input and output), the fluid re-circulates and the
tracer particles at the top move in the opposite direction to those above
the electrodes (see Fig. 4.3). The pump behaviour was characterized
as a function of voltage and frequency by measuring the fluid velocity
at a height of 120 um above the electrodes, which is 2/3 of the channel
height. At this point the fluid is moving in the opposite direction to that
at the electrode surface and the velocity measurements can be considered
representative of the global behaviour of the pump. Figure 4.3 shows the
theoretical velocity profile obtained as a consequence of a slip boundary
condition at the level of the electrodes and a non-slip at the top of the
channel. It is important to point out that the observed velocity profiles
could correspond to a fluid flow generated close to the electrodes but not
necessarily at the electrode-electrolyte interface. Since the height of the
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Figure 4.3: Vertical profile of the fluid velocity in a closed channel. The fluid
is driven at the level of the electrodes and recirculates. Velocities are measured
at a distance 2/3 of the channel height above the electrodes where the velocity
has a local maximum.
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Figure 4.4: Velocity map for the travelling-wave array of 20 um Pt mi-
croelectrodes in the plane voltage versus frequency. Velocities measured
at a height of 120 um above the electrodes (see Fig.4.3). Four different
fluid flow behaviour regions can be distinguished.

channel is much greater than the electrode width, forces applied at the
electrode surface or forces applied within a region the size of the electrode
width would generate similar velocity profiles.
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Figure 4.4 shows a 2-D map of the velocity measurements for travelling-
wave array A (20 um wide electrodes). Every measurement was taken
using the following protocol: new liquid was flushed through the mi-
crochannel, the signal generator was switched on and videos of the flow
tracers were captured during the next 20 seconds. The measurements
were plotted in the voltage versus frequency domain. A negative value of
the velocity indicates that the fluid is driven on the electrodes in the di-
rection of the travelling electric field. At low voltages, the fluid is driven
in this direction, as expected by the low voltage theory of AC electroos-
mosis (Cahill et al. (2004); Ramos et al. (2005)). We refer to this mode
of behaviour as Normal Pumping. At higher voltages, the fluid is driven
in the opposite direction, a mode of behaviour we designate as Reverse
Pumping. The physical mechanism responsible for this behaviour is not
clear at present.

The figure shows four distinguishable regions corresponding to: nor-
mal pumping, reverse pumping, no net pumping and non-uniform motion.
There is a region of voltage where the pumping mechanism changes from
normal to reverse pumping. A distinct net flow was not clearly observed
in this region, although strong fluid rolls occurred over the electrodes.
We designate this region as No Net Pumping. At low frequencies and for
voltages where the reverse pumping occurs, there appears a region where
non-uniform fluid motion is observed. The fluid pattern is fully 3D and
the profile of Figure 4.3 is not observed. This region is designated Non-
uniform motion. Electrolytic bubble generation was observed inside this
region for sufficiently high voltage and low frequency. A similar flow map
was observed for the 20 ym wide electrode array of titanium in the previ-
ous chapter. However, we note that there are some qualitative differences
because for the titanium array: (1) typical voltages for flow reversal were
higher; (2) electrolysis occurred at low frequencies before the fluid flow
became non-uniform; (3) there was a characteristic frequency of maxi-
mum velocity in the Reverse Pumping mode.

Figure 4.5 shows the fluid velocity as a function of frequency for array
A at different voltages. The fluid flow behaviour strongly depends on fre-
quency. In the Reverse Pumping region we do not see any local velocity
maximum. As the frequency decreases, the velocity increases until we
reach the region of nonuniform motion. In the region of normal motion a
maximum absolute velocity seems to be present around 80 Hz. However,
the size of the error bars make identification of the maximum rather diffi-
cult. In previous experiments using arrays of titanium electrodes (Ramos
et al. (2005), chapter 3) a velocity maximum was clearly observed. We
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Figure 4.5: Velocity versus frequency for the 20 micron array.
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Figure 4.6: Velocity versus frequency for the 10 micron array.

propose two reasons for the different behaviour in normal pumping: (a)
Titanium electrodes are known to posses an oxide layer. The effect of this
layer is modelled as an extra capacitance in series with the diffuse layer
capacitance, and therefore shifts the typical frequency for ACEO to high
values. (b) Platinum electrodes are far from ideal perfectly polarizable
electrodes, the converse of titanium electrodes. Electrochemical reactions
easily occur when platinum electrodes are used and the typical frequency
for ACEO is expected to be lower (Ramos et al. (2007); Olesen (2006)).
In effect, the electrochemical reactions can short-circuit the double layer
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and, therefore, suppress the electroosmotic velocity. However, at lower
frequencies, the diffusion of reactive species limit the Faradaic reactions
and the double layer gets charged.

Ti 20 pm | Pt 20 um | Pt 10 pm

| Threshold Voltage | 4 Vg, 3.5 Vpp 2.5 Vpp

Table 4.1: Threshold voltages for reverse pumping for f < 1kHz. The
threshold voltage is defined as the lowest value at which flow reversal is
observed.

The same measurements were carried out with travelling-wave array
B (10 um wide electrodes). The qualitative behaviour is similar to ar-
ray A. Reverse pumping is observed at voltages at and above 2.5 V.
Non-uniform flow is observed in the reverse pumping region when the
frequency is low. Figure 4.6 shows the fluid velocity as a function of
frequency for array B at several voltages. A quantitative difference be-
tween array A and B is that the velocities observed for array B were
much greater than those observed for array A at the same voltages. This
indicates that the velocity is greater for smaller electrodes. In the normal
pumping region a maximum in velocity appears at a frequency around
100Hz. This is different for the reverse pumping where a maximum is
found at higher frequencies. Error bars are not plotted; errors are large
at velocities larger than 100 ym/s, and can obscure the maximum in ve-
locity. Furthermore, since the apparent maximum appears close to the
non-uniform motion region, the maximum might not be significant be-
cause the flow is not uniform at these frequencies.

The reproducibility of the velocity measurements is influenced by ef-
fects such as aging of the electrodes, see Gregersen et al. (2007). Never-
theless, the threshold voltage for the appearance of flow reversal is very
reproducible. The threshold voltage was observed to be more or less in-
dependent of frequency below 1 kHz, and increased with frequency above.
The threshold voltage, deemed to be the lowest value at which flow re-
versal is clearly observed, is shown in the following table for three cases:
the titanium 20 pum wide electrode array and the two platinum electrode
arrays. The values shown in table B.1 are for frequencies below 1kHz.
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4.3 Electrical measurements

4.3.1 Electrical impedance

Measurements of the impedance of the electrode-electrolyte system were
carried out by connecting the electrodes corresponding to phases 0° and
180° to one wire and those corresponding to 90° and 270° to another,
see Fig. 4.2. A frequency sweep is performed for every measurement.
The excitation voltage is kept low enough (100 mV,s) so that the liquid
properties are not altered. Fig. 4.7(a) and 4.7(b) show impedance mod-
ulus and phase for array B before the travelling-wave potential is applied
(full lines). This impedance represents a reference state for the electrical
response of the electrode-electrolyte system. Each time the liquid was
renewed these impedance values were reproduced. The impedance was
also measured after the array was used with specific travelling-wave sig-
nals for five minutes: The impedance at low frequencies (< 1kHz) was
found to be much smaller than that of the reference state while at high
frequencies (>100kHz) it was only slightly smaller. Dotted lines in Fig.
4.7(a) and 4.7(b) show the impedance modulus and phase measured im-
mediately after removing the travelling-wave potential (3 V,, and 100 Hz)
after it had been applied for 5 min. Note that the time required for a
frequency sweep is much shorter than the typical time of variation of
the impedance (tens of seconds). This means that the quasi-equilibrium
electrical properties of the system can be measured with time. It was
observed that the fluid stopped immediately after the TW signal was
switched off - the fluorescent particles did not move. Therefore, fluid
flow does not occur during the impedance measurements and therefore
the impedance changes can not be attributed to movement of the fluid.

There is the possibility that a temperature increase due to Joule heat-
ing could affect the impedance measurements. The total heat dissipation
per unit time is given by the volume integral of 0 E2. At steady state, the
heat flux is the value of this integral per unit surface area k | VT |~ oE?l,
where k is the electrolyte thermal conductivity, [ is the typical length
for the electric field - of the order of the electrode width. If the gra-
dient of temperature is written as VT ~ AT/H, H being the height
of the channel, an estimation of the temperature increment is given by
AT ~ oV?H/kl with E ~ V/I. For the parameters in the experiments
(0= 1.5mS/m, H = 200 ym, | = 10 um, k=0.56 W/m-K) and a typi-
cal voltage amplitude of 2 volts, we estimate AT ~ 0.2K. This small



46 Chapter 4. Platinum arrays: Experimental characterization

10° —— Impedance modulus before experiment 4
~~~~~~~ Impedance modulus after experiment

{Z| [Ohm]

4 s 1 1
10102 103 4 5 6
frequency [Hz]
(a) Impedance modulus versus frequency. The measurements after

the TW signal show a strong decrease at low frequencies.

Phase [deg]

—— Impedance phase before experiment
------ Impedance phase after experiment

-70 . ) .
107 10° 10* 10° 10
frequency [Hz]

6

(b) Impedance phase versus frequency. The measurements after the
TW signal show that the ratio of in-phase to out-of-phase currents
increased at low frequencies.

Figure 4.7: Impedance measurements I: The impedance was measured
before any signal was applied (full lines) and immediately after cessation
of a TW signal of 3 V,,, and 100 Hz that had been applied for five minutes
(dotted lines).

change in temperature can not account for the very significant changes
in impedance that were observed.

Fig. 4.8 shows the impedance modulus and phase at discrete frequen-
cies (100 Hz, 800 Hz, 17.6kHz, 129.2kHz, 1 MHz) versus time for array B
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Figure 4.8: Impedance measurements II: Impedance at several frequen-
cies versus time for two different array lengths. The impedance was
measured after cessation of a TW signal of 3 V,, and 100Hz that had
been applied for five minutes.

after a TW signal (3V}, and 100 Hz) was applied for five minutes. Figs.
4.8(a) show measurements where all electrodes (55) were connected, and
Figs. 4.8(b) show measurements where only half of the electrodes are
connected (27). Note that, according to Fig. 4.6, a non-uniform fluid
motion is expected with this signal. It is observed that the decrease in
the impedance at 100 Hz is very large, and quickly increases during the
first 200 s, then slowly approaches the reference values i.e. the impedance
value before the TW signal was applied. At 800 Hz the initial impedance
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decrement is also very clear while at higher frequencies the decrease is not
so strong (on a log-scale), although it is present. The impedance phase
changes are also very clear. The phase decrease is large at low frequencies,
indicating that the ratio of in-phase to out-of-phase currents increases.
These impedance observations mean that changes in the liquid proper-
ties are occurring. They also indicate that these changes are greatest
near the electrodes. In effect, the impedance at low frequencies depends
mainly on the properties of the solid-liquid interface and at higher fre-
quencies the bulk properties of the liquid dominate the impedance. For
very high frequencies (> 1 MHz) the properties of the entire system (in-
cluding wires, connections, glass...) governs for the impedance.

Fig. 4.8(b) show the impedance versus time when only half of the
electrodes are connected (27 electrodes vs. 55), so that the array in this
experiment is half the length of the previous measurements. There again
appears a strong decrease in the impedance at low frequencies but the
recovery to the reference value is faster. Because the time for recovery of
the impedance is given by the time for the species to diffuse to produce
an homogeneous liquid, a shorter array should recover more rapidly. The
microfluidic channel is much longer than the electrode array, see I'ig. 4.1.
This means that on both sides of the array there is a “reservoir” of fresh
liquid. After switching off the signal, we expect to have complete ho-
mogenisation when there is enough time for the liquid from the sides to
reach the middle. Therefore a faster recovery is expected for the shorter
array. The typical time for a given chemical species to diffuse a length L
ist ~ L?/D, where D is the diffusion coefficient of the species. The rapid
increment of the impedance that was previously observed (within 200s),
is now observed during the first 50s. This typical time for recovery is
roughly four times shorter when the array is half the length. The diffu-
sion coefficient can be estimated as D ~ (1 mm)?/(200s) = 5x107° m?/s
which is typical of ionic species in water, supporting this assumption.

Fig. 4.9(a) shows the impedance modulus versus time after a signal
of 3V,, and 1kHz (Reverse pumping region) was applied for five min-
utes. The decrease in impedance is also very clear at low frequencies,
but not as strong as found for 3V, and 100 Hz, the region correspond-
ing to non-uniform motion. Fig. 4.9(b) shows the impedance versus
time after a signal of 1.5V, and 100 Hz was applied for five minutes.
The array is operating in the normal pumping region and changes in
the impedance are still appreciable despite the fact that the voltage is
substantially lower than the threshold voltage for this array. It could be
inferred that changes in impedance are only observed for voltages at or
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Figure 4.9: Impedance measurements III: Impedance at several frequen-
cies versus time. The impedance was measured after cessation of two
different TW signals: (a) 3V,, 1kHz applied for five minutes and (b)
1.5V,, 100 Hz applied for five minutes.

above the threshold. This is not the case, and figure 4.9(b) shows that the
impedance also changes at signals corresponding to the Normal Pump-
ing mode. In general, the changes in impedance increase with increasing
voltage and/or decreasing frequency. The decrement in the impedance
at frequencies greater than 10kHz indicates that the bulk conductivity
is increasing. This increase means either an increase in ionic strength or
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an exchange of high- mobility species for lower mobility species or a com-
bination of the two (most likely). We expect the conductivity increase
to be stronger near the electrodes since electrochemical reactions occur
there. The strong decrement of impedance modulus and the change in
the impedance phase for lower frequencies seems to indicate that either
the charge transfer resistance has strongly decreased or the surface ca-
pacitance has increased. These changes can be driven by an increase in
ionic strength and/or an increment in reactive high mobility species such
as H* or OH™.

From the net change in liquid properties, we infer that electrochemical
reactions at the electrodes are not symmetrical with time. The rectifying
properties of electrode-electrolyte interfaces is a well known phenomenon
(O’dea et al. {1994)) and could be related to this observation. In Geddes
et al. (1984), current rectification was measured above a certain thresh-
old current density - the threshold current increased with frequency. The
estimated current densities in our experiments are of the same order of
magnitude as these threshold current densities.

4.3.2 Current measurements. Transient measure-
ments

The electrical current was measured when the travelling-wave signal was
applied to array A as indicated in the experimental section - Fig. 4.2.
The actual current was measured when the TW signal is applied, a com-
pletely different measurement to that described in the previous section.
A linear behaviour in the current-voltage characteristics was found at
low voltage (below 1.5 V). At higher voltages, non-linearities appear
and the current increase with voltage was faster than for the linear case.
This is observed as a decrease in the apparent impedance. Other re-
searchers working with high sinusoidal currents have observed that the
apparent impedance decreases as the current amplitude increases (Ged-
des et al. (1984); Schwan (1992)). More remarkably, we measured a
time-dependent electrical current amplitude, i.e. the current was oscil-
lating at the driving frequency I(t) = Iy cos(wt) with an amplitude Iy
that changed slowly with time. The characteristic time for this slow vari-
ation was of the order of minutes, very much greater than the period of
the AC signal. It is worth to mention that we have also observed the
current amplitude changing with time in array B. In Fig. 4.10(a), the
current amplitudes are shown at several voltages versus time for array A
at a frequency of 100 Hz. Fig 4.10(b) shows similar data at 1kHz. These
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Figure 4.10: Electrical current versus time during application of TW
signals of different amplitudes.

measurements were performed as follows: starting from 0.5 Vi, the cur-
rent amplitude versus time is measured with a lock-in amplifier. The
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Figure 4.11: Electrical current and fluid velocity versus time during ap-
plication of a TW signal.

lock-in samples data until the current reaches a stationary value, then
the signal is switched off and new liquid is flushed through the chan-
nel. The voltage is increased to a stationary value. Then, the signal is
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switched off and new liquid is flushed through the channel. The volt-
age is increased in 0.5V, increments, the signal switched back on and
the lock-in measures the current amplitude until a new stationary value
is reached. Currents at 100 Hz show peaks that are typical of Faradaic
currents. At 1kHz these peaks were not clearly observed. Note that
the capacitive current increases with frequency so the total current is ex-
pected to be greater at 1 kHz and any Faradaic currents could be masked
by capacitive currents.

Observations of the flow behaviour for signals corresponding to the
no net pumping region of Fig. 4.4 are shown in the next two figures. For
array A at a voltage of 3V, and at 400 Hz, we observed that the fluid
started to move slowly in the Normal pumping mode and, after around
two minutes, the direction was reversed, see Fig. 4.11(a). Measurements
of the current amplitude are also plotted and both velocity and current
are strongly correlated. Fig. 4.11(b) shows the same transient behaviour
at 3V, and 700 Hz. At this frequency the current amplitude is roughly
the double than at 400 Hz and Faradaic currents are likely to be masked
by capacitive currents. The inversion of the net fluid flow was repro-
ducible if new liquid was flushed through the channels. If after applying
any of these signals the liquid was not changed, the fluid started to move
in the Reverse Pumping mode, indicating some hysteresis. Notice that
this reversal of flow in time was not observed for signals outside the no
net pumping region.

4.4 Effect of the electrolyte conductivity

Three different concentrations of KCI in water were used in order to
study the effect of the conductivity on the pumping of electrolytes with
travelling-wave arrays. For these experiments, a square PDMS chamber
was constructed around the 20 um wide platinum electrode array. The
chamber was filled with the electrolyte and covered with a microscope
coverslip. The height of the chamber was 360 yum. The measurements
at low voltage were done at a constant signal amplitude and changing
the frequency. For each voltage amplitude, the liquid was renewed. Note
that this procedure is different from that in section 4.2, where new liquid
was used for every single velocity measurement.!

1The experiments in this section were made in collaboration with H. Yang from
Harbin Institute of Technology (P.R. China).
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Figure 4.12: Velocity versus frequency for different applied voltages at
three different conductivities.

4.4.1 Low voltage measurements

Fluid velocities were measured for TW signals of low amplitude (<
2 Vpp). The measuring point was at 2/3 of the total height above the sur-
face of the electrodes (240 ym). Figures 4.12(a), 4.12(b) and 4.12(c) show
velocity versus frequency plots for different applied voltages, and corre-
spond, respectively, to electrolyte with conductivity 1.5mS/m, 7.7 mS/m
and 16.9mS/m. In these figures, we can see that the typical frequency
increases with increasing conductivity. The velocity as a function of fre-
quency has a bell shape with a maximum at a frequency that scales with
the reciprocal of the double-layer charging time, wye, = oAp/el. We
have taken the electrode width as the typical system length [. The ex-
periments follow the qualitative explanation given in section 1.3.

