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Abstract 

Micro-droplets are an important component in micro-reactors and the biochemical and hydro
dynamic manipulation of discrete micro/nano-liter droplets is a key process in lab-on-a-chip 
devices. In particular mixing in micro-droplets is highly relevant to miniaturized biotechno
logical and biochemical systems. AC electroosmosis (ACEO) is a flow-forcing technique by 
which to achieve active micro-mixing within micro-droplets. This report shows the possibility 
to use ACEO flow inside a micro-droplet. 

First the known methods to mix inside micro-droplets are discussed. Then the theory of the 
ACEO flow is discussed and a model for ACEO flow in droplets is presented. This model is 
used to show the flow phenomena caused by ACEO. 

A micro fluidic device is designed to generate droplets in a micro-channel and investigate the 
possibility of ACEO flow inside the droplets. Different lay-outs are discussed and a micro 
capillary channel is fabricated to generate droplets . Another channel containing electrodes is 
designed to visualize the flow phenomena of ACEO flow inside the droplets. 

Visualization experiments are done and the results are used to estimate the flow profile and 
show the flow phenomena caused by ACEO flow. These results are compared to numerical 
simulations for validation. The results show qualitative agreement. 

Finally the numerical model is used to analyze the mixing characteristics caused by ACEO 
flow. For this a time periodicity is introduced in the flow profile. This demonstrated the 
possibility of chaotic advection driven by ACEO flow inside a micro-droplet. 
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Chapter 1 

Introduction 

Pumping, mixing and particle manipulation in micro fluidic channels are of growing interest 
in various research areas. They are more and more used in products like lab-on-a-chip devices 
which can be used for sample analysis or as micro-reactors. A micro-droplet is able to keep 
different samples in a micro channel separated by a carrier fluid. Mostly the droplets will 
contain an aqueous solution and they will flow in an oil-like carrier fluid. This has the 
advantage of being immiscible with each other. Mixing inside these droplets is an important 
tool required for carrying out biologica} and chemica} reactions. 

Different methods are used to create fluid flow, enhancing mixing, inside a droplet. When 
droplets move through straight channels, a symmetrical recirculating flow performs in it. 
Based on this phenomenon a passive mixing method achieving an asymmetrical recirculating 
flow is applied inside the droplet. For example, droplets can be pumped through clever 
channel configurations as shown in Figure l.l[TL]. 

Cb) 
(i) (ii) 
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Figure 1.1: Passive mixing within droplets . (ab) Schematic demonstrating mixing patterns 
within droplets inside winding channels. ( c) Experimental results show the rotational pattern 
[TL]. 

This passive way of mixing breaks symmetry in the internal flow of the droplet, increasing the 
interface between the two colors in the droplet . Some channels can even enhance stretching 
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and folding, a commonly used way to mix, in the droplet as shown in Figure l.la. Drawback 
of the used system is that droplets will always have to be pumped forward to enhance mixing. 

Mixing inside droplets can also be done in an active manner. This is for example done 
using aqueous droplets inside air or oil using electro wetting on dielectrics [PS]. A schematic 
representation of this method is shown in Figure 1.2. 

Wire electrode 

---- ------ ...... 
V 

Droplet 

lnsulation 

Counter electrode 
Figure 1.2: The electrowetting effect. A droplet of conducting liquid initially farms a contact 
angle 0 with a solid hydrophobic insulator (solid contour). Application of a voltage V between 
the droplet and a counter-electrode underneath the insulator reduces the solidliquid interfacial 
energy, leading to a reduction in q and improved wetting of the solid by the droplet ( dashed 
contour) [PS]. 

Placing the droplet on an electrode configuration as shown in Figure 1.3 and application of 
an electric field on one side of the droplet induces an imbalance of interfacial tension which 
can drive bulk flow of the droplet. 

Ground electrode 
Top-plate 

Glass substrate 

Hydropho ization Fluld layer 

Control electrodes 

Figure 1.3: Schematic cross-section of the electrowetting chip [PS]. 

Using this method with a 2D electrode configuration, it is possible to move the droplet around, 
causing the interior of the droplet to mix as shown in Figure 1.4. 
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Figure 1.4: EWOD-based active mixing achieved by moving droplets across the surface in the 
pattern described in the top row of images [TL]. 

The drawback of this method of droplet manipulation is that high voltages of 15 - 100V are 
needed [PS] and droplets have to move. 

Mixing in micro-channels has been done using AC-electroosmosis (ACEO). This is a method 
that allows active and local control of fluid flows. ACEO is a mechanism that actuates a 
conductive fluid by applying an AC voltage over pairs of planar electrodes submerged in a 
micro-channel. At the electrodes an electric double layer is formed of charge carriers, the 
ions in the aqueous solution. Due to the electric field induced by the AC voltage over the 
electrodes, the charge carriers experience a force and start to move. Viscous forces then drag 
along the liquid, causing a circulating flow above the electrodes, as shown in Figure 1.5. This 
will be further explained in Chapter 2. 

Flow 

0 ,1) 
........ _____ FACEO -----·-

+ 1 

Figure 1.5: Schematic representation of force and flow enforced by ACEO. 

A very important advantage of ACEO is that only low AC voltages are required, ( amplitudes 
are below 10V), in comparison with electro hydrodynamic actuation of DC electro osmosis, 
which requires strong electric fields with potentials in the scale ranging from 100 - 1000V. 
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Therefore ACEO can easily be used in small micro-channels like Lab-on-a-chip devices. Be
cause of this advantage we propose to use ACEO flow to induce mixing inside the droplet in a 
micro-channel. This comes with the additional advantage that droplets will not have to move 
to induce flow inside it, and therefore the length of micro-channels on Lab-on-a-chip devices 
can be reduced. 

Because of these advantages the main goal of this project is a proof-of-principle of ACEO flow 
inside aqueous droplets in an immiscible carrier fluid. The idea is to generate droplets inside 
a micro channel using a oil-like carrier fluid and aqueous droplets. They will then be placed 
on top of an electrode array on which ACEO flow is generated, which hopefully results in the 
possibility to enhance mixing. A schematic representation of this idea is shown in Figure 1.6. 

Carrier 
..... 

Figure 1.6: Schematic representation of ACEO micro mixer. 