Figures 4.13(a)-4.13(d) show velocity-versus-frequency plots for the
three different conductivities, and correspond, respectively, to applied
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Figure 4.13: Velocity versus frequency for different electrolyte conduc-
tivities.

voltages of 1, 1.25, 1.5 and 2V,. It can be seen that the maximum
velocity decreases with increasing conductivity. The AC electroosmo-
sis experiments with a single pair of electrodes also showed this trend
(Green et al. (2000a, 2002a)). The electrode behaviour is more similar
to the case of perfectly polarizable than in the measurements of section
4.2, where the liquid was continuously renewed. Possibly, the difference
in the experimental protocol influenced the velocity values.

4.4.2 Threshold voltage for flow reversal

For each electrolyte conductivity, the amplitude of the TW signal was
increased in order to check for the apperance of flow reversal. The fre-
quency was kept constant and around the value for maximum velocity
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for each conductivity. New liquid was used for every value of the sig-
nal amplitude. It was found that the fluid flow reversed for the three
KClI conductivities and that the minimum threshold voltage increased
with ionic strength: it is 3 Vpp for 1.5mS/m, 4.5 Vpp for 7.7mS/m and
5.5 Vpp for 16.9mS/m.

4.5 Array geometry and channel height in-
fluence

In table B.1, we showed the threshold voltage for reverse pumping for
three different travelling-wave arrays and a liquid conductivity of 1.5 mS/m.
One device was made from titanium, with 20 um wide electrodes, the
other two were platinum with 10 um and 20 um wide electrodes. The
threshold voltage was found to depend both on the size and the metal of
the electrodes. The three electrode arrays were straight and in each case
the height of the channel was 200 um, much larger than the size of the
electrodes. To investigate the influence of channel height, we fabricated
two arrays made from platinum with 20 um wide electrodes. One elec-
trode array was straight {consisting of 50 electrodes) and the other was
circular (consisting of 400 electrodes).

For pumping experiments, the electrode array was covered with a
channel made from polymer as shown in figure 4.14. The width of the
channel was 450 ym and the height is 50 um. The channel formed a cir-
cular loop over the electrodes with inlet and outlet ports for loading.
Two different input and output channels were used for injecting fluores-
cent beads used as tracer particles. The complete channel was filled with
electrolyte while the fluorescent beads were introduced into a small re-
gion for observation of flow. A similar method was described by Studer
et al. (2004). For voltages below 3.5V, (the threshold previously found
for this array) and frequencies of hundreds of Hertz, it was observed that
the fluid was pumped in the normal direction, as expected from previ-
ous results. At larger voltages the fluid velocity was zero, even though
flow reversal was expected. Bubbles appeared for a voltage amplitude of
8 Vpp. When the frequency was increased to 10kHz, flow reversal was
observed over an amplitude range of 6 Vy,, up to 16 V, (the maximum
we applied). In analogous experiments with asymmetric arrays of plat-
inum electrodes the channel height was 22 ym (Studer et al. (2004)), very
close to the size of the wider electrode and flow reversal was also found at
higher frequencies than for normal flow. Flow reversal at higher frequen-
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Figure 4.14: Microfluidic loop with a travelling-wave microelectrode ar-
ray. A micrograph of the electrodes is included; the bright stripes there
correspond to the electrodes.

cies for the asymmetric array may have a different physical origin than for
the travelling-wave system; nevertheless we cannot discard the possible
influence of the channel height for the asymmetric electrode structures.
For example, in chapter 3 we found flow reversal with asymmetric arrays
of titanium electrodes for increasing voltage rather than frequency for
a channel height larger than the electrode size (260 um channel height
against 100 um electrode width).

Fig. 4.15 shows the experimental layout for the circular travelling-
wave array. Two circular channels 1 mm wide were fabricated with PDMS
(polydimethilsiloxane): one channel was 1 mm height and the other was
45 ym. They were placed on top of the circular travelling-wave array and
filled with the electrolyte containing fluorescent beads. In the case of the
tall channel (1 mm), fluid behaviour was as expected for normal pump-
ing for an applied signal of hundreds of Hertz and an amplitude below
the threshold voltage (3.5V,,). Reverse pumping was observed at am-
plitudes above this threshold. In experiments with the shallow channel
(45 um) normal pumping was observed at voltages below the threshold
but no net pumping was observed above. When higher frequencies were
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Figure 4.15: Circular travelling-wave microelectrode array. A micrograph
of the electrodes is included.

applied (10 kHz), reverse pumping was clearly observed for a voltage am-
plitude of 10 V,,,. The results with the circular array are similar to those
with the straight one.

End-effects due to the finite size of a TW array might have some
influence on the fluid velocity; fresh liquid enters the array at one end.
However, this effect is probably not significant, since for the circular
array, flow reversal was observed for the same applied voltage and fre-
quency as for the straight array. On the other hand, channel height
was found to have a major influence on the flow reversal. Flow reversal
was observed at higher frequencies and voltages for a channel height of
50 pm, much larger than the Debye length of the electrolyte (~ 30 nm).
Therefore, if the forces generating the motion are confined to the diffuse
layer, a 50 pm high channel should have no influence. This seems to indi-
cate that forces beyond the Debye length are responsible for flow reversal.

4.6 Fluorescent dyes

Fluorescent dyes were used to study the electrolyte behaviour. We used
three different dyes: Rhodamine 6G (Sigma-Aldrich), Bodipy 492/515
disulfonate (Invitrogen) and Fluorescein (Riedel de Héen). Rhodamine
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6G dissociates completely in water to give a single positively charged
ion. Bodipy is divalent and dissociates completely to give a negatively
charged molecule in water with two charges. Fluorescein is weakly acidic:
the molecule partially dissolves in water, giving a negatively charged
molecule and a free proton. The equilibrium constant between the disso-
ciated and non-dissociated forms of the molecule is pKa = 6.4. Because
the dissociated form is fluorescent, changing the pH changes the degree
of ionisation of the molecule and therefore the fluorescence intensity.

Fluorescein has been used for detecting and measuring pH gradients
created by electrochemical reactions over microelectrode arrays (Fiedler
et al. (1995) ). Bodipy and Rhodamine 6G have been used as ion tracers
for determining the polarization of the ionic concentration in porous glass
beads (Leinweber & Tallarck (2004)). Bodipy is an anionic tracer and by
monitoring changes in the fluorescence profile, changes in the concentra-
tion of negative ions can be deduced. Rhodamine 6G plays the same role
but for positive ions. The fluorescence profile was measured at different
electric field strengths - the concentration fields were then estimated. In
another publication (Leinweber & Tallarek (2005)), the two dyes were
used for tracing ionic concentrations and the observed fluid motion was
described as induced charge electroosmosis. Bodipy and Rhodamine 6G
have also been used to trace electrolyte concentration over floating elec-
trodes within a microchannel (Leinweber et al. (2006)).

Dyes were prepared at a concentration of 10~° M, maintaining the ion
concentration at least 1 order of magnitude below the ionic strength of
the electrolyte (KCl 10~ M). The electrolyte conductivity is 1.5mS/m
and did not noticeably change after the addition of the fluorescent dyes.

We first analyzed the behaviour of the fluorescent dyes in a simple
geometry: two parallel planar electrodes, Fig. 4.16. Two platinum plates
were placed as shown in the figure. The plates are 100 um thick, with
a separation between the two of G = 400 um. The plates are stuck to
glass slides with double-sided sticky tape. The gap between the plates
was filled with the electrolyte (KCl 10~*M) containing one of the fluo-
rescent dyes. The device was placed under the microscope objective and
connected to a signal generator.

Prior to the application of a signal a homogeneous fluorescence inten-
sity was observed. When a DC voltage of a few volts was applied, the
fluorescence intensity near both electrodes changed. When Bodipy and
Rhodamine were used, the electrolyte near the positive electrode became
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Figure 4.16: Platinum electrodes in a simple geometry for the study of
the fluorescent dyes

brighter, while the electrolyte near the negative electrode became darker
than the average brightness. On the other hand, Fluorescein was brighter
near the positive electrode. For AC voltages, the fluorescence intensity
oscillated from one electrode to the other at the same frequency as the
applied voltage. Again, Bodipy and Rhodamine were brighter near the
positive electrode, while Fluorescein became darker near that electrode.
This behaviour for all three fluorescent dyes was confirmed for both DC
and AC signals at frequencies low enough to allow the fluorescence in-
tensity oscillations to be followed by eye (f < 10 Hz).

Fig. 4.17 shows the fluorescence emission from an electrolyte contain-
ing Bodipy at a certain instant when the pair of electrodes was subjected
to an AC potential of 6 V,;, at a frequency of 0.5 Hz. The electrode in the
figure was negative and a minimum of fluorescence intensity is observed
near that electrode. The intensity profile for a given video-frame was
obtained with the aid of ImageJ 2. From the image sequence, a typical
penetration length for the fluorescence oscillations was measured. This
distance can be considered a measurement of the diffusion length, as-
suming that the fluorescent dye is a measure of the ion concentrations.
Measurements were repeated for different frequencies and the data is
shown in Fig. 4.18. The experiment was also carried out for a signal
amplitude of 10V, giving the same measurements of diffusion length.
The diftfusion length ¢ is expected to be proportional to the square root
of the diffusion coefficient and decrease with the square root of frequency
d = y/D/w. The experimental data were fitted to a power law model
0 = A- fP. The fitting parameter p result is 0.56 & 0.04, which matches
the expected theoretical value of 0.5. The diffusion coefficient can be

’ImageJ - http://rsb.info.nih.gov/ij/
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Figure 4.17: Fluorescence intensity of Bodipy for an applied signal of
6 Vyp and 0.5Hz. The electrode in the figure was negative at that mo-
ment.
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Figure 4.18: Diffusion length of Bodipy versus frequency. The amplitude
of the signal was 6 V.

calculated from the parameter A, giving D = 1.36 - 10° m?/s, which
is typical for the diffusion coefficient of ionic species, ranging between
0.6-107% and 2 - 107°m?/s (Newman & Thomas-Alyea (2004)).

Lower voltages were required to allow observation of changes in the
fluorescence emission of the Fluorescein compared with Bodipy or Rho-
damine. For instance, when DC signals were applied, 1 volt was sufficient
to observe changes in Fluorescein emission. On the other hand, 3 volts
were required to observe changes with the others dyes. Since the inten-
sity of the emission of the Fluorescein is dependent on the pH of the
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solution, it is probable that electrolysis of water is responsible for the
changes in fluorescence intensity. Water reactions lead to changes in the
the local pH value of the electrolyte.

Rhodamine 6G and Bodipy map concentrations of positive and neg-
ative ions, respectively. Since the two dyes were oscillating in phase,
i.e. they both moved to the same electrode, the changes in the fluo-
rescence emission of these two dyes are interpreted as an indication of
the changes in the concentration of neutral salt (concentration polariza-
tion). This means that the electrolyte remains electroneutral but the
ionic strength is higher where the fluorescence is brighter. Concentration
polarization may appear as a consequence of Faradaic reactions {New-
man & Thomas-Alyea (2004)) and/or the non-linear behaviour of the
diffuse layer (Suh & Kang (2008); Bazant et al. (2004)). Kt and Cl~
have almost equal diffusivities and, in this case, the frequency of the os-
cillation would be 2w rather than w for perfectly polarisable electrodes
(Suh & Kang (2008); Bazant et al. (2004)). Observations with Fluo-
rescein showed that Faradaic currents occurred even at lower voltages
than those at which concentration polarization was noticeable. There-
fore, electrolysis of water would seem to be responsible for changes in pH
and changes in ionic concentration.

In summary, the experiments at low frequency in this simple geome-
try show that:

(1) the pH is lower near the positive electrode - the Fluorescein emission
decreases there.

(2) the concentration of neutral salt is higher near the positive electrode
- both Bodipy and Rhodamine 6G emission increases there.

Depending on the solution pH, electrolysis of water can occur under
the two following scenarios (Trau et al. (1997)):

Acidic conditions,

3H,0 — 2H307 + %Oz +2e” (anode) (4.1)
2H30% 4 2¢~ — 2H,0 + Hy (cathode) (4.2)
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while at basic conditions,

20H™ — H,0 + %02 +2e” (anode) (4.3)
2H20 + 2e~ — 20H™ + Hy (cathode) (4.49)

Electrochemical reactions in which ions are produced lead to an in-
crease in salt concentration while ion consumption leads to salt depletion.
This situation is equivalent to the case of an electrical current flowing
through semi-permeable membranes (Rubinstein & Zaltzman (2000)).
Experiments indicate that the total concentration of ions increases near
the electrode where the electrolyte is acidified (anode). This leads to the
conclusion that the dominant reaction is that under acidic conditions -
the pH decreases due to production of H;O" rather than consumption of
OH".

Typical frequencies for pumping fluids with microelectrode arrays are
higher (~ 102 — 103 Hz) than those used in this geometry. Nevertheless,
these experiments provide an indication of how the charged dyes behave
and, by inference, how electrode geometries other than the parallel plates
used in this work might behave. Experiments were also performed on
travelling-wave electrode arrays. A long microchannel was constructed
with glass lid on top of the TW electrode array. The channel dimensions
were 200 ym high and 1 mm wide. The behaviour was measured at low
frequencies (< 10Hz) and we found the same behaviour as for the two
plates: Fluorescein becomes darker near the electrodes at positive po-
tential while Rhodamine 6 G becomes brighter. To observe fluid motion,
500 nm diameter fluorescent beads were suspended in the fluid and the
electrode array was studied in the reverse pumping mode. When the TW
signal was applied, it was found that the Fluorescein became darker. The
fluorescence intensity decreased first near the electrodes and after a few
seconds it was very low in the entire channel. This was observed with
platinum and titanium electrodes. This result indicates net production
of H* with an applied AC signal, implying that Faradaic currents are
not symmetric.

To verify that photobleaching was not responsible for this effect, ob-
servations were made without the electric field; photobleaching was only
noticeable after several minutes. In contrast, the fluorescence diminished
immediately after the electric field was applied. The reduction in light
intensity indicates that the pH in the solution derceases. Fig. 4.19 shows
the fluorescence emission from the edge of a TW array made from tita-
nium (20 gm width and 20 um spacing). Fluorescein dye was used and a
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Figure 4.19: Fluorescein emission for a signal of 5V, at 500 Hz applied
to a titanium TW array. The fluorescence decreases along the length of
the array indicating a decrement in pH

signal of 5V, and 500 Hz was applied (reverse pumping mode). It can
be seen that outside the array the fluorescence is unchanged but over the
electrodes the electrolyte becomes dark. A sharp change in fluorescence
intensity was observed between the electrolyte directly above the elec-
trode array and the electrolyte outside this.

The decrement of pH due to H;O% production is consistent with the
impedance measurements, where gradients in concentration of different
ionic species were inferred. These gradients can play an important role
in fluid flow generation.

4.7 Discussion

The experimental work performed with travelling-wave arrays with elec-
trodes of different metals and sizes seems to confirm that the fluid flow
map of the previous chapter represents the general behaviour of these
systems. Velocity data were obtained from videos recorded during the
20 seconds after the channel was filled with new liquid and the signal
was switched on. We used this protocol to obtain the flow map in Fig.
4.4. The low voltage measurements are not expected to depend on this
protocol but at higher voltages this may not be true. In particular, the
region of no net pumping is most likely to be affected. As shown in Fig.
4.11, for signals of amplitude 3V, the fluid moves first in the normal
direction and after 50-100 seconds, it moves in the reverse direction. The
flow map of Fig. 4.4 is interpreted as the “early behaviour” of the mi-
cropump and it is a useful description of the phenomena, although not
complete since transient behaviour is also present.
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Under all experimental circumstances studied, the fluid velocity re-
verses if the voltage is sufficiently high and the frequency is optimal.
However, new qualitative observations are found when platinum elec-
trodes are used. At low frequencies, close to the region of reverse pump-
ing, non-uniform fluid flow is found when the electrode array is observed
from the top. Studer et al. (2004) also observed local recirculations trans-
verse to the channel when the voltage was increased. The flow patterns
indicate that electrohydrodynamic (EHD) instabilities are probably tak-
ing place. Gradients in the conductivity of the electrolyte can give rise
to such instabilities (Baygents & Baldessari (1998); Chen et al. (2005);
Lin et al. (2004)). EHD instabilities in microchannels with AC driving
signals have been recently studied (Boy & Storey (2007)). These authors
found a strong frequency dependence when the base state of the fluid
electrical conductivity is considered steady. A steady conductivity gra-
dient can appear by thermal or electrochemical effects, as could happen
in the present case. Other instabilities such as those studied by Rubin-
stein and co-workers (Rubinstein & Zaltzman (2000)) may appear at high
current densities. They are associated to depletion of electrolyte near
the interfaces. The impedance measurements at low frequencies show a
strong decrease, particularly strong after applying signals corresponding
to the non uniform motion region. This supports the assumption that
EHD instabilities can occur since, as stated above, the liquid properties
are mainly changing near the electrodes and gradients in conductivity
(i.e. ion concentration) should appear. Nevertheless, changes in the elec-
trolyte impedance are clear after applying the travelling potential even
for signals corresponding to the normal pumping region.

The observations with fluorescent dyes show that the solution be-
comes acidic due to electrochemical reactions in which ions are produced
(increase of salt concentration). This is in accordance with the impedance
measurements where we found that the conductivity near the electrodes
increased. The changes in liquid properties are probably due to water
reactions. Interestingly, fluid velocity observations with DI water as the
working fluid were also carried out and reverse pumping was found at
threshold voltages around those for KCI solutions with o = 1.5mS/m.

In Lastochkin et al. (2004), the authors demonstrated AC electroos-
motic fluid flow and observed reversal of the movement as the voltage
increased. They attributed the flow reversal to a “Faradaic charging”
mechanism - Faradaic currents would generate net charge on the liquid
side of the interface with the same sign as the electrode charge. A net
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electrical force on the fluid would appear which is opposite to that pre-
dicted by ACEOQO theory. This view of Faradaic charging is also present
in recent work on DC-biased AC electroosmosis (Wu (2006)). We argue
that this mechanism contradicts the assumption of the electroneutrality
of electrolytes at frequencies below the charge relazation frequency, be-
cause counterions are not considered in this view. Gauss’ law shows that
the liquid bulk is quasi-electroneutral on the micrometre length scale
ple € 3. ¢;. In effect, the relative difference in ion number densities for
a 1:1 electrolyte is given by (cy —c_)/(cy +c_) =V -(eE)/e{cy +¢c_) ~
eE/ecl and is very small for saline solutions on the micrometre length
scale for typical applied electric fields (Saville (1997); Castellanos et al.
(2003)). However, the changes in liquid properties generated by Faradaic
currents, may be important in the explanation of the fluid flow observa-
tions. Gradients in conductivity under an applied field can yield net
charge and, consequently they are a source of bulk forces in the liquid.
Experiments indicate that the relative importance of these bulk forces
compared to forces in the diffuse layer increases due to Faradaic currents.
In effect, our measurements show that double layer impedance decreases
with voltage amplitude, which means that the ratio of the voltage drop
across the double layer to the total applied voltage is smaller.

From the continuity equation for the electrical current (V-J = 0) and
the quasi-electroneutrality assumption, the induced charge in the bulk is
given by (Newman & Thomas-Alyea (2004)):

p_No-V¢ N > zieD V¢

3 g g

(4.5)

where e is the proton charge, z;, D; and ¢; are, respectively, the ionic
valence, diffusion coefficient and concentration of species i. With liquid
bulk we mean the region beyond the Debye layer. In chapter 6, it is
discussed in which situations this charge could generate net flow.

The velocity profile generated by a TW microelectrode arrays was
found to correspond to Fig. 4.3. The net fluid flow is generated at the
level of the electrodes, but this does not mean that the electrical forces
are confined inside the EDL. If bulk forces exist and act within a distance
of typically the size of the electrodes, a similar fluid flow profile would be
obtained. Comparing the results for titanium and platinum electrodes
indicates that the role of the metal seems important: The threshold volt-
age is higher for titanium electrodes. Titanium is a metal which readily
forms a highly resistant oxide layer and this was accounted for in the
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linear ACEO calculations presented in Green et al. (2002a); Ramos et al.
(2005). Since Faradaic reactions are responsible for the changes in the
liquid properties, the chemical nature of the metal may be important.
The thin oxide layer on titanium acts as passivation layer so higher volt-
ages are required to generate Faradaic currents on titanium, consistent
with the observed increase in threshold voltage.

4.7.1 Analysis of the conductivity effect

In our closed channel, the electroosmotic slip velocity generates a Cou-
ette flow that is counterbalanced by a Poiseuille flow, so that there is zero
net flow along the channel (see Figure 4.3). In this situation, the velocity
at a distance 2/3 of the channel height above the electrodes is equal to
a third of the average velocity at the electrodes level. Therefore, the ve-
locity measurements given in Figures 4.12(a)-4.13(d), that were obtained
at this height, are readily translated to pumping velocities multiplying
them by a factor of 3.

According to the linear theory, the frequency of maximum velocity
for this array is f = 9057¢/Cpy, in S.I. units (Ramos et al. (2005)). If
we take Cpr, = ¢/Ap (the capacitance of the double layer given by the
Debye-Huckel theory), we can compare the theoretical predictions with
the experimental values:

o [mS/m| | 1.5 7.7 16.9
fineo Hz] | 590 | 1340 | 1985
fezp [Hz] | ~500 | ~1000 | ~ 1800

Table 4.2: Theoretical and experimental frequencies for peak velocities.

The experimental frequencies of maximum velocity are close to the
theoretical values given by the Debye-Huckel model. According to the
linear theory for perfectly polarizable electrodes, the value of the max-
imum pumping velocity is given by U = A 0.00137VZ (in S.I. units)
(Ramos et al. (2005)). The parameter A represents the ratio between
the voltage drop across the diffuse layer and that across the total double
layer. The qualitative explanation for the decrement of the slip velocity
with conductivity is the following: As the ionic strength increases, the
diffuse (mobile) part of the double layer gets thinner and more voltage
is dropped across the compact part of the double layer. Therefore, the
parameter A and the induced velocity decrease with increasing conduc-
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tivity. Table 4.3 shows the values of the parameter A required to obtain
the experimental velocities.

V., [volt] 1 [125] 15

A(c=15)mS/m | 0.23]0.20 | 0.18
A (o =77 mS/m | 0.18 | 0.16 | 0.14

A (0 =16.9) mS/m | 0.10 | 0.10 | 0.10

Table 4.3: Experimental values of the parameter A.

The small values for A cannot be explained easily. We could consider
that there is an oxide layer that decreases the compact-layer capacitance
and, therefore, reduces the voltage drop across the diffuse layer and the
induced slip velocity. However, a smaller double-layer capacitance would
predict a higher frequency for maximum velocity. Faradaic reactions can
diminish the value of the maximum velocity without shifting the fre-
quency of the peak velocity, as shown in section 5. This would imply
that even for the smallest voltages, there are electro-chemical reactions
at the electrodes that depolarize the interface. The non-linear Gouy-
Chapman model for the diffuse layer can account for some reduction of
the expected velocity (Gonzalez et al. (2008b)), but it is difficult to get a
reduction factor around 5 or more for Vy = 0.5 V. Other possibilities that
reduce the electroosmotic velocity could be important in order to account
for the discrepancy. For instance: (a) viscous friction in the double layer
could increase due to ion crowding at voltages much greater than kgT'/e
= 0.025V (steric effects) (Bazant et al. (2008)); and (b) the position
of the shear plane could be beyond the Outer Helmholtz Plane (OHP)
due to the existence of a hydrodynamic stagnant layer (Delgado et al.
(2005)), which reduces the zeta potential as compared to the diffuse-layer
potential.

With respect to the problem of flow reversal, TW experiments show
that the minimum threshold voltage increases with electrolyte conduc-
tivity. This suggests that concentration polarization effects could be
important in the origin of this phenomenon. In effect, a given Faradaic
current density determines the gradients in ion concentration and, conse-
quently, the induced free charge would be inversely proportional to bulk
conductivity, according to equation 4.5. Concentration polarization ef-
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fects are reduced as the ionic concentration is increased, which seems to
correlate with our observations on the onset of the flow reversal in TW
microelectrode arrays.

4.8 Conclusions

The platinum microelectrode arrays with two different electrode width
and spacings had similar flow characteristics in the voltage-frequency
domain. Both showed four distinct regions: normal pumping, reverse
pumping, no net pumping and non-uniform motion. In both arrays, at
low voltages the liquid flow was in accordance with predictions given by
AC electroosmotic theory (Normal Pumping). Typical frequencies were
lower for array A (larger electrodes). Lower velocities were found with
this array for the same signal amplitude. At voltages above a threshold,
net fluid flow was reversed. Flow reversal occurred at lower voltages for
the array with smaller electrodes (array B). There does not appear to
be a local maximum velocity in the Reverse pumping mode - the ve-
locity increases with decreasing frequency until the non-uniform region
is reached. Comparison with data using titanium microelectrode arrays
shows that the threshold voltage was greater for these electrodes. Typi-
cal frequencies for Normal pumping were lower for the platinum electrode
array than for the titanium electrode array.

Impedance measurements show that liquid properties change after
the application of the TW signals; these changes are greatest near the
electrodes. As a result of this, gradients in conductivity appear, which
would give rise to bulk forces in the liquid. Measurements of the elec-
trical current during pumping showed transient behaviour. At specific
voltages - around the threshold voltage - simultaneous measurements of
fluid velocity and electrical current showed a strong correlation. Faradaic
currents are responsible for this transient behaviour and for the gradi-
ents in conductivity. The observation of non-uniform motion could be
due to EHD instabilities caused by these conductivity gradients. When
DI water was used the results were similar, indicating that electrochemi-
cal reactions of water could be responsible for the observations. This was
confirmed with experiments with fluorescent dyes that indicated electro-
chemical reactions at the electrodes, leading to a pH decrement as well as
concentration polarization oscillating with the frequency of the applied
signal. These results lead us to explore in chapter 6 how the action of
the travelling-wave field on the ionic concentration gradients in the elec-
trolyte bulk can generate net flow over the microelectrode array.
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The same behaviour was found for a linear array and a circular one.
In addition, the height of the microfluidic channel had an influence on
the pumping performance. Flow reversal requires higher voltages and
frequencies for shallow channels. The study of the conductivity effect
showed that, in experiments with a higher electrolyte conductivity, higher
voltages were required for the observation of flow reversal. These obser-
vations are in accordance with the hypothesis that ionic concentration
gradients generated by electrochemical reactions are responsible for flow
reversal.
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Most of the theoretical studies on AC electroosmosis have been per-
formed for perfectly blocking electrodes, i.e., with no Faradaic currents.
Experimental results in chapter 4 show that electrochemical reactions
are not an exception but a rule when a few volts are applied to the mi-
croelectrode arrays. Olesen et al. (2006) included the effect of Faradaic
currents in the analysis of the AC electroosmotic pumping produced by
an array of asymmetric pairs of electrodes. In their study, the effect of
the mass transfer on the reaction kinetics was not included. However,
more recently, Olesen included this effect in his thesis dissertation (Ole-
sen (2006)). Their study was also restricted to the case of frequencies
much smaller than o /¢ (or equivalently, w << D/Ap?) in order to anal-
yse nonlinearities using asymptotic expansions.

In this chapter we study the effect of Faradaic currents taking into
account mass transfer effects (i.e. including the Warburg impedance) for
a binary electrolyte with equal ionic diffusivities and for any frequency
in the TW array. The electrokinetic equations are integrated using the
linear and thin-layer approximations. A mixed boundary condition for
the electric potential is obtained and, from this, the time-averaged elec-
troosmotic slip velocity generated on the surface of the electrodes. The
model is then applied to obtain the electroosmotic slip velocity induced
by a single mode TW potential. Finally, the average slip velocity over a
wavelength generated by a four-phase TW microelectrode array is com-
puted using finite elements.

5.1 Governing Equations

We consider the case of an anion that reacts at the electrodes to produce
a neutral molecule according to the reaction:

X'te 2 X (5.1)

in the presence of a cation, which aids in charge conservation. We assume
that the electrolyte is 1-1 symmetric. The conservation equations of the
species are written as

oC

_aT+ = DyV?Cy+p, V- (C1V9) (5.2)
a@% = D.V’C_—pu_V-(C_V¢) (5.3)
600 — DOVQCO (5.4)

ot
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where C,, C_, Cy are the cation, anion and neutral molecule concen-
trations. The convective terms, of the form V - (uC;), have not been
included here because the fluid velocity is caused by the applied TW
potential and, therefore, they are negligibly small under the linear ap-
proximation. We are going to assume that the diffusion coefficients and
electrical mobilities of all species are equal to D and u = eD/kgT (where
e is the charge of a proton, kg is the Boltzmann constant and T is the
absolute temperature). Poisson’s equation relates the electric potential
to the ion concentrations,

c, - C-

~Vip=e (5.5)

where € is the permittivity of the solution. The boundary conditions at
the electrodes (placed at z = 0) are

oC, o6
oC_ oo Jr
B P (57)
_p%o _ Jr (5.8)
0z e

where Jp is the Faradaic current density (Jg > 0 if the electron jumps
from the ion to the metal). The Butler-Volmer kinetic equation relates
the Faradaic current to the local concentrations of reacting species and
the potential drop across the compact layer,

ieli = K_C_exp ((1 - a)eAd,/kpgT) — KyCyexp (—aeA¢s/kgT) (5.9)
where « is the transfer coefficient, K_ and Kj are the kinetic rate con-
stants when A¢, = 0, and ¢, = V — ¢ is the potential drop across the
Stern compact layer. That is, A¢, is the potential difference between the
electrode and the beginning of the continuum region (Bonnefont et al.
(2001)). If Ag, > 0, a positive current going from the electrode to the

solution is favored.

An additional boundary condition is needed to close the mathematical
problem (Bonnefont et al. (2001)). This condition can be seen as the
continuity of the normal component of the electric displacement at the
boundary between the Stern and diffuse layers,

£ =2 ——s%
*h 0z

(5.10)
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where h and e, are the thickness and effective permittivity of the Stern
layer, respectively. Here, we have considered a constant capacitance,
es/h, for the Stern layer. In the present model, chemical adsorption ef-
fects are not considered.

5.2 Thin-double-layer and linear approxi-
mations

In the thin-double-layer approximation, electroneutrality is assumed in
the bulk, the species concentrations are homogeneous through the bulk,
and they vary mainly in a thin layer adjacent to the interface. There
are two different length scales: a small scale that is the typical length of
the double layer, and a large scale that corresponds to the characteristic
dimension of the electrodes. This difference in scales allows us to use
the matched asymptotic expansion method (Bender & Orszag (1987)).
Electroneutrality in the bulk implies that the electric potential satisfies
Laplace’s equation,

V2 dpuis = 0 (5.11)

The boundary conditions for the potential are obtained by integrat-
ing the electrokinetic equations in the thin double layer.

We assume that in the equilibrium state the net Faradaic current
is equal to zero. In the linear approximation, we consider that the
equilibrium is slightly perturbed by applying to the electrodes an al-
ternating potential of small amplitude with angular frequency w, V =
Re[V(z) exp (iwt)]. Here V(z) is a piecewise-defined complex function
that denotes the phasor voltage (amplitude and phase) applied to the
electrode placed at . We assume that the equilibrium state is such that
there is no charge in the diffuse layer (or that this is very small, so that
the intrinsic potential does not affect the AC potential (Gonzalez et al.
(2000))). In the thin layer, we have

C+ = Cj_q + ny; C_ = Ciq +n_ (512)
Co=Cl+ne; 6=0+0¢ (5.13)
(5.14)

where C;? are the bulk concentrations at equilibrium, and n; << C{%.
Since we have assumed that the reference state is of zero charge, we
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have C}! = C? = (C*. The thin-double-layer approximation assumes
that variations in the direction perpendicular to the interface are much
greater than variations in the tangential direction. This assumption leads
to 1D equations for the variables in the thin-layer region (Gonzalez et al.
(2000)). Using complex amplitudes, the linear equations for the pertur-
bations n,, n_, ng, ¢ in the thin layer are

52¢ ny —n-
. (5.15)
. ?ny 0 eq O
iwny = D 522 e (C 5;)
2 _
= D88:2+ - uceqe"—*—% (5.16)
&n_ 0 o¢
; _ — 2 [ eal?
wn- b 922 Moz (C 8z>
2 —
= D% + ,uC’eqean——n: (5.17)
) o2
iwng = DWH; (5.18)

The boundary conditions 5.6-5.8 at z = 0 can be written, removing
Jr, as

8n+ qa¢

_ _ WS hid 5.19
0 D 0z ue 0z ( )
0 _pdt= eq ¥ .20
D 0z b 0z + O 0z (5.20)

ong eK_C*
_pZto _ _ 21
D 92 K _n_ K()’I’L() + kBT A(bs (5 )
0 = A¢,+ /\s% (5.22)

0z

where A\; = he/es. Because the reference state is of zero Faradaic current,
we have K_C* = K,C;?. Note that the transfer coefficient o disappears
in the linear analysis.

In order to solve these equations, we define n = ny +n_ and p =
e(ny —n_). Defining 0 = 2ueC*® as the conductivity of the reference
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state, the equations for ¢, p, and n are now written as

¢ p
- - £ 5.23
0z? £ (5.23)
82 2ueCed
L= hop+ P —ip+ Ty (5.24)
0z €
2
% = wn (5.25)
z

while the equation for ng is Eq. 5.18.

The general solutions for n, p, ng, and ¢ inside the thin layer are

n = Aexp(—zr); p= Bexp(—zs); ng =Cexp{—zr) (5.26)
B

o = a2 exp(—zs)+ F+ Gz (5.27)

where r = /iw/D, s = \/i{w/D) + (¢ /eD), Re[r] > 0, Re[s] > 0, and
A, B,C| F, and G are constants of integration. We have assumed, accord-
ing to the thin-layer approximation, that the typical system length [ is
much greater than max(A\p, /D /w), where the Debye length is given by
Ap = v/eD/o. According to the matched asymptotic expansion method,
the matching conditions between the thin-layer potential and the bulk
potential impose that the constants F' and G are, respectively, the po-
tential Ppyik|.=0 and its normal derivative d¢puk/02|,—0 at the beginning
of the bulk side (Gonzalez et al. (2000)).

Application of the boundary conditions 5.19-5.22 leads to the equa-
tions

B
0 = eDAr+ DBs— o= oG (5.28)
—2¢DCr = eDAr — DBs+ a? +0G (5.29)
s
eK_ B 1 B
—eDAr = — — | —eK —_— — —F}(5.30
eDAr 5 (A e) e OC+Rct<V+582 )( )
B B
V+—=S-F = =X (—- + G) (5.31)
£s €S

where R = kgT/e?K_C®. From Eqns. 5.28, 5.29 above, C = —A is
obtained. The charge density amplitude B can be written as B = £523G,

where /R ¢ )
0 — Ag ct + o
= — 5.32
b 1K+ X/esRy +iw/s +itw/s (882> (5:32)
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and £ = (1K_ + Ko)/ViwD. The potential drop across the total double
layer is

B B
App,=V —F=—— - A= - A\G=—(B+sA0+X)G (5.33)
ES €S
Because F' = Ppyik|,—0 and G = O¢pur/0%|.—0, we have obtained a
mixed boundary condition for the bulk potential at z = 0, which is

OBy
Ptk — %b t=v (5.34)
2

with v = B + sA\;8 + A;. Notice that —B/es? = —(3G is the potential
drop across the diffuse layer, Aggirr = Gaifr(0) — Pour(0).

5.2.1 Low frequencies

When the signal frequency is much lower than the Debye frequency, w <
o /e, the expression for v can be simplified. In this case, s = 1/Ap,
v~ B(14 Xs/Ap) + A, and, taking into account 1Ry K_ = A\p?/e,

Rcta - )‘s + RctU€

= 5.35
ﬁ 1+)\s/)\D+’LUJRct(1+£)€//\D ( )
The parameter v is now
— A
~ Rcta s + Rct0§ Rcta(l + 5) (536)

1+ iwR (14 &)Chr *T1F wR(1+&)Chr

where Cpr = €/(Ap + As) is the total capacitance per unit area of the
double layer (compact and diffuse capacitances in series). This expression
for « is obtained under the assumption that w\,Cpr < o, which is
reasonable in the limit we/o <« 1. In this range of low frequencies,
the double layer in our model behaves as a Randles circuit (Bard &
Faulkner (2001)). This is composed of two impedances in parallel; one
is the capacitance of the double layer Cp; and the other is the series
combination of the reaction resistance R, and the Warburg impedance
Zw (see Fig. 5.1), i.e.,

_ Rct + ZW
1+iwR,;Cpr, + iwCprZw
In our case, the double-layer specific impedance is Z = /o, the

reaction resistance is Ry = kgT/K_C®e?, the double-layer capacitance
is Cpr, =¢/(Ap + As), and the Warburg impedance is

(5.37)
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Figure 5.1: Randles circuit

Ra(3K_+ Ko) Ap*(1+2Ky/K_)
Zw = = (5.38)
ViDw evViDw

The Warburg impedance represents a kind of resistance to mass transfer
(Bard & Faulkner (2001)). Because of the Faradaic reactions, the local
concentrations at the electrode of the reacting species are different from
the bulk concentrations: the produced species concentration increases
while the consumed species concentration decreases. These changes in
local concentrations contribute to slowing down the Faradaic reactions;
which can be seen as an additional impedance in series with the reaction
resistance.