To verify the possibility of this idea, numerical simulations on ACEO flow inside a droplet 
will be clone. Furthermore experiments will be carried out to see if ACEO flow is possible 
inside the droplets. To achieve this goal different steps have to be taken. In Chapter 2 the 
theory about ACEO will be discussed which is used in numerical simulations. Furthermore 
characterization of mixing is described and finally other effects present in the micro channel 
will be discussed. In order to perform experiments droplet-generating and ACEO devices 
have been fabricated. The design and fabrication methods for these devices are discussed in 
Chapter 3. Also in this Chapter the fluidic, electrical and optical system and measurement 
are discussed. Chapter 4 shows the processing of data and results from the visualization 
experiment, which will be compared with numerical simulations. In Chapter 5 the numerical 
simulations will be discussed. The flow field inside the droplet is shown and with this flow 
field mixing characteristics are determined. To investigate mixing two different electrode 
configurations are discussed. Finally the conclusions drawn from this project are shown in 
Chapter 6. This Chapter also contains recommendations for future research. 
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Chapter 2 

Theory and Model 

2.1 AC Electroosmosis (ACEO) 

AC electroosmosis is a phenomenon in which fluid flow is generated directly from electric 
energy. ACEO flow originates from the application of an AC voltage to a pair of planar 
electrodes on a glas substrate, immersed in a liquid electrolyte with conductivity Ij and per
mittivity ê. Double layers are formed at the interfaces between the liquid and the electrodes, 
and between the glass and electrolyte. The double layer (also referred to as Debye layer) has 
a thickness in the order of 10 nm, the Debye length, which is negligibly small in comparison 
with the characteristic length scale of the system, which is in the order of 100 µm. The 
electric double layer consists of two parts, an immobile Stern layer and a mobile diffuse layer, 
see Figure 2.1. Application of an AC electric voltage causes an electric field between the 
two electrodes, as can be seen in Figure 2.2. The normal component of the electric field En 
attracts counter ions towards the electrodes [MG]. 

Figure 2.1: Electric double layer, consisting of the Stern and diffuse layer [MG] . 

The tangential force of the electric field Et excerts a Coulomb force on the charge in the 
diffuse layer, resulting in movement of the ions which drag along the fluid. This is given by 
[RM]: 
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Figure 2.2: Electric field and forces above a charged electrode pair [MG]. 

F = qEt (2.1) 

Here q is the charge in the double layer and Et is the tangential component of the electric 
field. This force can also be seen in Figure 2.2. The applied voltage is an AC signal, meaning 
the charge on the electrodes will change sign every half cycle time. But because both the 
charge and the electric field will change sign, the product of q and Et still has the same sign 
and the force acting on the double layer will always be in the same direction. This force 
results in a flow profile as shown in Figure 2.3. This flow over the electrodes can be modeled 
as a slip velocity at the boundary, as discussed in the next section. 

Bulk fluid 
flow 

Figure 2.3: ACEO Flow profile above electrode pair [MG]. 

The magnitude of the force F is frequency dependent . When charge accumulates at the 
interface between an electrode and an electrolyte, the system behaves like a capacitor with a 
non-uniform charge density. The potential across the charged layer decays exponentially from 
a maximum at the electrode to nearly zero in the bulk. Application of a constant potential to 
the electrode changes the charge distribution, this is analogous to the charging of a capacitor 
C through a resistor R [MG, GSR]. 
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1 
Wc= RC (2.2) 

When a potential is applied to an electrode immersed in an electrolyte, the double layer takes 
a finite time to form, since the ions have a finite mobility and the effects of diffusion are 
important. If the applied potential is alternating there is a certain frequency above which 
there is insufficient time for the double layer to form before the potential switches sign again. 
This is the physical explanation for the frequency dependence of the double layer impedance. 

In the frequency dependence there are two limiting cases. At low frequencies (w « wc) the 
double layer has sufficient time to completely form at every half cycle time( q is large). This 
has the consequence that the potentialis dropped entirely across the double layer and Et = 0, 
implying Fis also zero. At high frequencies (w » wc) the double layer does not have enough 
time to form, so that the potential across the medium is the same as the potential applied to 
the electrodes and (q ~ 0), so F is also zero. 

At intermediate frequencies, there is a transition between these two limiting cases with the 
potential across the medium decreasing as the frequency of the applied potential is reduced. 
This results in a bell-shaped curve for the slip velocity versus frequency plot, which has a 
maximum around Wc - An example of a frequency /velocity plot is shown in Figure 2.4. The 
magnitude of the slip velocity is primarily determined by the applied voltage and also depends 
on the conductivity of the emersing fluid and the electrode gap [GRI]. 

Figure 2.4: Dimensionless velocity (U) as a function of dimensionless frequency (w) as shown 
in [OB]. 

Characteristic frequencies and voltages used in ACEO flow are in the range of 101 - 105 Hz and 
1 - lOVpp. The conductivity of the used electrolytes varies between a = 0(1 - lO0mS/m). 
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Often a solution of KCL in de-ionized water is used as electrolyte, this is because of the 
symmetry in both the valency and mobility of the K+ and cz- ions [GRII] . 

2.2 Electrokinetic Model 

The model used for the electrohydrodynamics of the system is based on that of Ramos as 
described in [OB] . The electroosmotic velocity is calculated and then the Navier-Stokes 
equation with a slip velocity on the electrodes describes the flow. In this model the following 
classica! approximations are used. The bulk electrolyte, apart from the electrical double 
layer, is assumed to be charge neutral with uniform salt concentration, such that transport 
of charges can be regarded as Ohmic current. The Debye layer is assumed to be in local 
equilibrium with the electrolyte outside the layer, meaning the charge distribution and the 
potential in the double layer can be described by the Gouy-Chapman theory. Further by 
comparing with the characteristic length of the electrodes, the thickness of the electric double 
layer can be neglected and thereby the electrical problem and the flow problem can be solved 
separately. Finally it is assumed that the bulk concentration of the reactants in the Faradaic 
electrode reactions is constant, so we neglect the effect of mass transfer. 

The local equilibrium in the Debye layer implies that when the driving frequency is well below 
the Debye frequency WD = ~ of the electrolyte, the total charge accumulated at in the Debye 
layer directly depends on the potential drop (zeta-potential,() across the layer. 

(2.3) 

with E the permittivity of the bulk solution, kB Boltzmann's constant, T the temperature, 
Ci the bulk concentration(number density) of the i-th ionic species, and Zi its valence. When 
the diffusive layer potential drop is less than the thermal potential ( ( « kB T /ze), equation 
2.3 reduces to 

(2.4) 

with E/ ÀD = Cd the capacitance of the Debye layer at low voltages. Assuming that the Stern 
layer on the electrode gives rise to an additional surface capacitance C8 in series with the 
Debye layer. This results in a total potential drop between the applied external potential 
(Vext) and the bulk electrolyte potential ( <p) 

using ( = - -6 this can than be rewritten as 

q 
Vext - </J = - -

0
, 

DL 

where CDL is the overall capacitance in the double layer. 
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In the bulk electrolyte charge neutrality is assumed so that the charge continuity equation 
reduces to 

v' . J = 0. (2.7) 

The electric current J is given by the Ohm law J = -cr'v'</), where er is the conductivity of 
the electrolyte. The charging of the Debye layer is due to the Ohmic current from the bulk 
and Faradaic current from electrochemical reactions at the electrode surface 

aq J . at = -n. + ]ext, (2.8) 

where nis the unit normal pointing out of the electrode meaning, -n • J is the Ohmic current 
transporting into the Debye layer. Jext is the Faradaic current from the electrode reactions 
and is neglected, because all surface diffusion and migration of charge in the Debye layer is 
neglected. On all other boundaries we assume vanishing normal current. 

n -J = 0. (2.9) 

For the simulations the choice has been made to use the nondimensional equation for ACEO 
following Olesen [OB]. This equation is made dimensionless with use of the following sealing 
laws. The nondimensional frequency is scaled with characteristic time for charging the Debye 
layer, following from the equivalent circuit as shown in[oleson], 

To= RoCDL (2.10) 

where the resistance of the bulk liquid is given by Ro = lo/cr . Further the electroosmotic flow 
velocity is scaled with characteristic fluid velocity 

EV,2 
Uo = O 

17lo(l + 8) 

and the other variables are rescaled with 

Thus equations (2.6) to (2.8) reduce to 

respectively. 

- -
Vext - </J = -ij 

aij - -
- =-Il· '\l</) at 
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(2.12) 

(2.13) 

(2.14) 

(2.15) 



Further we assume that the surface potential imposed on the electrode is Vext(r, t) = Re[Vext(r)eiwt ], 
and the potential in the bulk solution is written as </J(r, t) = Re[J(r)eiwt]. Combining equa-
tion (2.13) and (2.15) the charging equation on the electrodes and non-electrode boundaries 
becomes 

(2 .16) 

and 

n · '7</J = 0, (2.17) 

respectively. In these equations w and Vext are the tunable dimensionless constants. For the 
simulations these are set to w = 1.24 and Vext = 1[0B]. 

Now the electrical potential has been described, the electroosmotic fluid velocity at the elec
trode surface can be calculated as done in the next section [RG]. 

2.3 Two-phase Flow Model 

cp 1 

Figure 2.5: Example of two domains divided by an interface. 

Now the electrical potentialis described the flow problem has to be solved, this is done with the 
Navier-Stokes equation. Because in our problem a two-phase flow exists, the Navier-Stokes 
equation has to be solved for two different domains, see Figure 2.5. The black and white 
domain represent the domains for the two different liquids. The two domains are coupled 
together at the interface. The Navier-Stokes equation is given by: 

au T 
pat + p(u. '\J)u = 'Ç7. [-pi+ ry('\Ju + '\Ju )] + pg. (2.18) 
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with p the density, u the velocity, p the pressure, TJ the dynamic viscosity and g is the 
acceleration due to gravity. To solve the N avier-Stokes equation, boundary conditions are 
needed. In the domain touching the outer boundary two different boundary conditions are 
present at the walls (see Chapter 6). On all non-electrode boundaries a no slip condition is 
used with a contact angle of 105°[AK] where the fluid-fluid interface touches the wall. The 
electrode boundary condition is given by a slip velocity which is calculated from the electric 
potential. 

For double layers on polarizable metal surfaces, the electroosmotic slip velocity(u) is given by 
the Helmholtz-Smoluchowski formula [OB, GRIi]: 

(2.19) 

Herein TJ is the viscosity of the fluid, ó.</) is the potential drop across the diffuse double 
layer and Ex is the tangential electric field. In this problem both ó.</) and Ex are oscillating 
functions of time, with frequency w. But since the observed fluid flow in ACEO is driven by 
a steady state component [GRI, GRIi, GRIII], all other components are ignored. This results 
in a time-averaged fluid velocity at the interface between the double layer and the bulk of 

EA • • aJ . . aJ 
Ux = --(Re[Vext - <t>]Re[-a l + Im[Vext - </>]Im[-a]) 

2ry X X 

Uy = 0, 

(2.20) 

(2.21) 

with A the ratio of the diffuse double layer impedance to the total double layer impedance, 
which accounts for the fact that only a fraction of the total applied voltage is dropped over 
the diffuse layer. 

To couple the two domains , interface conditions are needed, at the interface between the two 
liquids. At this interface the velocity fields of both liquid 1 and 2 are continuous. Therefore, 
at the interface we can write 

(2.22) 

At the interface there is also an additional force balance, the surface force: 

F =II· n, (2.23) 

with II = -pl + 2ryD, with D the strain-rate tensor and n the normal component on the 
interface. The tangential component of the surface force balance on the interface is: 

t · II1 · n = t · II2 · n, (2.24) 

resulting in 

(2.25) 
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and the normal component: 

(2.26) 

resulting in 

(2.27) 

where the last term on the RHS describes the surface tension. 

Because it is very hard to implement the coupling at the interface into a working CFD model 
another way is found: The level set method for two-phase flow. This method makes use of one 
domain, instead of two. The method accounts for the differences in the two fluids ' densities 
and viscosities and includes the effect of surface tension and continuity over the interface. 
Furthermore it adds the surface tension force on the interface. Because only one domain is 
used, the Navier-Stokes equation only has to be solved once. 

The level set method is a technique that can represent moving interfaces using a fixed mesh. 
An advantage of the level-set method is that the interface remains sharp in this formulation, 
which eliminates the need for added numerical resolution in the direction normal to the 
interface[AM]. It can be used in problems where the domain can be divided into two domains 
that are separated by an interface. Bath the domains can consist of several parts. Figure 2.5 
shows an example of a domain split in two parts. The interface is represented by a certain 
level set of a globally defined function, the level set function , cp. In the model cp is a smooth 
step function that equals zero in one domain and on in the other. Across the interface there 
is a smooth transition from zero to one. The interface is defined by the 0.5 level set of cp. 
Figure 2.6 shows the level set representation of the interface in Figure 2.5. 

Figure 2.6: Surface plot of the level set function. 
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The following equations are used in this model for the Navier-Stokes equation with surface 
tension term 

Öu T Pat+ p(u · v')u = v' ·[-pi+ ry(v'u + v'u )] + Fst + pg. (2.28) 

And for the level set function 

O<Pls ( ( ) v' <Pls ) at+ u · v'</>zs = Îv' · cv'</>zs - <Pls 1 - <Pls lv'</>zsl · (2.29) 

with p the density, u the velocity, p the pressure, 7J the dynamic viscosity , Pst the surface 
tension force and g is the acceleration due to gravity. In Equation (2.29) the terms on the 
left-hand side give the correct motion of the interface and the RHS has to be zero, hut for 
numerical stability the RHS terms are necessary. The parameter, E:, determines the thickness 
of the region where <Pls goes smoothly from zero to one. 
The density and dynamic viscosity are functions of the level set function 

(2.30) 

7J = 7Jl + (1J2 - 1J1)</>zs • (2.31) 

Where p1 and P2 are the constant densities of fluid 1 and fluid 2, respectively, and 7]1 and 
7]2 are the dynamic viscosities of these fluids. Here fluid 1 corresponds to the domain where 
<Pls = 0, and fluid 2 for <Pls = 1. 

The surface tension force acting at the interface between the two fluids is given by 

(2.32) 

where cr8 is the surface tension coefficient , n the unit normal to the interface and {J the dirac 
delta-function w hich is approximated by a smooth function according to: 8 = 61 v' <Pls 11 <Pls ( 1 -
</>zs)I. This surface tension function together with continuity over the interface accounts for 
the interface conditions as given in Equations (2.22)-(2.27). 

To convert the N avier-Stokes equation and boundary conditions to the non-dimensional form 
the variables are scaled with (2.10-2.12) and (2.33). 