Important limits of the double-layer impedance are obtained for the
cases where the electrodes are perfectly blocking, and where the electrode
kinetics is so fast that the species concentrations are in quasi-equilibrium.
The case of perfectly blocking (polarizable) electrodes is obtained when
R — o0. The intrinsic double-layer impedance is then Z = 1/iwCpy.

When the electrode kinetics is very facile, i.e., when the exchange
current is much greater than the existing Faradaic current, the concen-
trations at the electrodes are in electrochemical equilibrium (Bard &
Faulkner (2001)). The surface concentrations of reacting species follow
the Nernst equation. Equation 5.7 is now written as

Ags
0= K n_ — Konp+ K_C152% (5.39)
kgT
and the remaining equations are unchanged. The solution for B as a
function of G is
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_ _)\s + Rctof
"~ Ap?/e+ ApAs/e +iwRuEMp

The double layer impedance is now given by the Randles impedance with
Rct =0 but RctK— = 2)\2D/€

B (5.40)

ZW Rct(%K_ + K())/\/ wD

Z = - = 5.41
1+ wCprZw 1—|—C’DLRCt(%K_ + Ko)\/iw/D ( )

5.3 Slip velocity

The electroosmotic flow arises from the balance between the electrical
and viscous tangential stresses in the thin double layer. For a general
variation of potential in the bulk, there will be lateral forces and elec-
troosmotic slip velocity. Under the thin-layer approximation, the equa-
tion that we must integrate to obtain the time-averaged slip velocity is
(Gonzalez et al. (2000))

9¢
0z

azu_a<p>+< gg>__g_3

Ou _ lp) e (P00 89" 09
n8z2 T Or pax T 40z

4\ 022 0z = 022 55) (542)

where (---) indicates the time average and ¢* the complex conjugate of
¢. The potential in the diffuse layer is ¢g4;; = —(B/es?)exp (—zs) +
F + G~z. Integrating Eq. 6.5 twice and applying the boundary conditions
of nonslip at the outer Helmholtz plane (u(0) = 0) and viscous stresses
going to zero outside the thin layer (Ou/0z = 0 for z — 00) leads to

e (M,G*+3MG}, + sMF;
Ustip = u(00) =

& S
MM MM
s2(s+8*)?  ss*(s+ s*)? '

(5.43)

where c.c means complex conjugate, subscript x denotes here partial
derivative with respecto to z, and M = B/e. We have taken into ac-
count that terms of the form GG%z? are on the order of (Ap/L)? and,
therefore, are negligibly small. We recall here that F' = ¢pyui|.—0 and
G = O¢pur/0z|,=0. The terms M,G* and MG} are much smaller than
sMF?. In effect, the exponential factor s is on the order of 1/Ap and,
therefore, M,G/sMF, ~ (Ap/L)(G/F,) < 1 (the ratio G/F, between
normal and tangential electric field components in the bulk is assumed
to be of order one).
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At low frequencies, we/o < 1, the exponential factor s ~ )\Bl(l +
iwe/20) and

M, M* M,M* (M, M* — MyM*)MS ew
s2(s +5%)2 ' ss*(s+s)2 4 o

(5.44)

so these terms go to zero as ew/c — 0. Therefore, we can write the slip
velocity at low frequencies as

Uslip = —
P 82

A (MF’” + c.c.> (5.45)
4n

This is the expression that can be obtained applying the Smoluchowski
formula, since we can identify —M/s? = Adgirr = Gaifs(0) — douir(0)
and —F, = FE, , the tangential electric field from the bulk side. The
Smoluchowski expression can be applied when the double layer is in quasi-
equilibrium, i.e., when the ionic concentrations follow the Boltzmann
distribution in the double layer (Rubinstein & Zaltzman {2001)). We
can write

p
Y
At low frequencies, the ratio 3/v ~ (1 4+ A\;/Ap)~! and the slip velocity
over an electrode can be written as (Green et al. (2002a))

e 9
477(1 + )\3/)\1)) ox

At higher frequencies, on the order of o /e, it is expected that the poten-
tial penetrates easily in the bulk. Therefore, the potential drop across
the diffuse double layer Aggrr = —M/s* should be much smaller (on
the order of Ap/L) than the potential drop in the bulk, F. Under this
assumption, the slip velocity should again be given by Eq. 5.45 . For
frequencies of the order of /e, we use the complete expression for ob-
taining the slip velocity, although we have not found differences from the
expression 5.45 for the range of parameters we have explored.

€ , x € *
Uslip = *%RG[A(pdiffEx] = —%Re[ A¢DLE$] (5.46)

|Adprl? (5.47)

Uslip =

5.4 Single potential wave

Let us assume that the potential applied at the level of the electrodes
can be approximated by a single potential wave of angular frequency w
and wave number k = 27/L of the form V = Vpexp (i(wt — kz)). The
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potential solution in the bulk that satisfies the Laplace equation and the
boundary condition V' = ¢y — 70Ppur/0z at z =0 is

Voexp (i{wt — kz) — kz)
1+ ky

The potential drop across the diffuse double layer and the tangential
electric field are respectively

Poulk = (5.48)

BkVyexp (i(wt — kx))

A 2 =

Gaifs 1+ ky
E ikVy exp (i(wt — kz)) (5.49)

14+ ky

The slip velocity as given by Eq. 5.45 is
ekVZ TIm[kS]

o 5.50
uslzp 277 |1 + k’)/|2 ( )

The velocity is independent of the tangential coordinate z.

The term proportional to M, M* gives a correction to the slip velocity,

eM, M* N e ku'|B)? k2Vy?
——— tcc o= —
4ns?(s + s*)2 41+ V1 + w2 |1+ ky|?

with w’ = we/o. The correction is on the order of w'ug;, for w’ <K 1
and is on the order of k|B|us;, for w’ ~ 1; in both cases the correction is
usually negligible (for w’ ~ 1, we expect that k|8| ~ kAp).

If the electrodes are perfectly polarizable, K_ = K, = 0, and we have
B = o/iwes and

(5.51)

ekVg Relko]/ews

2n |14+ kX + (1 + sh\,)ko Jiwes|?
In this case, the correction to the slip velocity given by the expression
5.51 can be seen to be kAp times smaller than 5.52. The slip velocity

expression 5.52 compares almost perfectly with the one given by Cahill
et al. (2004),

(5.52)

Uslip =

wrVy?
liwT [k +1/s + As(1 + twT)|?

with 7 = ¢/0. There is a small difference; here we have Re[l/s], where
1/Re[s] is written by Cahill et al. (2004) (probably a typographical error).

= Re[1/s]

> (5.53)

Uslip =
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It is convenient to define nondimensional quantities in order to ex-
plore the influence of the different parameters on the electroosmotic slip
velocity:

e slip velocity as u'slip = Ugip2n/ekVE,

e frequency as Q = w/w, (where w, = gkAp/e is the typical frequency
of AC electroosmosis),

e Debye length as A}, = kAp (where k7! is the typical length in the
system),

e Stern layer factor § as the ratio between diffuse layer and Stern
layer capacitances § = (¢/Ap)/(es/hs) = As/Ap,

e reaction resistance as R’ = 0kR. (1/0k is the bulk specific resis-
tance),

e and Warburg impedance as Zj, = koZy = W/ Vif), where the
Warburg factor W = \/kAp(1 + 2Ko/K_).

The nondimensional ' = k@ and 4 = k-~ are written, respectively,
as
B R — M6 + W/ViQ

14+4QXN, + (6 +iQR + ViQW) /1 + Q)]

and 7 = ' 4+ 60'y/1+ QN + d. The nondimensional slip velocity for

/

the single-mode travelling wave takes the form u;;,, = —Im[@']/|1 + ' 2.

g (5.54)

Fig. 5.2 shows the nondimensional velocity u,, as a function of fre-

quency {2 for perfectly polarizable electrodes, i.e., R, = oo. This was the
problem studied by Cahill et al. (2004) and Ramos et al. (2005), and we
include it here for completeness. We can see that as § increases the maxi-
mum velocity decreases and the frequency of peak velocity increases. The
parameter 6 = A;/\p is a measure of the relative importance of the Stern
layer, or of any insulating layer between the electrodes and the electrolyte,
as in the case analyzed by Cahill et al. (2004). The parameter § also in-
creases with the conductivity of the electrolyte, since the Debye length
Ap x 1/4/o. Therefore, decreasing velocities are obtained for increasing
conductivity, as observed experimentally (Green et al. (2000a); Cahill
et al. (2004)). The frequency for maximum velocity is {2 = 1 (dimensional
w = okAp/e) for 6 = 0 and increases for increasing § until it saturates at
1 =1/}, (dimensional w = o/¢), corresponding to the charge relaxation
frequency. Therefore, if a thick dielectric coating exists between the elec-
trodes and the electrolyte, the fluid motion is important at frequencies
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Figure 5.2: Nondimensional velocity u,. as a function of nondimensional
Yy slip

frequency Q for different values of § and R’ = 0o, Ap = 1072. The graph

on the right is an enlargement to show u;,, for values of § > 10

around o/e (Ehrlich & Melcher (1982)). According to the linear theory,
the maximum electroosmotic velocity that can be obtained in a typical
experimental situation in a microarray with wavelength L = 100 um,
applied voltage Vo = 0.1 V, A, = 0.001 (A\p = 15.9 nm), and § = 0.1
1s ugip = 100 pm/s. Several factors tend to diminish this expectation,
such as oxide layers on the metal electrodes that increase 6 (Ramos et al.
(2005)), nonlinearities of the diffuse-double-layer capacitance (Gonzélez
et al. (2008a)), and Faradaic currents (Olesen et al. (2006)).

The effect of varying the reaction resistance is shown in Fig. 5.3.
The figure depicts the slip velocity u’slip against the frequency (2 for dif-
ferent values of R and N, = 1073, § = 1, W' = 0.1. For the range
of frequencies that is relevant in this case (@ <« 1/A}, or dimensional
w K o/e), the electrical behaviour of the double layer is well described
by the Randles circuit of Fig. 5.1. We can see that as the reaction re-
sistance varies from a high value such as R = 10° (close to the limit of
perfectly blocking electrodes) to R’ = 0 (limit of very facile kinetics),
the maximum velocity decreases, and a new peak velocity appears at
low frequencies. At frequencies {2 ~ 1, the maximum velocity decreases
as R. decreases. Because the Faradaic current depolarizes the interface
(the charge leaks from the double layer), the electroosmotic velocity is
smaller as the resistance to the reaction, R, decreases. For frequencies
) < 1, there is a new maximum for the velocity, which is related to the
Warburg impedance. When R’ = 0, the Warburg impedance is the only
resistance to the Faradaic current. At these low frequencies the Faradaic
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Figure 5.3: Nondimensional velocity u,, versus nondimensional fre-

quency Q for different values of R and M, = 1073, § = 1, W = 0.1.

current does not discharge the double layer because there is a significant
Warburg impedance. For R’ = 0, the maximum velocity is obtained for
frequencies of the order of Q ~ W2, It can be shown that for § = 0 and
Q2 <1, the analytical solution gives a maximum velocity u,,, = 0.2071
for Q = W2,

The effect of the Warburg impedance can be seen in Fig. 5.4. It
shows the nondimensional velocity ws;, versus the nondimensional fre-
quency 2 for different values of the Warburg factor W in the case R’ = 0,

b = 1073, § = 1. Here we analyze the effect of W when the reac-
tion kinetics of the electrodes is very facile, i.e., the concentrations fol-
low the Nernst equation. Mathematically, this implies that R’ = 0 but
RyK_ # 0. The Warburg factor is given by W = vk Ap(1 + 2K,/ K_)
and can take values from /kAp = \/E to infinity. The ratio between
reaction constants is Ko/K_ = C®/Cy?; therefore, the ratio between
equilibrium concentrations governs the Warburg factor. As in the pre-
vious case, the range of frequencies (2 ~ 1 or smaller) allows us to
consider the double-layer electrical behaviour as a Randles circuit. We
can see that as the Warburg factor increases, the peak velocity increases
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Figure 5.4: Nondimensional velocity u(;, versus nondimensional fre-

quency 2 for different values of W and R’ = 0, § = 1 and X, = 1073.

and also the nondimensional frequency. The high limit of the Warburg
factor is equivalent to the case of perfectly blocking electrodes, even for
a very facile kinetics. The mass transfer resistance is so large that the
Faradaic current is negligible. The low limit of W is equivalent to the
case analyzed in Fig. 5.3 for R’ = 0. The velocity peaks at low frequen-
cies around 2 ~ W?, corresponding to the polarization of the double
layer because of the Warburg impedance.

It has to be noticed that for very low frequencies, the thin layer
approximation used here is not applicable. This happens when the dif-
fusion length \/D/w is of the order of k™! or, in dimensionless form,
when  ~ X,. At frequencies lower than this, the diffusion length be-
comes k™! rather than \/D/w. It can be shown that the solutions of n
and ng for a single potential wave are n = Aexp (i(wt — kx) — rz) and
ng = Cexp (i(wt — kx) — rz) with r = \/k? +iw/D. This leads to satu-
ration of the Warburg impedance to a value Zw = (1 +2Ko/K_)/ok at
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Figure 5.5: Nondimensional velocity uj,, versus nondimensional fre-

quency Q for R =0, W =0.1, =5 and X}, = 1072,

very low frequencies.

Faradaic currents have been proposed as a possible mechanism of flow
reversal (Lastochkin et al. (2004)). In this work, we have not found rever-
sal of fluid flow at the typical frequencies of AC electroosmosis 2 ~ 1 for
all the range of parameters that we have looked at. We have found some
regions of flow reversal at high frequencies, on the order of Q ~ 1/X\)p,
for reactions with very facile kinetics, R’ ~ 0. This finding is not related
to the current experimental observations of flow reversal. An example is
shown in Fig. 5.5 for R" =0, W = 0.1, § = 5 and )\, = 1072, The nega-
tive velocity peak is small and experimentally can be difficult to observe,
since other factors could be important; for example, the kinetic reaction
may not be very facile at these frequencies.

5.5 Array of electrodes subjected to a four-
phase AC signal

In experiments, TW electric fields are generated by applying a four-phase
AC signal to an array of electrodes. In this section, we analyze the veloc-
ity generated by a four-phase TW array when the electrode width and
gap are both equal to d (the corresponding wavelength is L = 8d). We
solve the electrical problem for this geometry using finite elements for



5.5. Array of electrodes subjected to a four-phase AC signal 87

0,05:
0,04-
U'slipom_-
0,02;

0,014,

0,00_ A A ™

1
slip

Figure 5.6: Nondimensional average velocity versus nondimensional

frequency Q for M, = 1073, W = 0.1, § = 1.

frequencies of the applied signal that are much smaller than the charge
relaxation frequency w < o/e. Therefore, the surface impedance of the
electrodes is the Randles impedance and the slip velocity is given by the
Helmholtz-Smoluchowski formula.

The electric potential satisfies Laplace’s equation in the domain. The
boundary conditions for the potential are (a) the mixed boundary condi-
tion @pux — YO0Pwuik /02 = V; on the electrodes; (b) normal current equal
to zero on the dielectric interface between electrodes d¢pur/0z = 0; (c)
normal current equal to zero at the top boundary 9¢y,/0z = 0 placed
at a height much greater than d, z,, = 40d/m; (d) periodic conditions at
right and left boundaries.

From the complex potential solution, we obtain the slip velocity on
the electrodes using Eq. 6.5. The velocity on the dielectric between
electrodes is zero (Ramos et al. (2005); Green et al. (2002a)). The aver-
age velocity in a wavelength is then obtained, taking into account that
from symmetry the slip velocity on each electrode should be equal, i.e.,

Usiip = (1/L) foL usiip(z)dz = (4/L) fod Ustip(T)d.

Fig. 5.6 shows the average nondimensional slip velocity U,y =
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Figure 5.7: Nondimensional average velocity Uy, versus nondimensional
frequency Q for M, = 1073, R' =0, § = 1.

2nUgip/ek Vi as a function of nondimensional frequency Q = ew/okAp for
different values of the nondimensional reaction resistance R’ and ¢ = 1,
W = 0.1. Here the wavenumber is ¥ = 7/4d and V; is the amplitude of
the signal applied to each electrode. The frequency dependence of the
average slip velocity generated by the four-phase TW array is similar
to that shown in Fig. 5.3 for the case of a single-mode travelling-wave
potential. Notice that in the case of the single mode ug;, is independent
of x and, therefore, Uy, = ug;p. The maximum slip velocity in the four-
phase microelectrode array is between 5 and 5.5 times smaller than the
maximum velocity obtained by a single-mode traveling wave of the same
amplitude V4, in accordance with the results by Ramos et al. (2005). In
addition, the frequencies for maximum velocity are shifted to higher val-
ues for the four-phase array. The maximum frequencies are between 1.3
and 1.5 times greater than for the single-mode traveling wave.

The nondimensional slip velocity versus the nondimensional frequency
is plotted in Fig. 5.7 for different values of the Warburg factor W, in
the case of R' =0, § = 1, X, = 1073, Again, the behaviour of the slip
velocity is similar to the case of a pure travelling wave but with peak
velocities between 5 and 5.5 times smaller and maximum frequencies be-
tween 1.3 and 1.5 times greater.
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Figure 5.8: Nondimensional average velocity Uy,,, versus nondimensional
frequency  in a log-log plot for W = 0.1, M, = 1073, R"' =0, § = 1.