(2 .33) 

This results in the following dimensionless form of the equations: 

for the Navier-Stokes equation with surface tension term, 
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, 1 , , aJ , , aJ 
Ux = --(Re[Vext - <t>]Re[-a l + Im[Vext - qi]Im[-a ]). 

2 X X 

u' = 0 y 

(2.35) 

(2.36) 

for the non-dimensional slip velocity and zero normal velocity on the electrode boundaries. 
In these equations three dimensionless numbers are present. The Reynolds number 

Re= pUL 
'Tl 

, (2.37) 

giving a measure for the ratio of inertial forces (p V2 / L) to viscous farces ( 'Tl V / L 2) in a flow. 
The Capillary number, 

Ga= ryU 
CTs 

, (2.38) 

giving the ratio of viscous forces to surface tension forces and the Richardson number which 
gives the measure for the ratio of natura! convection to forced convection and is discussed 
further in Section 2.5.2. The last term on the RHS of the equation is neglected in the model 
as also discussed in Section 2.5.2. For our model the order of these numbers is calculated 
using the characteristic values of the system. The characteristic velocity for ACEO is in the 
order of U = 10- 3ms-1 . For the length scale the hight of the channel is taken, which is in 
the order of L = 10-4m. The dynamic viscosity is in the order of "loil = 10- 1 for the oil 
and "lwater = 10-3 for the water. Further the density is in the order of Poil = Pwater = 103 

for both the oil and the water and the surface tension coeflicient is in the order c,8 = 10-2
. 

This results in the following values for the order of the dimensionless numbers. R eail = 0.001 
for the order of the Reynolds number for the oil, in the 4> = 0 domain, R ewater = 0.1 for 
the order of the Reynolds number for the water, in the 4> = 1 do main and C a - 1 = 100 for 
the order of the inverse of the Capillary number. This implies that the surface tension is 
a very dominant factor in the model. In the physical setting it is possible to decrease the 
surface tension at the water/oil interface by adding a surfactant like Span80. This results 
in a decrease of the surface tension of about a factor 10 to 20 [JN][DT]. This results in an 
inverse Capillary number in the order of ca-1 = 10. 

2.4 Mixing 

Because the main subject of this thesis is about mixing in microchannels it is necessary to 
look at advection and diffusion. Due to the small characteristic dimensions of micro-channels 
and droplets, fluid mixing is challenging. The fluid flow is characterized by a laminar uniaxial 
flow and thus, a low Reynolds number. Because of these laminar flow conditions, when two 
fluid streams come into contact with each other, in for example an Y-junction, there is no 
turbulent mixing [HL][TL]. Therefore ACEO flow can contribute and enhance advective mass 
transfer perpendicular to the main flow which can enhance the mixing. 

First, the advection diffusion relation is introduced 
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80 2 - + u · '70 = D"\l 0 at ' (2.39) 

with 0 the concentration of the species of interest, u the velocity field and D the diffusion 
coefficient given by the Einstein relation [BK]: 

(2.40) 

with dynamic viscosity TJ, particle diameter dp, Boltzmann's constant kB, and temperature 
T. When equation (2.39) is made dimensionless it results in 

80 
Pe( at + u · '70) = '720. (2.41) 

Now an estimation for the contribution of advective mass transfer induced by ACEO can be 
made with the Péclet number for mass transport, this is the ratio between advection and 
diffusion in a flow. 

LU 
Pe= D. (2.42) 

Characteristic velocity for ACEO is in the order of U = 10-3ms-1 . For the length scale the 
penetration depth of the ACEO phenomenon is taken, which is in the order of L = 10-4m. 
With kB= 1.38 x 10-23JK-1[MT],T = 293K and for water rJ = 10-3kgm- 1s-1 the diffusion 
coefficient is D = 0(10- 10 - 10-16m2 s-1 ) for particles in the order of dp = 10- 9 - 10-3m. 

These values lead toa Péclet number for mass transport of Pe = 0(103 - 109 ). This means 
that the contribution to mass transport due to the ACEO induced flow, is very high compared 
to the mass diffusion. 

To further enhance mixing we have to look at chaotic advection, this is way to produce effective 
mixing in laminar flows. Chaotic motions provide a way of increasing the mixing efficiency of 
flow. Mixing is intimately related to stretching and folding of material surfaces. The difference 
between no advective mixing, linear stretching and chaotic advection is explained using Figure 
2.7 and the example of the Y-junction. When two fluid flows, a black and a white one, come 
together in an Y-junction the only mixing will occur at the interface due to diffusion, the 
black line in Figure 2.7, see Figure 2.8. The interface between the two colors where diffusion 
occurs has a length Lo, which does not change. To increase mixing the interface length can 
be stretched. This can be done by adding a flow perpendicular to the main flow, like an 
ACEO flow. This circulation will stretch the interface resulting in linear stretching, the red 
line in Figure 2. 7. The stretching will increase mixing because the interface length grows. It 
would be even better to make the stretching exponential, the blue line in Figure 2. 7. This 
can by done by creating chaos in the cross-section of the flow, with for example a baker's 
transformation the interface length will grow exponentially enhancing the mixing [OT]. 

To visualize fluid flow, mostly streamline, pathlines and streaklines are used. In order to 
investigate the mixing a topological analysis will be done using Poincaré sections. A topology 
analysis is a way to investigate mixing in terms of the topology of tracer paths. Tracer particles 
are released in the 2D flowfield and will be followed. Mapping the location of the particle after 
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Figure 2. 7: Example of difference between types of mixing. 
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Figure 2.8: Example of flow with:(a) only diffusive mixing in the cross-section, (b) stretching 
of the interface. 

every periodic time of a time periodic flow will result in a so-called Poincaré map. This can 
be used to investigate the structure of the tracer paths and thereby the mixing properties in 
the fluid flow. The Poincaré section for time periodic systems is made by taking stroboscopic 
'pictures' of initial tracers at time intervals T,2T,3T, ... , etc. Therefore flow characterization 
can be done in a single plot. 

The Poincaré sections in this report are made using a matlab script. The script uses the 
velocity field as computed using the numerical model. Particles are released at a position xo. 
Particle trajectories are then computed using Xn+l = Xn + 6tu(xn, tn), where the time step 
is determined with 6t = 6x/Vm and Vm = ✓u2 + v2 . This is used to keep the integration 
points equidistant. 

2.5 Thermal forces 

In micro channels with electrode structures other fluid forces except ACEO are present. 
Electrothermal and buoyancy forces are caused by thermal effects. These thermal effects can 
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either be caused within the system (Joule heating) or generated by an external source (the 
light source). In this section both thermal sources will be discussed. 

2.5.1 Joule heating 

Electrothermal effects are induced by gradients in the permittivity and conductivity of the 
liquid induced by a temperature gradient, caused by the power applied to the electrodes 
(Joule heating). These gradients result in electrical body forces in the fluid, leading to fluid 
flow. Buoyancy effects are also generated by the temperature gradient induced by the Joule 
heating, due to the difference in temperature the density of the liquid will change. This results 
in gravitational body force. In Figure 2.9 the graphs show the fluid flow map in the plane 
applied voltage (V) versus characteristic system length ( r). 
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Figure 2.9: Flow velocities and the dominant fluid forces for a medium with electric conduc
tivity ae = 10- 3sm-1 and frequency (a) f = 102Hz (b) f = 105Hz[CR] . 

These figures show isolines for fluid velocity plotted for different voltages (V) and character
istic length scales (r) of the micro system. The isolines are the calculated fluid velocities as 
generated by the dominating mechanism. This can either be buoyancy due to Joule-heating 
or ACEO. In the white region fluid velocities are considered insignificant and are ignored. 
Figure 2.4 shows the flow map for electric conductivity ae = 10-3sm- 1 and two frequencies, 
for (a) f = 102H z and for (b) f = 105 Hz . When high voltages are applied to the system, 
electrolysis will occur, destroying the electrodes. For systems with characteristic length scales 
above 1mm Joule heating will dominate the fluid flow. 

The experiments with our system will be clone in the middle region of Figure 2.9a. The 
applied voltage will be around 5V, frequencies in the order off= 0(102 Hz), conductivity in 
a = O(10-3sm- 1) and the characteristic system length will be r = O(10-4m) 

2.5.2 External heating 

Besides Joule heating, temperature gradients can also be caused by an external heat source. 
In our system this external source can either be the high power laser from the Particle Image 
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Velocimetry set-up or the light source in the microscope system. 

For the case of an temperature gradient caused by an external heat source an estimation has 
been made in [RH] for the contribution of forced convection in a micro channel. In this report 
the non-dimensional Navier-Stokes equation with gravitational farces is derived with herein 
two dimensionless numbers [RH]. The Reynolds number (2.37) and the Richardson number 

R
. _ g{3Hb.T 
i - u2 . (2.43) 

Herein g is the gravitational acceleration, f3 is the thermal expansion coefficient, b.T is the 
temperature difference, H is the characteristic length (hight of the channel), and U is the 
characteristic velocity. In [RH] it is stated that when ReRi ~ 0(1), the gravity force balances 
the pressure and viscous farces. In this case the velocity is determined by the combination 
of forced and natural convection. When ReRi « 0(1), the influence of buoyancy force can 
be neglected and pressure force balances the viscous force. In that case the fluid velocity will 
only be determined by the ACEO induced slip velocity, which is the desired situation. When 
ReRi :» 0(1) , bouyancy farces dominate the fluid flow and the fluid velocity can not be 
controlled with ACEO. Calculating the product Re Ri for our situation with, p = 103kgm- 3 , 

U = 10-4ms-1 H = 50 • 10-6m µ = 10-3kgm-1s - 1 g = 9 8lms-2 f3 = 207 • 10-6K- 1 
' ' ' . ' ' 

b.T = l0K, results in ReRi = 0.51. This means that contribution of forced convection is not 
very important. The temperature difference of lOK is based upon measurements done with 
similar micro channels in [RO]. To verify that this assumption is correct some experiments 
have been done in our set-up in [DD], this resulted in no induced fluid motion due to thermal 
effects with either the PIV set-up or the microscope set-up. 
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Chapter 3 

Micro-fluidic Chip and 
Experimental setup 

In this chapter the choices for the design and fabrication of all the used parts of the micro
fluidic and experimental setup are discussed. These choices consist of materials, configuration 
and fabrication. First the ACEO device is treated, followed by the device to make droplets. 
The last part is about properties of the setup used for the experiments. 

3.1 ACEO Device 

The ACEO Device is the part of the setup where the AC electroosmosis takes place. This 
part is designed and fabricated using the method as described by Danny van der Donk [DD]. 
This method is chosen because it provides a way to design and fabricate the channel in house. 

Fluidic connection blocks 

Figure 3.1: First design of the ACEO chip. 

This method consists of a micro channel which is fabricated on a standard 25 by 75 mm glass 
microscope slide. A first design of the channel is shown in Figure 3.1. On top of this slide the 
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electrodes are fabricated. The channel is then created by placing a middle layer, in which the 
channel is ablated, and a top layer with connecter holes, on top of the glass slide. Finally, 
tubing is connected to the connecter holes via fluidic connection blocks. 

3.1.1 Design 

Electrode configuration 

Before producing the channel itself the electrode configuration is determined. Because we 
want to investigate the possibility of ACEO in micro droplets the electrode configuration 
used can be held simple. The simplest form of electrode geometry is that consisting of two 
symmetrie electrodes separated by one electrode gap as shown in Figure 2.3. In literature 
[GRI, GRII, RM, RH, LW, KY, KL] the width of the used electrodes varies between 5-500µm 
and the gap varies between 3 - 50µm. To make the configuration as basic as possible the 
electrodes will span the whole channel width and be separated by a single gap in the middle 
of the channel, as shown in Figure 3.2. 
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Figure 3.2: Cross section view of the micro channel (black square) with electrodes (yellow) 
spanning whole channel width. 

Because the chip is fabricated by hand, which will be explained later on, the channel can not 
be made too narrow because it will increase the chance of misalignment of the different parts. 
Therefore the width of the electrodes is determined by the width of the channel, which is 
800µm. Now only the electrode gap has to be determined and because the channel is very 
wide the gap size is chosen as a value close to the maximum value from literature, which 
is 50µm. This results in a electrode configuration consisting of two 380µm wide electrodes 
separated by a 40µm gap. 

9mm 9mm 9mm 9mm 

0.4 mm 0.4 mm 0.4 mm 

Figure 3.3: Top view of electrode configuration on glass slide. 
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In the direction parallel to the channel, the electrode configuration is determined by the 
length of the optical accessible space between the fluidic connection, which is about 40mm as 
discussed in the next section. To prevent the channel from becoming useless if the electrodes 
break down the electrodes are being separated in four electrode pares of the same size, sep
arated by a 400µm gap. This results in electrodes with a length of 9mm as can be seen in 
Figure 3.3. 

Micro Channel 

The dimensions of the channel are determined by different factors. The height of the channel 
is based on the penetration depth of the ACEO, which is in the order of 50µm [DD]. The 
width of the channel in simulations was first chosen to be 2.5 times the height, so that one 
single electrode pair created two vortices of about the electrode size. This resulted in a channel 
width of 125µm. Because the channel is produced by hand this width was impossible to use, 
therefore a channel width of 800µm is chosen. The maximal length of the channel depends on 
the size of the glass slide and fluidic connecter blocks, so the length of the channel is 50mm. 
The actual length is made slightly bigger to make fabrication more easy. 

Fluidic connection blocks 

In the top layer of the channel two holes are milled with a diameter of 2.0mm. These holes 
connect the channel ablated in the middle layer to the fluidic connection blocks. The blocks 
make it possible to connect flexible tubing to the micro channel. Therefore the connecters 
have one big 4mm hole on the side to fit the tubing with 4.0mm outer and 0.8mm inner 
diameter. A small l.0mm hole on the bottom connects the block to the holes in the top layer. 
The blocks have a size of 20.0 x 15.0 x 6.5mm. 

Figure 3.4: Fluidic connection block [DD]. 