Fig. 5.8 shows Uy, versus () in a log-log scale in order to observe the
asymptotic behaviour of the slip velocity with frequency. For R’ = oo
(no Faradaic reactions), the pumping velocity is proportional to 2 at low
frequencies, () < 1, as is predicted by the analytical solution for a single
mode. This dependence on the frequency of the applied signal is different
from that of the pumping velocity at {2 < 1 in the case of the asymmetric
array, where Uy, o< Q* (Olesen et al. (2006)). At frequencies Q > 1,
the analytical solution for a single mode predicts U}, o 27'; however,
the numerical solution for a four-phase microelectrode array predicts a
faster decay of Uy, with (). This can be attributed to the finite number
of phases (four in our case) used to construct the TW potential, while
the single mode has a continuum phase. At high frequencies, the slip
velocity distribution over an electrode is concentrated in a narrow region
close to the electrode edges. This is very different from the case of a
single-mode TW potential, where the velocity is independent on z. For
very facile kinetics R' = 0 and at high frequencies, the analytical solu-
tion of a single mode shows ;lip proportional to 1/ VQ, as given by the
Warburg impedance. However, when the Warburg impedance is greater
than the capacitance impedance, the dependence is as 1/Q (much higher
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frequencies not shown here).

5.6 Conclusions

A linear analysis of the effect of Faradaic currents on the TW electroos-
motic pumping of electrolytes has been carried out for the case of a
binary electrolyte with equal ionic diffusivities. At signal frequencies
much smaller than o /e, the predicted flow is always driven in the direc-
tion of the travelling-wave potential, as is obtained by linear and weakly
nonlinear theoretical studies for blocking electrodes. Only for very facile
reaction kinetics, R’ = 0, and specific values of the other parameters,
flow reversal was found at high frequencies, w ~ ¢/¢, and this flow was
of very small velocity amplitude. The effect of Faradaic currents is basi-
cally to decrease the slip velocity amplitude at frequencies on the order
of w ~ gkAp/e (2 ~ lw < o/e). At these frequencies, the surface
impedance can be described by a Randles type impedance and the slip
velocity is given by the Helmholtz-Smoluchowski formula. The resistance
to mass transfer, as given by the Warburg impedance, is the cause of the
appearance of a new maximum for the electroosmotic slip velocity at
low-frequencies w < okAp/e (2 ~ W?). The four-phase TW array was
also analyzed and it showed velocities around five times smaller than the
ones obtained for a single mode travelling-wave potential.
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In this chapter we discuss the origin of electrical body forces and
how these generate fluid motion over the travelling-wave microelectrode
arrays. The goal is to describe situations where electrical charge is in-
duced in the electrolyte bulk, creating a net fluid flow due to the action
of the electric field on this charge. With electrolyte bulk we mean the
region beyond the diffuse layer, that is, where electroneutrality or quasi-
electroneutrality holds. At low frequencies and low ionic concentrations,
electrothermal effects can be discounted as the origin of any appreciable
motion (Garcfa-Sénchez et al. (2008)). Therefore we analyze only the
case where conductivity gradients arise from electrochemical processes.
Fluid velocity calculations are performed to evaluate the relative impor-
tance of the different terms in the body force, and to obtain order of
magnitude estimates for the velocity.

An electrical body force occurs when there is a net electrical charge
in the bulk of the liquid. Electrolytes are usually quasi-electroneutral
(p/e < 3. ¢;) at the micrometer scale. For instance, in the case of a 1:1
electrolyte, the relative difference in ion number densities corresponds to
(cy —c_)/(cy +c-) =V -(eE)/e(cs +c_) and is very small for saline so-
lutions ~ e E/le2cy << 1 (Saville (1997); Castellanos et al. (2003)). An
applied electric field can induce electrical charge when gradients in the
concentration of ionic species are present, as shown below. The induced
charge satisfies p/e < ). ¢; although pE can be sufficient to generate ob-
servable fluid flow. By neglecting the convection current compared with
the ohmic current (ve/ol <« 1. Castellanos et al. (2003)), the conduction
current in an electrolyte is written as

Jeond = — Z[elzﬂcim(Vd)) + ez;D;V¢;] (6.1)

%

where ¢ is the electric potential, e the proton charge and z;, D;, u;
and ¢; are the ionic valence, diffusion coefficient, ionic mobility and con-
centration of species i, respectively. From the continuity of the total
electrical current (V - Jiot = V - (Jeona — €0:V¢) = 0) and the quasi-
electroneutrality assumption, the charge density p in the bulk is given by
(Newman & Thomas-Alyea (2004)):

edp _ € N2
=h=2 (vg Ve + ;ezzpzv cz) (6.2)
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where 0 = ), e|z;|pic; is the electrolyte conductivity.

We consider situations where the induced charge and the electric field
are oscillating functions with the same frequency as the applied potential
in order to have (pE) # 0. If the driving field oscillates with frequency w,
the induced charge density oscillates with w for two cases: (a) if the con-
ductivity gradient has a non-zero time average (Vo) # 0 and/or (b) the
Laplacian of the concentration V2c has a time-varying component with
the same frequency as the electric field. The experimental observations
in chapter 4 support these two possibilities: quasi steady-state gradients
in conductivity due to non-symmetric Faradaic reactions in AC signals,
and oscillations of the ionic concentration with the same frequency as
the applied AC signal. In general, harmonics of higher order can appear
in both the induced charge and electric field when the applied voltage
can not be considered low. These harmonics can also contribute to a
non-zero time-averaged force. Our study is just a first approximation to
the problem.

6.1 Forces due to gradients in conductivity

In this section we compute fluid velocities for a conductivity gradient
with a quasi-steady component, i.e. (Vo) # 0. The following equations
are solved:

(I) The electric potential is given by electrical current conservation
equation V-((0+iwe)E = 0). The polarization of the electrode/electrolyte
interface is modeled by means of a Randles type surface impedance in
the absent of a Warburg impedance Z = R.;/(1 + iwCR,:) (correspond-
ing to a resistor and a capacitor in parallel), C is the capacitance (per
unit area) of the interface and R, is the specific charge transfer resis-
tance, i.e. the area specific resistance to Faradaic currents (Newman &
Thomas-Alyea (2004); Olesen et al. (2006)). For simplicity, the Warburg
impedance is not considered here, it could have an important role for
low R, and low frequencies (chapter 5, Ramos et al. (2007)). The dou-
ble layer capacitance C is estimated from the Debye-Huckel theory as
C = ¢/Ap (Hunter (1993)) (Ap is the debye length and it is related to
the diffusion coefficient by Ap = y/De/o). The boundary condition on
the electrodes is then:

-n-Vo =

— (6.3)
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where V is the applied potential and ® is the electric potential phasor
(¢ = Re[® exp(iwt)]). On the gap between electrodes, the boundary con-
dition corresponds to zero normal current, i.e. n- V® = 0.

(IT) The conductivity in steady state is obtained by solving the diffu-
sion equation:

Ve =0 (6.4)

At the top of the channel, a constant conductivity o = oq is imposed.
At the level of the electrodes, two different situations are considered: (1)
In section 6.1.1 a vertical conductivity gradient is fixed on the electrodes,
and (2) in section 6.1.2 the conductivity changes periodically along the
electrode array.

(IIT) The fluid velocity is then obtained from the Stokes equations
with electrical body forces:

V-u = 0
~Vp+nViu = —(pE)

where u = ue; + ve, is the velocity field and p the pressure. In this case
p=¢(Va/g)  V® with ¢ = o + iwe. The time-averaged force is then
written as (pE) = (1/2)Re[pE"|

No slip is imposed at the electrodes and at the interelectrode gaps.
Note that, despite the polarization of the electrodes is accounted for the
computation of the electric potential, no electroosmotic flow is considered
here. We just want to analyze the contribution of the induced charge in
the electrolyte bulk. At the top of the channel the stress tensor equals
zero (neutral boundary condition). The velocity is homogeneous there
(¥ = ue, with du/0dy = 0) and corresponds to the net pumping velocity
generated by the array.

6.1.1 Vertical gradients in conductivity

If Faradaic currents generate a vertical gradient in conductivity, the sit-
uation is similar to that of AC electrothermal flows described by Melcher
& Firebaugh (1967) and Fuhr et al. (1992b) - a wave of charge is induced
in the electrolyte bulk. The characteristic frequency for this motion is
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Inward flux T | 2- 1072 - 0y mS/s
o 1.5mS/m
L 160 pum
D 2.10-9m?/s
Vo 2 volts
n 103 Pa-s

95

Table 6.1: Parameters for the fluid velocity computations.

the relaxation frequency of the liquid (f = o/2me). If the liquid conduc-
tivity is higher near the electrodes, a vertical gradient would lead to fluid
flow in the direction of the reverse pumping mode.

At high voltages and frequencies the electrochemical generation of
conductivity gradients could be responsible of some fluid flow observa-
tions, but at the frequencies used in this work (f < o/2me), the in-
fluence of this mechanism is not clear. According to this mechanism,
and for f < og/2me, the fluid velocity increases with frequency, contrary
to observation, although electrochemical reaction rates decrease with in-
creasing frequency. In fact, the dependence of the conductivity gradients
on the applied signal can be rather complicated. To evaluate the influ-
ence of this term, we assume that the non-symmetrical electrochemical
reactions generate a constant flux of conductivity. At the interelectrode
gap the condition is that of zero flux (n - Vo = 0).
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Figure 6.1: Net fluid velocity versus w for a given constant flux on the
electrodes (—D(n - Vo) = 2-107%0p). Vo = 2volts.
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Fig. 6.1 shows the calculated net fluid velocity versus frequency,
with parameter values shown in table 6.1. The value of the conductiv-
ity gradient at the level of the electrodes is given by the imposed flux
—D(n-Vo) =T = 2-10"%0 (S.I. units). This flux is of the order (or
even higher) than that expected from experimental measurements. For
this flux, the average conductivity in a 200 um height channel would be
10 times higher after 100s (as suggested by the observations in chapter
4). As shown by the figure, the vertical gradient in conductivity can
only generate noticeable fluid flow for frequencies above 10* Hz, larger
than the typical frequencies reported for pumping. The resistance value
(charge transfer resistance R,;) was parametrically changed within a wide
range, but this had little influence on the results in Fig. 6.1. This is
because, at the frequencies where this mechanism is important, the ca-
pacitive element of the impedance is so low that R, has little influence.
At frequencies around the charge relaxation frequency (f~ 320kHz for
00=1.5mS/m), there is a phase lag between the field and the induced
charge, so that the charge experiences a force and the liquid moves along
the electrode array. At low frequencies the induced charge has sufficient
time to follow the field vector without time delay and the time-averaged
horizontal force is zero. The observation of flow reversal at 10 V,,, and
10kHz for shallow channels may be related to this mechanism.

6.1.2 Longitudinal conductivity gradients

The typical frequencies required to generate net flow in the presence of
a vertical conductivity gradient are high because a phase lag between
the field and the induced charge is required. Nevertheless, the case of a
spatial phase difference between an oscillating induced charge p(w) and
the electric field E(w) has not been discussed. Consider the situation
shown in Fig. 6.2, where the conductivity changes periodically along the
electrode array but is shifted a certain distance (Ly/87) with respect to
the “unit cell” of an electrode. The physical origin of such gradients in
conductivity could be twofold: first, the electrical current through the
electrodes may be strongly non-homogenous (contrary to the hypothesis
in the previous section where flux was assumed constant along the elec-
trode). Secondly, if fluid velocities are important, the convection of o
could generate spatial variations in conductivity. Therefore, for the sake
of completeness, it is interesting to evaluate the influence of longitudinal
gradients of conductivity on fluid flow. Both the conductivity and the
spatial phase difference can depend on the applied signal in a compli-
cated fashion. To analyze this mechanism, we assume that ¢ at the level
of the electrodes is given by the expression in Fig. 6.2, and satisfies the
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diffusion equation in the bulk. This corresponds to a conductivity that
varies smoothly along the electrode array, with a minimum value equal
to 0p. Ao is chosen to be small enough (Ao < 0p) so that the conduc-
tivity gradients are moderate. Note that the spatial period is chosen to
be T' = L/4; each electrode is equivalent and therefore we expect changes
in conductivity to have the same spatial period. The term (¢/0)0p/0t in
expression 6.2 is negligible for the typical frequencies used in the experi-
ments and, therefore can be neglected. In this way, the effect of a spatial
phase difference can be analyzed separately from that of a phase lag.

A
Yo

0 = (00 + Ac) + Ao cos{dkz +¢)

Figure 6.2: The conductivity at the level of the electrodes is supposed
to change periodically along the array in order to evaluate the effect of
longitudinal conductivity gradients. The picture corresponds to the case
¢ < 0.

Fig. 6.3 shows the calculated net velocity versus the spatial phase dif-
ference @ for Ao /oy = 0.1, Vi = 2 volts, the typical frequency for ACEO,
w = koAp/e = 2510rad/s and for two different values of R’ = ogkR,;.
Depending on the sign of the spatial phase difference, a net fluid velocity
is obtained in one direction or the other. The case of ¢ < 0 corresponds
to that depicted in Fig. 6.2. This conductivity profile would generate
fluid motion in the same direction as the potential wave moves. On the
other hand, if ¢ > 0 net fluid motion is generated in the opposite direc-
tion (flow reversal). Maximum velocities are found for a phase difference
of +7/2. The fluid on an electrode flows towards the side with higher
conductivity.
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Longitudinal gradients of conductivity could be generated by non-
uniform Faradaic reactions on the electrodes and/or by ionic concentra-
tion convection, although these mechanisms are not clear at present.
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Figure 6.3: Net fluid velocity versus spatial phase difference ¢ for w =
koAp/e, Aco/og = 0.1 and V = 2 volts.

6.2 Induced charge due to different ionic
mobilities

The term Y, ez D;V?c; in eq. 6.2 could yield net free charge p =
(e/o) 3=, eziD;V?¢; oscillating at w. For a symmetric binary electrolyte,
under the quasi-electroneutrality approximation ¢, = c_ = ¢, ¢ satisfies
the diffusion equation d;c = D,V?c, where D, is the ambipolar diffusion
coeflicient D, = 2(DyD_)/(D4+ D_) Newman & Thomas-Alyea (2004).
Electrical charge is induced in a layer of typical thickness 6 = /D, /w, i.e.
the diffusion layer. For low voltages ¢ can be written as ¢ = Re[¢exp iwt]
with ¢ solution of:

D,V?%¢ = iwé (6.7)

the typical length for ¢ is § and, for typical values of D, ~ 10~°m?/s
and w ~ 10%rad/s, the thickness of this layer is of the order of microns
0 ~ 1pum. Note that for a binary symmetrical electrolyte with equal
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diffusivities D, = D_ (e.g. KCl), the induced charge is identically zero.

This force has been considered when describing the motion of a spher-
ical particle on top of AC polarized electrodes (Sides (2001); Fagan et al.
(2004)). A Faradaic current was supposed to flow through the elec-
trodes. Our experiments with fluorescein show water reactions leading
to a decrement in pH, i.e. an increase in H* concentration (chapter 4).
CI™ is the negative ion that provides electroneutrality when the concen-
tration of H* increases. Since the mobility difference between the two is
large pup+/po- = Du+/Dc- = 4.6, a considerable induced charge is to
be expected. For simplicity, the calculations assume a binary electrolyte
with this mobility ratiol.

We calculate the fluid velocity generated by this mechanism for low
applied voltages. It is assumed that the concentration of ions ¢ does
not change much (Je — ¢y|/co) << 1 (¢ is the bulk concentration) and
consequently, the induced charge is expected to oscillate at w, that is,
V2(w)/é(w) ~ V?&(w)/cy. Therefore, the time-averaged electrical body
force is written as:

() = 522 e [T

=-3 — (V(I))*] (6.8)

with v = (Dy — D_)/(D+ + D_)
and the fluid velocity scales with the square of the applied voltage
amplitude Vy. We have considered two ionic species (H* and Cl7). The

ionic concentration ¢ is solution of eq. 6.7 with boundary conditions on
the electrodes (Sides (2003); Newman & Thomas-Alyea (2004))

Jr
2€DH+

where the Faradaic current Jg is due to electrochemical reactions of H*.
This boundary condition is correct if the displacement current is negli-
gible compared with the Faradaic current, i.e. the flux of species in the
diffusion layer is driven mainly by the Faradaic current (see section 6.2.1
below). This is a justified simplification for the present case because it
is to be expected that Faradaic currents despolarize the interface. The
Faradaic current is written as Jp = A®/R., where A® is the voltage

n-Vé= (6.9)

1For [H*] > [OH~] the recombination in the bulk of these two ions can be ne-
glected within distances of a few microns (D V?cy > krcyc—, where k. is the con-
stant for recombination of ions in water)
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drop through the EDL and R, is the resistance of the resistor in the Ran-
dles impedance. The electric potential is a solution of Poisson’s equation
written as:

k’BT V26(w)
e " Co

Vio = (6.10)
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Figure 6.4: Net fluid velocity over the square of the voltage amplitude
is plotted versus frequency for the case of induced charge due to two
different ionic mobilities. It is considered D, /D_ = 4.6, that is, v = 0.64

Solving the Stokes equation with expression 6.8 as body force gives
the velocity generated by this mechanism. Fig. 6.4 shows the net fluid
velocity (scaled by the signal amplitude squared ViZ) versus the frequency
of the applied signal for two values of R = R.09k. The other param-
eters in calculations are listed in table 6.1 (i.e. the parameters of the
experiments described in chapter 4). The net velocity corresponds to
flow reversal (a direction opposite to that of the TW). The calculations
show that, when the more mobile ion undergoes chemical reactions, flow
reversal is expected at typical frequencies of experiments.

In these calculations, D,/D_ = 4.6, i.e. v = 0.64. If v < 0, this
mechanism generates flow in the same direction as the travelling-wave.
Since the H* ion is more mobile than Cl~, this mechanism provides a
good explanation for the flow reversal. In Gonzalez et al. (2008b) prelim-
inary analytical results were reported for the solution of the full linear
electrokinetic equations considering a single mode travelling-wave and
the effect of Faradaic charging and asymmetric mobilities. These analyt-
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ical results are in agreement with the calculations presented here.

It is interesting to note that the frequency dependence of the net fluid
velocity for the flow reversal in experiments is in good agreement with
the calculations for R' = 1 in Fig. 6.4. The impedance measurements
showed a strong decrement at low frequencies after application of signals
that lead to flow reversal. The surface impedance became the same as
the bulk resistance, that is, R, ~ 1/0k. Therefore, we consider R’ =1 a
reasonable value. Setting the signal amplitude Vj to that typical for flow
reversal (3.5-8 V), the experimental velocity values are smaller than
the computed velocity values for R' = 1. This is satisfactory since we
are not accounting for travelling-wave electro6smosis where net motion
is generated in the other direction.