3. 1.2 Materials 

The materials used in our micro channel are determined by the used fabrication methods and 
availability. In our lab an excimer laser is available, which is used for fabrication of most parts 
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of the micro channel. This fabrication can be done by ourselves. For the fluidic connection 
blocks use has been made of the in house workshop. 

Base substrate 

The micro channel is build up on top of a base substrate. In literature glass and silicon are 
aften used as material for the base substrate [YG, GRI, GRIi, RM, KY, RH, GO, KL, LW, 
WU]. Because of availability, standard glass microscope slides are used as base substrate. 
These are cleaned with a so-called piranha cleaning solution, this is a 2:1 solution of sulfuric 
acid (H2S04) and hydrogen peroxide (H202) which removes organic matter and metal oxides 
from the glass before the electrodes are deposited. 

Electrodes 

The commonly used material to fabricate electrodes for ACEO is gold (AU)[LW, WU, RM, 
YG, KY], mainly because gold has a very high conductivity (a = 45.6 x 106S/m) in com
parison with e.g. titanium (a = 2.6 x 106S/m). An other advantage is that gold has a high 
resistance against corrosion. The biggest disadvantage of using gold is its poor adhesion to 
glass. Therefore a thin layer of titanium or chromium has to be deposited on the glass sub
strate first. These materials have a good adhesion to both the glass and the gold. To deposit 
the gold and adhesion layer two methods where available, sputter coating (Cr-Au) and electro 
chemica! deposition in a clean room (Ti-Au). Because the sputter coating could be done by 
ourselves this was first tried. After fabrication it soon turned out that the adhesion of the 
gold to the chromium layer was not very good. (This can also be seen at the micro channels 
fabricated in [DD].) Therefore choice has been made to use the electro chemica! deposition in 
the clean room, with the drawback that we could not do this ourselves. For this combination 
of metals adhesion turned out to be good. The thickness of the titanium and gold layers is 
determined from values found in literature [DD]. This results in a titanium adhesion and gold 
layer of 20nm and 80nm respectively. 

An estimate has been made for the voltage drop over the used electrodes This is done by 
calculating the electrical resistance: 

1 1 -1 
R=(-R +-R) ' 

Ti Au 
(3.1) 

with 

(3.2) 

where Pe,i is the electrical resistivity, Ze the length of an electrode and Ai the cross sectional 
area of either the gold or the titanium. Now using Pe,au = 0.22x 10-1nm, Pe,Ti = 4.2x 10-1nm 
and Ze = 12.5mm this results in a total resistance of R = 0.377. With a maximum current 
at about I = lmA this gives a maximum voltage drop of about ~U = 0.0004V, which is 
negligible compared to the applied voltage of 5V. 
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Micro Channel 

The microchannel has to be positioned on top of the deposited electrodes. For the production 
we follow the methods described in [DD], here the channel is fabricated out of two layers, a 
middle and top layer. The middle layer is the layer out which the channel is ablated, then a 
top layer is used to seal off the channel, as shown in Figure 3.5. The middle layer is made 
out of acrylic solid adhesive, 3M optica! clear adhesive 8212, this adhesive has a thickness of 
50 µm . Because it is an adhesive no further glue or treatment is needed to bond the layers. 
Finally the top layer is made out of polycarbonate (PC). This material is chosen because it 
is optically clear and easy to ablate with the excimer laser. 

Fluidic connection blocks and tubing 

To be able to connect the channel to syringes or other devices, tubing has to be attached to 
the channel, therefore connector blocks are fabricated. The connector blocks are made out of 
polycarbonate, which is optically clear and easy to machine. For the connection to syringes 
silicone tubing is used (Masterflex L/S 13). 

3.1.3 Fabrication 

The fabrication of the micro-fluidic chip is done in different steps. Each step is discussed 
briefly, a simple blow up of the chip is shown in Figure 3.5. For further details see [DD]. 

Connection blocks 

Top layer 
500µm 

Middle layer 
50µm 

Glass slide 

p 
[ 0 -----------

r ------- - 7. -1 

Figure 3.5: Blow up of the fluidic chip showing the different parts. 

Bottom layer 

As mentioned before, for the bottom layer a microscope slide of 76 x 25 x 1mm is used. This 
glass slide is first cleaned using a Piranha solution, when the glass slide is cleaned the titanium 
and gold layers are deposited in the clean room. After this the electrodes are structured using 
an excimer laser ( Optec Micro master). The structured electrodes are then checked for short 

26 



circuits with a multimeter. In Appendix A.l a check for the surface quality of the electrode 
edges is shown. 

Middle and Top layer 

The middle layer of the chip is made from a piece of 7000 x 1500 x 50µm acrylic double sided 
adhesive (3M optica! clear adhesive 8212). With the excimer laser the channel is ablated 
completely through the solid adhesive and its protection foils. The top layer is made out of a 
500µm thick sheet of polycarbonate with the same size as the middle layer. The holes for the 
fluidic connections are also ablated using the excimer laser. By taking the size of the middle 
and top layer smaller than the bottom layer a 5mm contact area is left clear on both sides to 
connect the electrical system to the chip. 

Fluidic connection blocks 

The polycarbonate blocks to connect the tubing are milled and drilled in the in-house work
shop. After this the silicon tubing is glued into them with Loctite 406, the blocks are flushed 
with water and blown dry with nitrogen gas. 

Assembly 

When all the different parts are fabricated they will be assembled. First the middle and top 
layer are put together, without any glue because the middle layer is a double sided adhesive. 
Next the middle and top layer are pressed onto the bottom layer, this will be left to dry for 
one day underneath a 5 kg weight. After that the fluidic connection blocks are placed on the 
top layer using 25µm thick solid adhesive. The channel is then checked if it is not blocked 
using a syringe. Afterwards the edge of the middle and top layers is sealed with glue (Locktite 
406) and the whole chip will dry underneath the weight for two days. Figure 3.6 shows the 
completed chip. The missing part of gold on the second electrode from the left is caused by 
the fixation clamps used during chemica! deposition of the titanium and gold layers. 

Figure 3.6: Fabricated Micro fluidic chip. 

Taking a close-up picture of the electrode configuration reveals that the electrode gap is not 
exactly in the middle of the microchannel, this is shown in Figure 3. 7. This is cause by a 
misalignment of the middle and top layer due to production by hand. Further the channel 
width differs slightly from the design, 78lµm instead of 800µm. The close-up shows the 
channel edge, at the left and right, and the gap between the electrodes near the middle. The 
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distance from the left and right channel edge to the middle of the electrode gap are 286µm 
and 475µm respectively, while it should both be 390.5µm . 

Channeledge 

Gap 

Electrodes 
Figure 3. 7: Close-up picture of the electrodes in the channel. 

3.2 Droplet generation 

The goal of this project is to investigate the possible use of ACEO inside an aqueous droplet in 
a micro-channel. The carrier liquid in the channel is silicon oil. In literature a lot of different 
ways to form droplets in micro-channels can be found. For example this is done with a T
junction [XL, NTI, NTII], a flow focussing device [AB, SAM, TG] or a cross-junction [DT]. 
The most poplar and probably simplest way to form droplets is the T-junction geometry. 
Therefore as a first test a chip will be designed with a T-junction. To generate this droplet 
a channel has to be made with two inlets, one for the water and one for the oil. The two 
different liquids have to meet at a location where droplet break-off is possible, the T-junction. 
This channel can be seen in Figure 3.8. 