This mechanism is probably responsible for the flow reversal observed
with electrode arrays driven by TW potentials. However, it is important
to be aware that for the typical signal amplitudes of the experiments,
the approximation of low voltages is not true and unrealistic values for
|c — ¢o| would be obtained with the linear equations (electrical current
would become greater than the diffusion limited current)?. Although the
current is effectively limited, the term V2c/c is not bounded since ¢ can
approach zero. As the voltage increases, oscillations of ¢ are greater and,
consequently, the induced charge and the force due to the difference in
ionic mobilities can be very high. Finally, it is worth considering the work
by Gregersen et al. (2007) where flow reversal was observed in platinum
asymmetric arrays at low voltage and frequency for higher concentrations
(400 M) than we normally use. That “unexpected” reversal could be re-
lated to the mechanism discussed here, since the electroosmotic motion
decreases as concentration increases.

6.2.1 Boundary condition for the ionic concentra-
tion

In this section we demonstrate that boundary condition 6.9 is correct
in the limit when the displacement current is negligible in front of the

2Note that this is a common feature with the linear and weakly nonlinear theories
of ACEQ (even in the case of perfectly polarizable electrodes). At typical voltages of
the experiments the computed currents become so high that the perturbation analysis
results to be inconsistent



102 Chapter 6. Net flow generated by induced charge in the bulk

Faradaic current. The ionic species fluxes are:

oc ol

Fi = —D+a_; - M+C+$ (6.11)
B Oc_ d¢

F. = —‘D_—a7 -+ ,U/_C_a (612)

and the 1-D conservation equations of the species are written:

oo, _ _oF

T o (6.13)
Oc_ OF_
o T o (6.14)

dividing eq. 6.13 by D, and eq. 6.14 by D_, adding both results and
integrating from the electrode (2 = 0) to the end of the diffuse layer
(I > Ap), we obtain:

L1 Ocy 1 Oc_
——+ ——]d
/0 <D+ 5 "D 6t>
F, F_ F, F_
— 4+ — - =+ = 15
<D++D_>z=0 (‘D++D—)z:l (6 )

If the cation is the reactive ion, at the electrodes F, = Jp/e, F_ =0
and

[N

F+ F_ JF
Bl A Rt = - 6.16
<D+ * D—)ZZO €D+ ( )
and outside the Debye layer | > Ap, ¢, = ¢_ = ¢ and
F_|_ F._. 86
L =9 6.17
<D+ + D_)z:l 0z (6.17)

Introducing p/e = ¢y —c_ and ¢ = (¢t + ¢_)/2, the left hand side of

eq. 6.15 is
an! 1 dp/e . Oc

the second term is always smaller than Oc/dz because it is of the order
of weAp/D, and Oc/0z is of order of ¢/§. The first term is of the order of
qw/eD., where q is the surface charge in the diffuse layer. In the case that
qw/eD, < O0c/dz, the boundary condition 6.9 is correct, (6.16)=(6.17).
That is, when the displacement current wq < eD,0¢/0z = Jr/2.
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6.3 Conclusions

The experimental results in the previous chapters led us to explore pos-
sible pumping mechanisms where the electrical forces are located beyond
the Debye length. Induced charge due to Faradaic currents could appear
in the electrolyte bulk and generate net flow. We have modelled this
effect for the TW array and calculated fluid velocities for example cases
in order to discuss the possible influence of different mechanisms. When
a vertical conductivity gradient is present, the generated velocity for typ-
ical signals is negligible at frequencies much smaller than the relaxation
frequency of the electrolyte (corresponding with the typical frequencies of
the reported motion) but could be important above 10 kHz. Observations
of flow reversal in shallow channels may be related to this. Longitudinal
conductivity gradients could give rise to large net velocities. These lon-
gitudinal gradients of conductivity could be generated by non-uniform
Faradaic reactions on the electrodes as well as ionic concentration con-
vection, although these mechanisms are not clear at present. Finally, the
induced charge due to the difference in mobilities between ionic species
seems to be important and qualitatively explains the flow reversal pre-
viously reported. Further theoretical studies are required in order to
analyze this mechanism for different voltage amplitudes and concentra-
tions, i.e. an analysis beyond the linear approximation.
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The optimal design of the microelectrode structure is still a matter of
current research (Olesen (2006)). Although experiments reported with
planar electrode structures showed that achieving higher velocities can be
obtained by increasing the voltage, undesired effects can appear as the
voltage is increased (electrolysis, electrode degradation, hydrodynamic
instabilities). We consider that keeping the applied voltage as low as
possible is a goal that must be pursued.

It has recently been found, theoretically by Bazant & Ben (2006)
and experimentally by Urbanski et al. (2006), that the pumping effect
of the asymmetric array can be improved by fabricating 3-D electrode
structures. Urbanski et al. (2007) reported an experimental study of
the dependence of the velocity of the array of asymmetric pairs on step
height, they also performed further simulations for comparison but not
all experimental observations are captured by the theoretical modelling.
Nevertheless, they concluded that interesting predictions may still be
carried out in order to obtain higher pumping velocities.

In chapter 3 we demonstrated that the TWEQO array is more effi-
cient than the asymmetric pairs array in the sense that higher velocities
can be achieved with lower voltages. In this chapter, an enhancement
of the TWEOQ array performance is theoretically demonstrated: the net
pumping velocity can be increased up to 2.7 times if the electrodes are
raised above the channel bottom. In a travelling-wave array, all electrodes
are pumping the liquid in the same direction (they are all equivalent).
Therefore, the increase in the net fluid velocity is interpreted as a strong
reduction of the viscous friction at the walls. Since electrical stresses are
applied at the electrode-electrolyte interface, the non-slip boundary con-
dition at the interelectrode gaps is remarkably affecting the flow velocity
in planar structures. As the electrodes are raised, the viscous friction is
drastically reduced and there is an optimum for the electrodes height.

We check this result with the standard theory of ACEO for block-
ing electrodes (Ramos et al. (1999a); Gonzélez et al. (2000)), the maxi-
mum velocity is achieved for a non-dimensional electrode height of 0.40.
We have also used the more general theory in chapter 5 accounting for
Faradaic currents in the linear regime. In this case, the optimum dimen-
sional height is dependent on the parameters of the model although it is
slightly greater than in the case of blocking electrodes and the velocity
is, generally, around 2.7 times larger than for planar structures.
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Finally, we perform a comparison with previous results for the asym-
metric step electrode array and the maximum velocity for the 3D travelling-
wave array is found to be roughly twice that for the asymmetric step
array.

7.1 Mathematical analysis

Translational symmetry transverse to the flow direction is assumed and,
therefore, only two-dimensional simulations are performed. We make
use of a rectangular domain, electrodes are placed at the bottom and the
height of them is changed as a parameter. The corners of the electrodes
are rounded, representing a better approximation to real boundaries and
avoiding numerical difficulties (Urbanski et al. (2006)). We first com-
pute the electric potential in the whole domain and then derive the elec-
troosmotic velocity at the electrodes from the Helmholtz-Smoluchowsks
formula. Finally, the Stokes flow problem is solved including the elec-
troosmotic velocity as boundary condition on the electrodes.

7.1.1 Electrostatic Problem

The electric potential is given by ¢ = Re[® exp(iwt)], where @ is a phasor
satisfying the Laplace equation V2® = 0. We follow Ramos et al. (2005)
and compute ® as ®; + $,, where ®; and P, are the solutions to the
problems in Figs. 7.1a) and 7.1b), respectively. In this way, we solve
the Laplace equation twice but the computational domain reduces eight
times. The polarization of the electrode-electrolyte interface is modelled
by means of a surface impedance Z. The general boundary condition on
the electrodes is then

&—0Z(n-vd) =V (7.1)

where ¢ is the liquid conductivity and V the applied voltage. On the gap
between electrodes, the boundary condition corresponds to zero normal
current n- Vo = 0.

We make use of two different models for Z. One is the capacitor
model for perfectly blocking electrodes in which the impedance is Z =
1/iwC. For a negligible Stern layer (Hunter (1993)), C is estimated
from the Debye-Huckel theory as C = ¢/Ap (Ap is the debye length and
it is related to the diffusion coefficient by Ap = /De/o). The other
is a more complex model accounting for Faradaic currents under the
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a)
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Figure 7.1: Problem domain

linear approximation (chapter 5, Ramos et al. (2007)). In this case the
impedance corresponds to that of the Randles circuit, Fig.7.2:

R4+ W/Viw
1+ iwRC + CWViw
W/viw is known as the Warburg impedance and R is the charge trans-
fer resistance (Bard & Faulkner (2001)). Note that for either R, — oo

or W — oo, Faradaic currents go to zero and we recover the expression
for blocking electrodes.

(7.2)

7.1.2 Dynamic Problem

The fluid velocity is governed by the Stokes equations in the absence of
volume forces
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Figure 7.2: Randles impedance

Viu = 0 (7.3)
~-Vp+nViu = 0 (7.4)

where u = ue, + ve, is the velocity field and p the pressure.
We solve these equations with the following boundary conditions:

On the electrodes we consider a slip velocity given by the time aver-
age of the Helmholtz-Smoluchowski electrosmotic velocity Hunter (1993)
Ueo = €/n(CE;) . Here ¢ is the zeta potential, i.e. the voltage drop
through the diffuse layer at the electrode-electrolyte interface, and E; is
the component of the electric field tangential to the electrode.

In terms of the phasor of the electric potential ®, the time-averaged
electroosmotic velocity can be written as

6 *
Ueo = —%Re[(q) —V)VP* -t (7.5)

where t is a unit vector tangential to the electrode surface. The normal
velocity v on the electrodes is zero.

On the gap between electrodes the fluid has zero velocity (non-slip
condition). Periodic boundary conditions are required at the left and
right boundaries. Finally at the top of the channel we impose neutral
boundary conditions (the stress tensor equals zero). The top of the chan-
nel is a free surface of the liquid at a distance much larger than the elec-
trode and flow vortex sizes. The velocity is homogeneous there (u = ue,
with Ou/0y = 0) and represents the net effect of the array as a microp-
ump. In this way, the results can easily be compared to previous ones.
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7.2 Results

Theoretical fluid velocities are computed with Comsol, a commercial soft-
ware implementing the finite element method. It is convenient to define
nondimensional quantities in order to explore the influence of the different
parameters. The characteristic angular frequency for AC electroosmosis
is given by oAp/el, where [ is a characteristic dimension of the system
(Ramos et al. (1999a); Cahill et al. (2004); Ramos et al. (2005)). In the
present problem, the inverse of the wavelength k! = L /27 is chosen as a
scale for distances and, therefore, ckAp /e is used for scaling angular fre-
quencies, ) = we/okAp. Velocities are scaled with ekV;2/2n. We define a
nondimensional impedance as Z’' = o0kZ (1/0k is the bulk specific resis-
tance). For perfectly blocking electrodes, the nondimensional impedance
is Z' = 1/iQ. For the Randles impedance we define R’ = okR, and
W' =W./oke/A\p and then Z' = (R' + W'/ViQ)/(1 + QR + W'ViQ).

In Fig. 7.3 we show the non-dimensional velocity at the top of the
channel versus the electrode height in the case of perfectly blocking elec-
trodes. We name it pumping velocity U since it corresponds to the aver-
age velocity generated by the electrode array and can be compared with
the net velocity achieved with planar structures.
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Figure 7.3: U = u2n/ekV§ versus h = kH . Blocking electrode case.

It is observed that the average velocity is very sensitive to the elec-
trode height. Maximum velocity is obtained for {2 = 0.81 and h = 0.4,
that is, for a height corresponding to approximately half the electrode
width, h ~ kL/16 = 0.393. The non-slip boundary condition at the gap
between electrodes imposes an obstacle to the fluid pumped by the elec-
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trodes. Figure 7.4 shows the streamlines at {2 = 1.417 for a planar array
and an array with h = 0.4. As the electrodes are raised, the hindrance
effect of the non-slip condition is drastically reduced.
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Figure 7.4: a) Streamlines for a planar array. b) Streamlines for # = 0.4.
(Q = 1.417)

Fig. 7.5 shows the pumping velocity versus angular frequency (2 at
several electrode heights. For h = 0.03 it is very clear the enhancement
in the pumping velocity (and it is only half a micron height for a typical
array of L = 100 um). The pumping velocity is maximum for A = 0.4 and
it is 2.65 times greater than for the planar structure (h = 0). As the elec-
trode height h increases, the frequency for maximum velocity decreases.
The characteristic charging time of the RC equivalent circuit is changed
since the capacitance of the system increases as the vertical walls of the
electrode rise. This explanation has been confirmed by computations
where the vertical walls were considered insulators (like the gap between
electrodes). In that case, the velocity was maximum at ) = 1.417 for all
electrode heights. Furthermore, in the case of insulating vertical walls,
we do not find a maximum at h = 0.4 but a constant pumping velocity
for h > 0.4.

Fig. 7.6 shows the pumping velocity versus (2 for a Randles impedance
with R = 0 and W’ = 0.3. Typical frequencies are lower than in the
blocking electrode case and velocities decrease, that is what we expect
from previous results with planar arrays where the Randles impedance
was used (Ramos et al. (2007)). The absolute maximum velocity is ob-
tained for h = 0.50 at Q = 0.029, and it is 2.60 times greater than for
h = 0. Finally, in figure 7.7 we show the pumping velocity versus €1 for
a Randles impedance with R = 0.1 and W’ = 0.1. Maximum velocity is
found for h = 0.65 and it is 2.73 times larger than for h = 0.
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Figure 7.5: U = u2n/ekV{} versus = we/okAp at several electrode
heights h = kH. Blocking electrode case.
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Figure 7.6: U versus () at several electrode heights h = kH. Randles
impedance with R’ = 0 and W’ = 0.3.

7.3 Conclusions

It has been carried out a numerical study of the effect of electrode height
in the pumping of electrolytes with a travelling-wave potential of four
phases. Two linear models for the polarization of the electrode-electrolyte
interface has been used: a simple capacitor model and a more general
Randles Impedance. The net pumping effect of the array is improved
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Figure 7.7: U versus ) at several electrode heights h = kH. Randles
impedance with R’ = 0.1 and W’ = 0.1.

as the electrodes are raised since the friction at the electrode gap is re-
duced. Streamlines clearly show how the fluid motion is less distorted
if we lower the walls where the non-slip condition for the fluid velocity
applies. We conclude that the reduction in viscous friction must be a
general aim when performing optimizations of 3D electrode structures.
For the present case of a four-phase travelling-wave, computations show
that the 3D array can generate velocities up to 2.7 times larger than the
planar structures. The electrode height must be equal or slightly larger
to half the electrode width h 2 0.4.

We have also compared with velocities generated by 3D asymmetric
arrays. For the comparison, we make use of the results in chapter 5 of
ref. Olesen (2006). In section 5.3 of this work, an optimization of the
step geometry is performed for the case of perfectly blocking electrodes.
This step electrode design was first suggested by Bazant & Ben (2006).
We have repeated the velocity computation for the optimum geometry,
see Fig. 7.8. We have reproduced the velocity value u = 0.0566eV§/nl,
where [ is the minimum feature size of the electrode structure (the gap
width in this case). According to Bazant & Ben (2006), for a fair com-
parison between different designs we should fix the minimum feature size
and the total applied voltage to each electrode. For the 3D TW array, in
the case of perfectly blocking electrodes, we have found a maximum di-
mensional velocity u = 0.282ekV2/2n = 0.111V#/nl, where [ is the gap
width. Therefore, the maximum velocity obtained with the 3D TW array
is 1.96 times that of the optimum design of the asymmetric steps. Note
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Figure 7.8: Step geometry optimized in Olesen (2006).

that the gap and electrode sizes of the TW array were not optimized. For
the planar TW array the maximum velocity is 2.8 times lower than for
the 3D TW array, this means that the 3D asymmetric step array is not
much more efficient than the planar TW array, which is simpler to fabri-
cate (the maximum velocity for the planar TW array is ~0.7 that of the
3D asymmetric array). On the other hand, the asymmetric arrays can
be powered by just a simple function generator providing one single AC
signal, while the TW array requires four AC signals with different phases.



Conclusions and outlook



116 Conclusions and outlook

Fluid flow in microsystems induced by travelling-wave potentials has
been studied. The flow behaviour has been described with a 2-D map
where the velocity is plotted versus voltage and frequency. At low volt-
ages, the fluid flows in the direction predicted by the AC electroosmosis
theory (normal pumping). For a certain voltage, that depends on fre-
quency, the fluid flow reversed (reverse pumping or flow reversal). This
result was found with microelectrode arrays made from two different met-
als (platinum and titanium) and arrays with two different electrode sizes
(20 um and 10 um). Non-uniform motion was observed with the plat-
inum arrays for low frequencies and high voltages. Electrolytic bubble
generation was observed for sufficiently high voltage and low frequency.
We related these observations of nonuniform motion to flow instabilities
that are likely to be induced by the generation of gradients in ionic con-
centration. With titanium arrays only electrolysis of water was observed
at low frequencies and high voltages.

Flow reversal has always been found regardless of channel height, ar-
ray shape and size and electrolyte conductivity. However, the threshold
voltage depends on the channel height and electrolyte conductivity. For
shallow channels, it was found that higher voltages and frequencies were
required for observing the flow reversal. When the electrolyte conductiv-
ity was increased, higher voltages were also required. Both observations
are compatible with the hypothesis that the flow reversal is generated by
forces beyond the Debye layer.

The electrical impedance of the electrode-electrolyte system was mea-
sured before and after the experiments and it was found a strong decrease
in the system impedance. Measurements of the electrical current dur-
ing pumping showed transient behaviour. At specific voltages, around
the threshold voltage, simultaneous measurements of fluid velocity and
electrical current showed a strong correlation. Faradaic currents are re-
sponsible for this transient behaviour and for the generation of gradients
in conductivity. When DI water was used, the results were similar, in-
dicating that electrochemical reactions of water could be responsible for
the observations. These results were supported by the observations with
fluorescent dyes which indicated that electrochemical reactions occur at
the electrodes, leading to a pH decrement as well as concentration polar-
isation oscillating with the frequency of the applied signal.

From these observations we conclude that the theoretical models
should not ignore these changes in liquid properties. Faradaic currents
occur and the measurements showed them to be correlated to the fluid
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flow observations. Conductivity gradients are generated and they can
induce electrical forces in the electrolyte bulk.