Outlet 

l'.D 01 
Figure 3.8: Channel Design with T-junction. 

Some tests have been done with the T-junction set-up. These tests showed that it was 
possible to create droplets with the T-junction but there are a number of drawbacks. The 
flow rates that where needed to form droplet break-up resulted in droplets flowing out of the 
channel very shortly after it is created, so it was impossible to stop the droplet on top of 
the electrodes in the channel. The other drawback is leakage of the channel. Because of the 
fluidic connection holes are very near to each other (5mm) they sometimes leak oil or water 
to each other, making it difficult to control flow rates. 

Because of these drawbacks another way to form droplets had to be found . Within the Ma
terials Technology group a very simple way to form droplets was found using a flow focussing 
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device [UL, SC, WF]. The droplets are formed using a cylindrical capillary inside a slightly 
bigger square channel, a schematic representation of this can be seen in Figure 3.9 

. / 011 \ outlet 

Figure 3.9: Capillary droplet break-off system. The water (blue) enters through the middle 
capillary, the oil through the left-over space in the outer tube. Droplets form at the tip and 
break of due to the drag force of the oil flowing past it, and flow out through an exit tube. 

The oil is pumped into the square channel and the water enters through the capillary. The 
droplet will grow upon the tip of the capillary until the drag-force of the oil flowing around 
it is large enough to break it off. The droplet is then pushed into the exit channel which will 
be connected to our own micro-channel with electrodes. In this set-up the droplet size can 
be controlled by changing the flow rates of both water and oil or by changing the size of the 
tip of the capillary. 

3.2.1 Fabrication 

For the fabrication a rather easy method is used. A straight glass cylinder of 0.9 mm outer 
diameter is clamped into a heating system. The system heats up the cylinder while pulling 
it outwards at both ends. This results in stretching of the cylinder until it breaks and two 
sharp tipped cylinders are formed, see Figure 3.10. These sharp tips can then be altered into 
a capillary by cutting of the top of the tip. This can be done by pushing it into a drop of 
molten glass until the desired diameter of the tip reaches the edge of the drop. The drop 
is then solidified and the cylinder is pulled out of the drop. The glass will then break of 
at the edge of the drop, resulting in a capillary with the desired diameter of 200µm, this is 
schematically shown in Figure 3.11. 
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Figure 3.10: Capillary tip fabrication, the cylinder is pulled outwards while being heated in 
the middle. 

For the outer tube a square channel with 1.05 mm inner size is used and for the outlet, the 
same 0.9 cylinder is used as for the capillary. The parts are cut to the desired size, after this the 
parts are made hydrophobic using a silane solution (Sigma-Aldrich octadecyltrimethoxysilane 
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Figure 3.11: The tip is pushed into a molten drop of glass and then braken of when the drop 
is solidified. 

90%) and put together on a microscope slide. As fluidic connections needle tips are used with 
a triangle cut out of the connecter where the glass tubes enter. Everything is then glued 
together with two component epoxy. This results in a droplet-making device as shown in 
Figure 3.12. 

Figure 3.12: Capillary droplet break-off system. 

Figure 3.13 shows a close up of the fabricated capillary droplet device. Here the capillary can 
be seen on the left and the exit tube on the right , inside the square glass tube. 

Outer channel Capillary tip 

Outlet channe('>,, 

Figure 3.13: Capillary droplet break-off system, close up. 
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3.3 Experimental setup 

The ACEO chip and droplet making device are not the only parts used in the experiments. 
The rest of the setup consists of an electrical system, a pumping device, flow visualization 
particles and a optical system. These parts will be discussed in the following section. 

3.3.1 Electrical system 

The electrical system used in the experiments consists of an electric circuit to which the ACEO 
chip is connected. The system contains a digital function generator (Sefran 4422), a digital 
oscilloscope (Tektronix TDS2000), connection clamps and cables. A schematic drawing of 
this circuit is given in Figure 3.14. 

Figure 3.14: Schematic overview of the electrical circuit. 

Here FG indicates the function generator, Rl/R2/R3 the used resistors and Chl/Ch2/Ch3 
the individual channels of the oscilloscope. The circuit contains three resistors , Rl and R2 
with a resistance of 3.9k0 and R3 with a 4700 resistance. The ACEO device can be seen 
as an open circuit, the impèdance of the device is relative big compared to the resistor R2. 
As a result the resistance of R2 in parallel with the ACEO device and R3 is approximately 
equal to the resistance of R2. The two big resistors provide a safety measure against faulty 
operation, the total applied voltage is divided by two before the ACEO device. 

Each channel of the oscilloscope can now be used to measure a different voltage in the system. 
Total applied voltage is measured with channel 1, the voltage over R2 ( and thus the ACEO 
device and R3) are measured by channel 2 and the voltage over R3 is measured by channel 
3. Now the voltage applied to the ACEO device can be calculated: VACEO = Vch2 - ½h3· 

3.3.2 Fluidic system 

To be able to create droplets and pump them into the micro channel with electrodes, a fluidic 
system is needed. This system contains both the droplet making capillary and the ACEO 
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chip. Further two syringe pumps are used (Harvard PHD2000 and WPI SPlOOi) to pump 
both the silicon oil and aqueous solution. The pumps require syringes to hold the fluids, for 
the oil a glass syringe (Hamilton Gastight 1001) of 1ml is used and for the aqueous solution 
a glass syringe (Fortuna Optima) of 2ml is used. The syringes are attached to the droplet 
generation chip using luer loek syringe needles and flexible tubing. The droplet making device 
is then connected to the ACEO chip by directly sliding the glass exit tube into the silicon 
tubing which is glued to the fluidic connector blocks of the ACEO chip. A schematic overview 
of the fluidic system is shown in Figure 3.15. 

Syrtnge pump 

Syringe pump Droplet Chip ACEOChip 

Figure 3.15: Fluidic system. 

3.3.3 Optical system 

The visualization experiments will be carried out using an optical microscope (Olympus 
BX51). To be able to record the flow phenomena a high speed camera is connected to 
the microscope. Therefore a PCO 1200HS camera is used, which has a maximum recording 
frame rate of 640fps at l.3Mpixel. This results in a maximum recording time of about 2 
seconds. To be able to increase this recording time the frequency can be lowered. The camera 
is set to a exposure time of 2ms and a delay of 22ms, resulting in a recording frame rate of 
45fps at l.3Mpixels. 