The effect of Faradaic currents in the charging of the double layer
was modelled in the linear regime for the case of equal ionic mobilities.
The results represented a generalisation of the AC electroosmosis theory.
It was found that the fluid velocity can be written as a function of the
total voltage drop across the EDL. The results do not account for the
flow reversal but provide a more general theory for explaining the mea-
surements at low voltages. It was found that, when Faradaic currents
are included, the electroosmotic velocity is reduced because the double
layer depolarizes.

Forces in the bulk due to gradients in ionic concentration have also
been analysed. We discuss some situations where these forces lead to
net electrolyte pumping. When a vertical gradient is present, the gener-
ated velocity for typical signals is negligible at frequencies much smaller
than the relaxation frequency of the electrolyte but could be important
above 10kHz. We have found that longitudinal ionic concentration gra-
dients could give rise to large net velocities. These gradients could be
generated by non-uniform Faradaic gradients on the electrodes and/or
by ionic concentration convection, although these mechanisms are not
clear at present. The induced charge due to the difference in ionic mobil-
ities was also studied. The observed strong decrease in pH means a net
production of H*. Since the mobility difference between H* and Cl™ is
large (ug+/pci-=4.6), a considerable induced charge is to be expected.
We have made numerical computations assuming a binary electrolyte
with that mobility ratio. Low applied voltages were supposed and the
results qualitatively explain the flow reversal. However, it is important
to be aware that, for the typical signal amplitudes of the experiments,
the approximation of low voltages is not true and unrealistic values of
the ionic concentration would be obtained with the linear equations.

The travelling-wave array and the asymmetric pairs array were com-
pared. Both experiments and theory showed that, for equal sized elec-
trodes and same voltage amplitude applied to each electrode, the net
velocity generated by the travelling-wave array is higher. This is also
true for the 3-D structures studied in chapter 7.

Future work is focused on a rigorous mathematical modelling of the
flow induced by the ionic concentration gradients generated by Faradaic
currents. From the experimental point of view we plan to work with
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other geometries/systems in order to evaluate the validity of the theo-
retical models. In this way, the importance of forces beyond the double
layer will also be tested in other systems of interest for the Lab-on-a-Chip.

Electrohydrodynamic instabilities were beyond the scope of the the-
sis. However, observations for TW signals of high amplitude and low
frequency showed non-uniform motion. Induced charge in the bulk can
also be origin of electrohydrodynamic instabilities in microsystems. Fur-
ther experimental and theoretical work is planned in order to explain
these observations.

Despite the flow at low voltage can be understood with the current
theory for AC electroosmosis, we are still far from making quantitative
predictions for the fluid velocity. Experimental velocities are smaller than
those predicted from the theory. Theoretical models that include the ef-
fect of the finite size of the ions (steric effects) could explain this velocity
reduction. Another effect to be accounted for is that the position of the
shear plane could be beyond the Outer Helmholtz Plane due to the ex-
istence of a hydrodynamic stagnant layer, which reduces the “effective”
zeta potential. Future work is also focused on a better description of the
electrode/electrolyte interface.
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Appendix A

Control of two-phase flows by
AC electric fields!

!This appendix has been published in its present form in: Applied Physics Letters
91, 254107 (2007)
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Dynamic control of fluids is important in Lab on Chip (LoC) tech-
nology, and MEMS devices are often used for this (Koch et al. {2000)).
However, such devices are complicated to construct and cannot be easily
integrated into the LoC. Solid-state control of liquids using DC electric
fields has also been widely used to manipulate fluids, particularly with
capillary electroosmosis. However, the high voltages required produce
electrolysis and the electrodes must be placed outside the device to re-
duce the effects of Joule heating and gas bubbles. Electroosmosis has
been used in the LoC to enhance mixing of fluids (Oddy et al. (2001);
Glasgow et al. (2004)); reduce diffusion (sample stacking) (Jacobson &
Ramsey (1995)); switch fluid streams (Fu et al. (1999)); and focus flows
(Jacobson & Ramsey (1997)).

AC electric field-induced fluid flow can also be used to move fluids
and analytes (Ramos et al. (1998); Bazant et al. (2004); Sasaki et al.
(2006); Zhao & Bau (2007)), and produce mixing by stirring (Sasaki
et al. {2006)). AC-based systems have many advantages, including lower
power requirements, simple integration and little or no electrolysis issues.
Fluid is driven and controlled using microelectrodes that are fabricated
within microchannels. The electrohydrodynamic forces produced by the
AC fields act either on the bulk fluid, (e.g. electrothermal flow (Ramos
et al. (1998)), or the double layer at the solid-electrolyte interface, AC
electroosmosis (Ramos et al. (1998)). In this letter we describe a new
way of controlling the behaviour of two co-flowing streams of electrolytes
in a microfluidic system using AC electric fields generated by a micro-
electrode array.

The experimental arrangement consists of a micro-device with micro-
electrodes fabricated on a planar glass substrate, fig. A.1. The electrodes
are made from Pt, and are 200 nm thick, manufactured using ion beam
milling of the metal. They have a width and gap of 20m. The microflu-
idic channel width is 1 mm and has a height of 100 m and is fabricated
from a photosensitive laminate resist. The channel is closed with an
upper glass layer and the finished device clamped to seal the system.
The electrodes have a chevron pattern (figure A.1). An AC potential
difference is applied to each alternate electrode, producing an electric
field at the boundary of the two fluids along the length channel. AC
signals (< 20V) were applied using signal generators with frequencies
high enough to avoid electrode polarization and electrolysis.

Two different electrolytes are pumped across the electrodes as shown
in figure A.1. Solutions of KCl with different conductivities were used,
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Figure A.1: Diagram of the experimental chip showing the two coflowing
fluid streams before and after application of the electric field. The elec-
trode array is on the bottom of the channel and each alternate electrode
is connected to a single phase voltage supply.

one ten times higher than the other. The KCI with the higher conductiv-
ity also contained a dilute solution of carboxy-fluorescein, which enabled
discrimination of the two separate flows and the boundary between them.
When a single phase AC potential was applied to the electrodes it was
observed that the boundary between the two fluids moved, as shown
schematically in figure A.1. Two images from the device showing this
effect are reproduced in figure A.2 2. These data were obtained with
an applied signal of 20V (peak to peak) at a frequency of 1 MHz, with
electrolyte conductivity of o; = 15mS/m and o, = 1.5mS/m.

When the voltage was applied, the boundary between the two fluids
moved to the region of lower conductivity, within a few tens of msec
after applying the potential. This boundary then remained fixed along
the entire length of the channel downstream, even after the electrode
array had ended (figure A.1). When the voltage was switched off, the
fluid returned to the steady-state position. This effect was observed for
frequencies around 1 MHz, but when the frequency of the applied signal
was increased to 10 MHz, the effect was no longer seen. Changing the
electrolyte conductivities to o7 = 15mS/m and o, = 1.5mS/m greatly
reduced this effect, but a small deviation in the boundary was still seen.
Changing the voltage altered the position of the boundary. At voltages
less than 5V, little effect was observed. As shown in figure A.2, with 20V
applied the high conductivity liquid almost occupied the entire width of
the channel. This data was obtained with a volume flow rate of 0.31/s,

2See EPAPS Document No. E-APPLAB-91-020452 for a video showing the move-
ment of fluid when the field is applied. This document can be reached through a
direct link in the online article’s HTML reference section or via the EPAPS home-
page (http://www.aip.org/pubservs/epaps.html)
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equivalent to an average fluid velocity of 2mm/s.

The electrical body forces on a liquid are described by the following
equation (Stratton (1941))

f, = p,E - %EQVE + %v [pm (%) E2J (A1)
where p, is the charge density, p,, the mass density, ¢ the permittivity,
T the temperature and E the magnitude of the electric field. The first
and second terms are the Coulomb and dielectric forces, respectively, and
the last term is the electrostriction force, which can be ignored for in-
compressible fluids (Stratton (1941)). For the system described here, the
dielectric term is zero because both liquids have the same permittivity.
Electrolytes are overall neutral (no excess free charge); and the Coulomb
force acts on the free charge at the interface between the liquids. There-
fore, the electric field at the boundary creates a force which displaces
one liquid with respect to the other. The free charge is induced by the
electric field, which also is responsible for the force. Therefore, the time
average force is non-zero and scales with E2.

The behaviour of the liquid is in many ways analogous to the be-
haviour of a polarisable particle in a non-uniform electric field - a phenom-
ena known as Dielectrophoresis (DEP) (Pohl (1978); Morgan & Green

Fluorescein

Figure A.2: Experimental images of the two electrolyte streams: (a)
before and (b) after application of 20V peak to peak at 1 MHz. Note that
the deflection continues downstream after the electrode array finishes.
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(2003)). At low frequencies, the free charge dominates, but as the fre-
quency increases the permittivity dominates because there is no time for
charge to accumulate at the interface. Therefore, as in DEP, permittivity
effects are predominant at high frequencies and for two fluids of identical
permittivity the force is zero. At low frequencies free charge dominates
and the liquid with higher polarisability (the higher conductivity) tries to
maximize the electrical energy of the system (at constant potential) and
occupies the region of high electric field, as observed in these experiments.

For the two fluids used in this work, the relaxation frequency of the
interfacial free charge is Pohl (1978):

_ 1 d10'2 -+ d20_1'

f2 - 2n d1€2 + d2€1
where d is the thickness of the dielectric. In this case d; = dy and 07 = 09
so that f, = 1.85 MHz. Therefore, for frequencies much greater than f,
the force is negligible, but for frequencies much lower than f;, the force
is constant. Our experiments concur with this simple estimation. The
magnitude of this force scales with the difference in conductivity of the
two liquids, according to (o3 — 0y)/(02 + 01). For the two conductivities
shown in fig. A.2, the factor is 0.82, but for the two samples of nearly
equal conductivity the factor is only 0.14, i.e. the force is much reduced.
The two fluids were driven by gravity. Changing the height of the fluid
reservoirs by the order of 1 mm corresponds to a hydrostatic pressure of
the order of 10 Pa. This pressure change was enough to produce an ob-
servable change in the position of the interface. For a voltage of 20 Vi,
the time-average electrical pressure in the system can be estimated to be
approximately 40 Pa, which is more than enough to cause the deflection
observed.

(A.2)

Interestingly, fig. A.2 also shows that when the field is applied, the
boundary between the two fluids is compressed and better defined. Up-
stream of the electrodes, the boundary is broad due to diffusion of the
fluorescent dye into the liquid, but over the electrodes the boundary
becomes narrower. Fig. A.3(a) shows a profile of the light intensity (pro-
portional to concentration of fluorescein) across the interface before and
after application of the voltage, determined along the lines (200 ym long)
shown in fig. A.2. Fig. A.3(b) shows that the intensity profile (with the
voltage off) is well matched by the theoretical (normalized) concentration
(of fluorescein) calculated from the diffusion equation. The observation
point was 3.1 mm from the junction of the two fluids (diffusion time of
1.5s), and the curve was calculated using a diffusion constant for fluo-
rescein of 4 - 10719 m? /s (Culbertson et al. (2002)). When the voltage is
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Figure A.3: Profiles of the light intensity across the interface: (a) with
and without electric field; (b) comparison of the experimental concentra-
tion profile and the theoretical profile (without field).

applied the profile across the boundary changes markedly, as shown in
fig. A.3(a), appearing to reduce the effect of diffusion.

Although DC fields have been used to limit the diffusion of charged
species (Jacobson & Ramsey (1995)), this has not been previously ob-
served with AC fields. The origin of this effect is not clear at present,
but may be related to the polarization of the interface.

In conclusion, we have demonstrated that applying an AC electric
field across the boundary of two electrolytes with different conductivities
in a microchannel, generates a force at the interface that alters the po-
sition of the boundary. We have shown qualitative agreement between
experiment and theory in terms of frequency and voltage dependence.
Further work is required to quantitatively characterize these phenom-
ena. The ability to actively deflect fluids within a micro-system has
many technological applications, for example active solid-state deflection
of streams into different outlets for sorting or analysing of particle and
analytes. The phenomenon could also be used to rapidly switch differ-
ent fluid stream to different sensing points, allowing multiple analysis
steps to be performed in a single microfluidic channel. Dynamic control
of flow focusing of fluids should be possible, in a manner analogous to
DEP-focusing of particles along the centre of a channel (Morgan et al.
(2003)). With a high voltage (~ 40 V), electro-hydrodynamic instabil-
ities were produced at the boundary which could be exploited to drive
chaotic mixing, as demonstrated for DC fields (Oddy et al. (2001)).



Appendix B

Flow of electrolytes induced by AC
voltages in a point-plane electrode

microsystem1

1This appendix has been published in its present form in: ICDL 2008. IEEE
International Conference on Dielectric Liquids, 2008.
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B.1 Introduction

Electrohydrodynamics (EHD) in microsystems is receiving a growing in-
terest because of the extensive research in microelectromechanical sys-
tems (MEMS) and the Lab-on-a-Chip technologies {Stone et al. (2004);
Ramos (2007)). Electric fields are a key tool for the manipulations of
liquids at the micrometer scale. For example, electroosmosis requires
relatively low voltages for dragging fluids at solid-liquid interfaces. Nev-
ertheless, as the dimensions are reduced and the voltage is increased,
new phenomenology appears. The standard electrokinetic theory is not
sufficient to describe the full behaviour of aqueous solutions subjected to
electric fields at the microscale. Several experimental observations are
lacking of a theoretical explanation. In particular, the fluid flow gener-
ated by AC electrokinetic micropumps (Studer et al. (2004); Cahill et al.
(2004)) is correctly described by the theory of AC electroosmosis (Ramos
et al. (1999a, 2007)) when the applied voltages are sufficiently low (<2
V,p) and the electrodes behave as a perfectly polarisable surface. These
micropumps are based on arrays of microelectrodes subjected to ac po-
tentials. The theory predicts pumping in a certain direction but in the
experiments this direction reverses under certain conditions (Studer et al.
(2004); Garcia-Sanchez et al. (2006); Gregersen et al. (2007)).

Despite the low applied voltage to the microelectrodes (usually less
than 10 volts), high electric fields can appear. Even with ac signals,
Faradaic currents are probably occurring and they could give rise to

QObservation
window

Waste New Liquid

Figure B.1: Scheme of point-plane experimental device.
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forces in the bulk of the fluid (Garcia-Sanchez et al. (2008); Sides (2001)).
Although electrolytes are quite different of dielectric liquids, the descrip-
tion of the fluid flow in microsystems might have some analogies with
the EHD of insulating liquids (Castellanos (1998)).

In this work we study a model system: A metal tip in front of a planar
electrode. This geometry was extensively used for low conductivity lig-
uids (Atten et al. (1997)) and it has been commonly applied in the design
of the injection (or ion-drag) pumps. The electric field is maximum at
the tip apex, therefore electrochemical reactions are expected to happen
there. In this way, we expect that fluid flow originated by these reac-
tions is occurring near the tip. The plate is just working as the reference
counter-electrode. It is worth noting the importance of the nature of the
electrochemical reactions at the electrodes and their effect on the fluid
flow. In dielectric liquids, the generation of ions at the metal tip leads
to flows from the point to the plate, i.e. the typical charge injection. If
instead, ions are discharged at the tip, the fluid flows from the plate to
the metal point (Atten & Seyed-Yagoobi (2003)). For electrolytes, we
argue that electrochemical reactions at the metal tip that generate ionic
species (increasing the conductivity) lead to flows in the opposite direc-
tion to those reactions that consume ions (decreasing the conductivity)

. Bbum

| direction

Figure B.2: Flow tracers path for an AC signal with 10 V,, and 100 Hz.
Electrolyte A.
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(Garcia-Sanchez et al. (2008)). The fabrication of this device does not
require high technology. The only difficulty is found in the production of
sharp metal tips. Here, we make use of a tungsten tip placed in front of
a platinum plate.

When the point-plane system was subjected to ac signals, fluid flow
was observed. The gap between the tip and the plane was around 100 pm.
Voltage amplitudes larger than 5V, were necessary in order to have an
appreciable motion.

Electrolytes with three different conductivities were employed. Fluid
flow occurred over a wide range of frequencies for all conductivities - from
100 Hz up to a frequency well above the charge relaxation frequency of
each liquid. This result shows that a single mechanism based on per-
fectly polarisable electrodes -as occurs in electrokinetic phenomena- can
not explain the flow generation. The observation of fluid flow around the
relaxation frequency indicates that forces in the bulk should be present.
Electrochemical reactions at the tip were probably generating changes in
the liquid properties. In the results section, we discuss how gradients in
liquid conductivity can give rise to induced charges in the bulk of the
liquid.

B.2 Experimental Details

Fig. B.1 shows a scheme of the experimental device. A sharp tip is ob-
tained from a tungsten bar (1 mm dia.) by electrochemical etching. The
radius of the tip apex is around 5-10 um. A glass chamber is fabricated
with a platinum plate on one side. The tungsten tip is attached to a
micrometer and placed in front of the plate. The gap (G) between the
tip and the plane can be then adjusted.

The glass chamber has inlet and outlet ports. PTFE tubes with
microfluidic valves are connected to these ports. The electrolyte is in-
jected into the chamber through the tubes by means of a syringe. KCl
aqueous solutions are used as working fluids. Three different salt concen-
trations are studied. The corresponding conductivities are: electrolyte A
1.5mS/m, electrolyte B 7.7mS/m and electrolyte C 15mS/m. Fluores-
cent latex beads (500 nm diameter) are suspended in the electrolyte and
used as flow tracers. A signal generator is used to apply ac potentials be-
tween the tip and the plane. Flow tracers within the “observation region”
are viewed with an epifluorescence microscope (Nikon Optiphot-100). A



B.3. Results and Discussion ‘ 131

digital camera attached to the microscope is used to capture videos of
the observations.

B.3 Results and Discussion

Fig. B.2 shows the streamlines of the generated flow with electrolyte A
for an applied signal of 10 V,, and 100 kHz. This figure is the result of
superimposing 80 consecutive frames of a video recording. The distance
between the tip and the plane (G) is set to 100 yum. The flow direction is
from the tip to the plane. The observed flows were always in this direc-
tion when working with electrolytes B and C. In some experiments with
electrolyte A (1.5mS/m) the direction of the flow was from the plane
to the tip but this observation was not reproducible. Moreover, in some
observations with electrolyte A, the flow changed from one direction to
the other i.e. the fluorescent beads started to move from the plane to the
tip and, after tens of seconds, the motion was reversed. This transient
behavior was only observed in this sense.

Fluid velocities were measured at the middle position between the tip
and the plane for the three different conductivities. Fig. (B.3) shows the
measured fluid velocity versus frequency for a constant signal amplitude
of 6 Vp,. These measurements, as well as the flow direction for elec-
trolyte A, were hardly reproducible. However, an interesting feature of
the experimental observations was always reproduced: the fluid velocity
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Figure B.3: Velocity vs frequency for a voltage amplitude of 6 V.
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vanishes above the charge relaxation frequency of the liquid. In table I
are shown for each conductivity the frequencies at which the flow is not
noticeable - velocities smaller than 5 um/s. The corresponding relaxation
frequencies are also shown.

Electrolyte A B C

Conductivity 1.5 mS/m | 7.7 mS/m | 17 mS/m |

Relaxation frequency | 339 kHz | 1.74 MHz | 3.84 MHz

Maximum frequency | 1.8 MHz | 6.5 MHz | 16 MHz

Table B.1: Relaxation frequencies and maximum frequencies at which
fluid flow was observed for each of the three electrolytes

The theoretical typical frequencies for electroosmotic flow in this ge-
ometry (typical distance is G = 100 ym) are around 100 Hz for electrolyte
A and 340 Hz for electrolyte C. The presence of an oxide layer on the elec-
trodes increases the typical frequency (Gonzalez et al. (2000)), this could
mean that frequencies for electroosmosis could be then around 1 kHz for
electrolyte C. The observed fluid motion in these experiments occurred
over a broad frequency range. The electrokinetic theory can not explain
the fluid flow at 1 MHz.

Thermal effects or electrochemical processes can give rise to gradi-
ents in the electrolyte conductivity. EHD instabilities in microsystems
due to these gradients have been recently studied (Baygents & Baldessari
(1998); Chen et al. (2005)). Other instabilities such as those studied by
Rubinstein and co-workers (Rubinstein & Zaltzman (2000)) may appear
at high current densities. They are associated to depletion of electrolyte
near the interfaces.

Beyond EHD instabilities, gradients in conductivity can give rise to
fluid motion in, at least, the following situations:
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(a) Gradients in temperature can generate fluid flow by the so called
electrothermal effect (Green et al. (2001)). Computations show that, for
the present conductivities and applied voltages, the effect should be neg-
ligible - velocities no higher than a few microns per second.

(b) Induced electrical charge can appear because of electrochemical
processes at the electrodes. From the continuity equation for the elec-
trical current and the assumption of quasielectroneutrality, the induced
charge in the bulk is (Newman & Thomas-Alyea (2004)):

p_Vo-V¢ N > zeD; Vi

13 g ag

(B.1)

where o is the liquid conductivity, ¢ the electric potential, e the proton
charge and z;, D; and ¢; are the ionic valence, diffusion coefficient and
concentration of specie i, respectively. The first term in equation B.1
could give rise to a non-zero time-averaged force if the time-averaged
conductivity gradient is non-zero (V¢ # 0). On the other hand, if has
a time-varying component with the same frequency of the electric field,
the second term in B.1 could also give rise to a non-zero time averaged
force. This term can produced a net free charge in a layer of thickness
v/ D/w, with w the angular frequency of the applied field. For typical
values of w = 10%rad/s and D = 10~ m? /s, this distance is of the order
of microns § ~ 1um. The force due to this term has been considered
by Sides (2001) and Fagan et al. (2004) for particle motion on top of
AC polarized electrodes. This second term in B.1 is zero for a binary
symmetrical electrolyte. Because of the relation of diffusion layer thick-
ness with frequency, we expect that this term is negligible for frequencies
beyond 100kHz. Therefore, we suggest that the fluid flow observations
are originated by the Coulomb force on the charge induced by electric
fields on gradients of conductivity. These gradients of conductivity would
be created by electrochemical reactions. Generation or consumption of
ionic species at the metal point can lead to gradients of different sign
and, consequently, the induced charge sign will depend on this as well as
the fluid flow direction.

B.4 Conclusions

The present point-plane system is useful for studying EHD of electrolytes
at the microscale. Different flow regimes were observed. The electroki-
netic theory can not account for the fluid flow observations. Several
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mechanisms are proposed and, probably, a competition between them is
generating the net flow observations.

Future work should be focused in an extension of the experiments to
electrodes of different materials as well as to other electrode geometries.
The measurement of the electrical current could provide some informa-
tion about the physical origin of the fluid flow.
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C.1 Introduction

The experiments with microelectrodes carried out during this thesis have
usually required the use of fluorescent particles. Fluorescent latex beads
of 500 nm diameter were used both for determining the fluid flow patterns
and for measuring the fluid velocity. Several techniques can be found in
the literature (Adrian (1991)) for performing particle-based flow visual-
isation. PIV (Particle Image Velocimetry) and PTV (Particle Tracking
Velocimetry) are the most used methods for flow visualisation in micro-
metric systems, recent reviews can be found in Sinton (2004) and Adrian
(2005). Any of these techniques relies upon the suspended beads behave
as flow tracers, i.e. they follow the fluid flow and the velocity of the fluid
at a certain time and position can be obtained from the motion of the
particles.

The velocity measurements reported in this work were performed by
means of the program PTS (Particle Tracking Software)!. This is a Mat-
lab program for tracking the fluorescent particles in the video record-
ings of the experiments. Short frame sequences (between ~ 50 and 100
frames) are exported from the video files and imported in Matlab. The
fluorescent beads are found and labelled in every frame. Subsequently,
trajectories are built by identifying a given particle in several consecutive
frames. The next section provides the details of the tracking procedure
implemented. An example of velocity measurement is also included.

C.2 Tracking Procedure

For realizing the velocity measurements, the PTS program requires a Tiff
image sequence of the frames to be analysed. Typically, we start with a
sequence of images in grayscale of 720 x 576 pixels, where regions of light
gray pixels correspond to the images of the beads on a dark background?.
The aim is to select a certain zone of the frames and convert it into black
and white images. In this way, regions of white pixels can be identified
as the images of the beads on a black background.

Once the region is selected, it is desirable to remove some objects

IThis software is available upon request to pablogarcia@us.es

?In some experiments, white light was used instead of FITC illumination. In this
case the 500 nm beads appear as black dots in a light gray background. These images
are inverted in order to have light gray particles and, in this way, proceed as in the
usual case.
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that may appear in every frame. For example, when the electrodes are
focused some beads may be stuck on them and appear during the entire
sequence. In order to remove these objects, the average intensity of all
frames is subtracted from every single frame and, in this way, only “mov-
ing beads” remain. Before the conversion to B&W, the intensity contrast
is adjusted in every frame so the difference between light and dark pixels
is enhanced. A threshold intensity value is chosen and all pixels below
that value are switched to zero (black), pixels above the threshold are
switched to one (white).

After the conversion to B&W, it is convenient to remove some isolated
white pixels that might appear and have no correspondence to any par-
ticle. The next step is finding the particles in every frame. The program
searches for isles of white pixels, every isle is considered a particle and
labelled. The coordinates of the centre point of the particle are found
and stored. At this point, we can start to search for the trajectories:

The distances between all particles in the first frame and all particles
in the second frame are computed. The minimum of these distances is
found. The two particles separated this distance are chosen and the par-
ticle in the second frame receives the same label that the corresponding
particle in the first. This label assignation is carried out as far as this
distance is less than a cutoff value introduced by the user. Fig. C.1 shows

Figure C.1: Cutoff radius for finding trajectories.
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an example, a circle of radius equal to the cutoff value Reyf5 is centered
at the position of one particle in frame 1. The nearest particle of frame
2 to the particle of frame 1 is inside the circle. The criterion is then
fulfilled and the label of the particle in frame 1 is assigned to the particle
in frame 2. In this way we start to build the first of the trajectories.

The two particles involved in this trajectory are eliminated and, con-
sequently, not taken into account for finding the next one. The minimum
distance between all remaining particles is now found and, again, the par-
ticle in the second frame receives the same label that the corresponding
particle in the first as far as this distance is less than the cutoff value.
The second of the trajectories is now started and we keep this proce-
dure until the remaining distances are larger than the cutoff value or all
distances between the two first frames have been assigned to a trajec-
tory. Note that the number of trajectories does not necessary match the
number of beads in any of the two frames. Some labels might be lost in
the first frame and the corresponding particles are not further accounted.

Once it is finished with the two first frames, we follow with the second
and third frames. Some beads in the second frame will have the same
label that beads in the first (trajectories started in the previous step),
the others beads are candidate for starting new trajectories. The same
matching procedure is now repeated, some trajectories will include a new
point, others might be lost and new trajectories might also be created.
In this way we can scan all frames and build several trajectories.

The particle velocity of every trajectory is computed from the final
and initial position and the number of frames between them. The average
value of the velocity in all trajectories is computed as:

Zz (1)

where v; is the velocity corresponding to trajectory i and n; is the number
of points of that trajectory. In this way, we make that trajectories with a
larger number of points have more weight in the statistics. The error of
the measurement is estimated as the standard deviation of the velocities
distribution:

U =

Av = \/Zz ni(vi '.—5)2 (CQ)
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The velocity and error values are expressed in pixels/frame units.
They are transformed to physical dimensions with the following param-
eters: frames per second (fps) at which the video was recorded and the
micron to pixel ratio. The correspondence of pixels to microns can be
calibrated by the user after opening the image sequence. It is needed a
reference (known distance) in the images. The capture rate is usually
25 fps, but this can be changed by the user if required.

C.3 An Example of velocity measurement

This section includes an example of how to use the PTS program for
measuring the velocity in one of the videos of the experiments. Fig.
C.2 shows the graphical user interface that appears when the program is
started (the program is started from the Matlab command window).

Panticls Tracking Software
| GRUPO EHDMGC SEVILLA

Figure C.2: Graphical user interface of PTS
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A tiff image sequence can be opened from the toolbar command “Open
Sequence”. Double click on the file name opens the frames correspond-
ing to the selection of “First frame to open”, “Number of frames” and
“Step”, see Fig. C.3. It is possible that we have long sequences but we
only want to analyse a part of them or, for instance, we want to use dif-
ferent parts of the same sequence for different measurements. The “First
frame to open” field selects at which frame of the entire sequence the
import is starting. If the “Step” field is set to 1, all frames after the first
are open until the “Number of frames” is reached. It is possible to skip
frames during the opening if “Step” is set to a different value.

P

4ee 25 10-pul ot mi Fiet frame to open
Aresink

i

Double chek on the Ut e
Gepoun]

Gt Wk Tolder

Figure C.3: Import a tiff sequence

The first frame of the selection is shown in the graph area of the PTS
program window. The region of interest (ROI) can then be chosen click-
ing on “Select Region”. A video of the ROI is shown if “Video of the

region” is clicked.

The next task is the processing of the images. With the command
“Subtract Average”, the average intensity of all frames is subtracted from
every single frame. In this way, objects that appear in every frame are
removed. The images are now ready to be converted to B&W, it is al-
though convenient to enhance the contrast before. The “adjust contrast”
button is for performing this enhancement.
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The conversion to B&W is carried out after selecting a threshold value
[0,1] with the slide bar. A suitable value for the recordings of our ex-
periments is 0.9. Since images are in a 256 grayscale, this means that
all pixels above 230 are converted to white and all below will be black.
Small objects should now be removed. The minimum radius accepted is
selected with another slide bar. If the minimum radius is for example 2,
all objects (white areas) whose typical distance is less than 4 pixels are
removed (converted to black pixels).

"7"{*,;:.‘:%&@& -

*

Figure C.4: The graph shows the traces of the beads after 10 frames

At this point, we can see a video of the result of the image processing
by clicking in the “View” button of the “Movie” area. In the “Repe-
titions” edit field, the user can introduce how many times the video is
going to be shown. It can also be seen the result of superimposing a
given number of frames. This is done in the “Trace” area where the
total number of frames to be superimposed can be selected. Fig. C.4
shows the result of superimposing 10 frames of a video corresponding to
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an experiment with a travelling-wave array of titanium.

Clicking on “Label particles” the PTS program finds single connected
areas of white pixels and assigns a label to every area. Trajectories can
now be searched. The user must introduce a cutoff value in the “Maxi-
mum Distance” edit field and when the “Trajectories” button is clicked,
the trajectories are built. If the “plot” button is used, the program plots
the trajectories on the images of the ROI. If the “plot+video” button
is clicked, the trajectories are plotted and a video of the ROI is shown
simultaneously. In this way, the user can visually check how good the
trajectories found by the program match the trajectories that one could
predict by eye.

Figure C.5: The histogram shows the number of trajectories with a cer-
tain velocity

Once the trajectories are found, we can measure the average velocity
within the ROL. Clicking on the “Histogram” button of the “Velocities”
area shows a histogram like that in fig. C.5. The horizontal axis corre-
sponds to the length in pixels of a trajectory over the number of frames
in which was found, that is, velocity in pixels over frames units. The
vertical axis corresponds to the number of trajectories found with that
length. Only the trajectories with a total number of points equal or
larger than the value introduced in the “Minimum Number of Points”
edit field are considered. In this way, we neglect short trajectories that
could not be significant.

We would finally like to have the average value and an estimate of the
error of these measurements but expressed in physical units. Therefore,
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we must introduce the frame rate at which the image sequence was cap-
tured (25 fps by default). Note that if you are not importing all frames
but skipping some, the PTS program is already accounting for this. The
value to be to introduced in the fps field is that corresponding to the
original sequence independently of how you use the frames to measure
velocities. We also have to introduce the pixels to microns conversion
factor. We need some reference in the images for this, i.e. a known dis-
tance. If we know, for instance, that the size of the electrodes and gaps in
a TW device is 20 micron, we can introduce the number 100 in “microns
as reference” edit field and then click in the “micron/pizel” button. A
new window is open where the first frame of the original sequence is
shown, see fig. C.6. Clicking on “Select Width” allows us to draw a rect-
angle whose width corresponds to the distance indicated in the microns
as reference (in this case, 100 micron is equal to five times the electrode
width). This is usually easy to do since one can identify the position of
the electrodes in the video recordings and, then, draw the rectangle on
them. The lower right corner of the rectangle is used as the origin for the
coordinate system, that is, the position of the ROI is referenced to that
point of the square we are using for calibrating distances. This reference
is usually convenient as in the current example of the TW video since
the Y-coordinate of the ROI corresponds to the height over the electrode
array where the measurement is performed. After clicking on “finish” the
window is close and the calibration step finished. The edit field near the
“micron/pizels” button is updated to the conversion factor. By clicking

Figure C.6: Window for calibrating distances
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on the “Awverage” button the average value and standard deviation of
the histogram in fig. C.5 is calculated and then transformed to physical
units. The result is shown in the “Velocity” and “Error” edit fields.
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Publications related to the thesis:

P. Garcia-Sanchez, A. Ramos, A. Gonzalez, N.G. Green, H. Morgan.
Flow reversal in traveling-wave electrokinetics: an analysis of
forces due to ionic concentration gradients. (submitted to Lang-
muir).

The results in this article have been included in chapters 4 and 6.

H. Yang, H. Jiang, D. Shang, A. Ramos, P. Garcia-Sanchez. Exper-
iments on Traveling-Wave Electroosmosis: Effect of Electrolyte
Conductivity. (submitted to IEEE Transactions on Dielectrics and
Electrical Insulation).

The results in this article have been included in chapter 4.

P. Garcia-Sénchez, A. Ramos, N.G. Green, H. Morgan. Traveling-
wave electrokinetic micropumps: velocity, electrical current and
impedance measurements. Langmuir 2008, 24, 9361-9369.

The results in this article have been included in chapter 4.

A. Ramos, A. Gonzélez, P. Garcia-Sdnchez, A. Castellanos. A lin-
ear analysis of the effect of Faradaic currents on traveling-wave
electroosmosis. Journal of Colloid and Interface Science 2007, 309,
323-331.

The results in this article have been included in chapter 5.

H. Morgan, A. Ramos, N.G. Green, P. Garcia-Sdnchez. Control of
two-phase flow in a microfluidic system using ac electric fields.
Applied Physics Letters 2007, 91, 254107.

This article has been included as Appendix A.

P. Garcia-Sanchez, A. Ramos. The effect of electrode height on
the performance of travelling-wave electroosmotic micropumps.
Microfluidics- Nanofluidics 2008, 5, 307-312.

The results in this article have been included in chapter 7.

P. Garcia-Sanchez, A. Ramos, N.G. Green, H. Morgan. Experi-
ments on AC Electrokinetic Pumping of Liquids Using Arrays
of Microelectrodes. IEEE Transactions on Dielectrics and FElectrical
Insulation 2006, 13, 670-677.

The results in this article have been included in chapter 3.
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Other publications:

A. Ramos, P. Garcia-Sénchez, A. Robles, M. J. Freire. Pumping of
water by microwave electric fields in microsystems. (submitted
to Journal of Electrostatics).

Y. Ren, H. Jiang, H. Yang, A. Ramos, P. Garcia-Sanchez. Electri-
cal manipulation of electrolytes with conductivity gradients in
microsystems. (submitted to Journal of Electrostatics).

H. Yang, H. Jiang, A. Ramos, P. Garcia-Sdnchez. AC and Travelling-
Wave Electrokinetic Pumping on Symmetric Electrode Arrays.
(submitted to Microfluidics-Nanofluidics).

F. Carrique , P. Garcia-Sanchez, E. Ruiz-Reina. Electroviscous
effect of moderately concentrated colloidal suspensions: Stern-
layer influence. Journal of Physical Chemistry B 2005, 109(51), 24369.

E. Ruiz-Reina, P. Garcia-Sanchez, F. Carrique. Electroviscous
effect of moderately concentrated colloidal suspensions under
overlapping conditions. Journal of Physical Chemistry B 2005, 109(11),
5289.

E. Ruiz-Reina, A. I. Gémez-Merino, F.J. Rubio-Hernandez, P. Garcia-
Sénchez. (-Potential and Stern-layer parameters of y-alumina

suspensions. Journal of Colloids and Interface Science 2003, 268, 400-
407.

E. Ruiz-Reina, F. Carrique, F.J. Rubio-Hernédndez, A.l. Gémez-Merino,
P. Garcia-Sdnchez. Primary electroviscous effect in moderately
concentrated colloidal suspensions 2003. Journal of Physical Chem-
wstry B 2003, 107, 9528-9534.

F.J. Rubio-Hernéndez, A.I. Gémez-Merino, E. Ruiz-Reina, P. Garcia-
Sénchez. An experimental test of Booth’s primary electroviscous
effect theory. Journal of Colloid and Interface Science 2002, 255, 208-
213.
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