To visualize the flow phenomena inside the micro channel an aqueous solution with tracer 
particles is used. Use has been made of red fluorescent polystyrene micro spheres with a diam
eter of 2µm (Thermo scientific R0200B). These particles have a density of Pp = 1050kgm-3 , 

which is close to that of water. The particles are supplied in a 1 % weight concentration of 
water with surfactant to prevent agglomeration of the particles. The bulk conductivity of this 
solution is about o- = 27.0mS/m and it contains traces of CL-, N03 and Na+[DD]. The 
ideal solution for ACEO is a KCL solution with a conductivity of o-:::::: l.0mS/m as explained 
in Chapter 2. As will be explained in Chapter 4, the stock solution is diluted with de-ionized 
water, resulting in a conductivity of o- = l.15mS/m. 

3.3.4 Experiments 

The system described above can now be used for visualization experiments. During these 
experiments droplets will be created in the capillary by pumping the oil and aqueous liquid 
through the chip. These droplets will then flow from the droplet generation chip to the ACEO 
chip. When the droplet is at its desired location, the inlet and outlet of the ACEO chip will be 
closed off using surgical clamps. Then the actual experiment starts. The function generator 
is set to the desired voltage and driving frequency and turned on, the camera records the 
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movement of the particle inside the droplets in the micro channel. During this experiment 
the camera will be focussed on the bottom of the channel because this is the region where the 
highest velocity is present. After the experiment, particles are tracked between subsequent 
frames to show their flow-path and a manual form of PTV is used to estimate flow velocities. 
This will be discussed in the next chapter. 
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Chapter 4 

Experiments and Results 

This chapter describes the visualization experiments that have been clone to demonstrate 
the particle manipulation inside micro droplets. These experiments are clone to prove the 
possibility of particle manipulation using ACEO flow inside aqueous micro droplets in silicon 
oil. Furthermore a comparison is made with the results from simulations. 

4.1 Droplet generation 

As mentioned before droplets are generated in a channel other than the ACEO device. The 
droplets are formed using a capillary and then pumped to the ACEO device. This pumping 
is clone using two syringe pumps. To form droplets the flow rates of these pumps have to 
be set. In genera} the oil flow rate should be higher than the flow rate of water. Therefore 
different ratios were tried. The best results where found with flow rates of 0.2ml/hr for the 
water and 0.5ml/hr for the oil. 

The droplets generated in the capillary channel were then pumped into the ACEO device 
through the silicon tubing. This was clone by attaching the outlet of the capillary device 
directly to the ACEO device. Here the first problems occurred. The droplets sometimes stuck 
to the walls of the tubing, resulting in droplets clogging together forming bigger droplets. This 
way droplet size is not exactly controllable, hut this is not a very big problem because the 
goal of this project is to prove the possibility of ACEO flow inside droplets. 

In the first experiments the droplets where generated using the stock particle solution (Thermo 
scientific R0200B) and silicon oil (Wacker AKlO). This did not result in droplets flowing 
through the micro channel. When the droplets reached the micro channel they seemed to be 
squeezed through the middle of the channel, not forming a real droplet. Possible explanations 
for this problem can be the difference between the surface energy between water/ glass and 
water/ gold. Another explanation can be formed by the surfactant that is present in the 
stock particle solution, which increases surface tension. This surfactant is present to stop the 
particles from clogging together hut has a negative effect on the droplet formation. To be 
able to still create droplets inside the micro channel two solutions are found. The problem 
with the surface energy is solved by flushing the channel with a silane solution (Sigma
Aldrich octadecyltrimethoxysilane 90%) before experiments are clone. This makes the glass 
in between the electrodes hydrophobic, so that the water does not stick to it. The solution 
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for the surfactant problem is solved by diluting the solution with de-ionized water in a 1/30 
ratio. Furthermore, the surface tension between the water and silicon oil is lowered by adding 
a surfactant, Span80 (Fluka Span@80 85548-250ml, Sigma-Aldrich), to the oil. The found 
solutions come with some big drawbacks, flushing the channel with the silane solution can 
block the channel when it comes into contact with water and diluting the particle solution 
makes it impossible to do micro PIV measurements. This is because the particle seeding 
density is too low and therefore no PIV measurements will be done at this time. 

A droplet formed using the method described above is shown in Figure 4.1. The picture shows 
the right edge of the formed droplet, the left edge is not in the picture because the field of 
view is smaller than the droplet size. Using this set-up it was impossible to create smaller 
droplets, due to the droplet coalescence in the connection tube. The droplet is not always 
so nicely shaped as in Figure 4.1. This can be caused by the roughness of the channel walls. 
This roughness is caused by the structuring of the channel with the excimer laser. The laser 
burns away the solid adhesive, creating a very rough and black burned channel wall. 

Figure 4.1: Droplet edge in channel. 

The created droplet is pushed to the desired location using the surgical clamps. This is done 
by squeezing either the in or outlet tubing until the droplet is at the right position. When 
the droplet is aligned both the inlet and outlet tubing is squeezed shut using the clamps. 

4.2 ACEO Flow in droplet 

Now that it is possible to create droplets inside the channel, the ACEO flow can be tested 
inside the droplet. To demonstrate that it is possible to use ACEO inside micro-droplets vi
sualization experiments were done. The visualization data are then used to show the presence 
of the flow phenomena caused by the ACEO. This is done by manually tracking particles in 
the flow and comparing their movement with simulation data. Furthermore, flow velocities 
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are calculated from the images in a way similar to particle tracking velocimetry. The location 
of certain particles is tracked manually in subsequent pictures. With the time interval be
tween the pictures and the spatial shift and location of the particles it is possible to estimate 
the velocity at a certain point. The estimated velocity is then plotted in a graph against 
the distance from the electrode gap. This is then compared with velocities calculated in the 
simulations. 

4.2.1 Properties of Experiment 

The experiments were carried out using the set-up as described in Chapter 3. The channel is 
781µm wide and 50µm high as shown in Figure 3.6. During the experiments the camera is 
focused on the bottom of the channel, because there the highest velocities can be observed. 
For the experiments discussed below the amplitude of the applied voltage to the ACEO chip 
is V = 4.6V with a frequency off = 400H z. The particle solution used has a conductivity 
of a = l.15mS/m. The silicon oil used during the experiment has a dynamic viscosity of 
9.3mPa • s [AK]. To decrease surface tension 0.13wt% surfactant (Span80) is added to the 
silicon oil. This results in a surface tension between the water/oil of 3.4mN/m [JN]. 

4.2.2 Visualization of flow phenomena 

From the pictures taken during the visualization experiment the flow phenomena of ACEO 
can be determined. First a particle is tracked flowing near the edge of the electrode. Figure 
4.2 shows the location of the particle in the picture. For convenience a close up is made of 
the area where the particle is located, this area is highlighted by the red square. The close 
up can be seen in Figure 4.3. 

Figure 4.2: Location in picture where close-up is taken. 

The figure shows a particle tracked near the electrode gap, it is followed fora period of 2.86 
seconds in steps of 0.22s, which corresponds to 10 time intervals. At t=0 the particle is just 
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Figure 4.3: Particle(inside red circle) tracked near electrode edge. 

above the edge of the upper electrode. In the first three pictures, the particle rapidly flows 
from the edge to a point approximately 24µm upwards. In the next three pictures the particle 
moves out of the focal plane. This means that the particle moves up or downwards in the 
channel. As mentioned before, the camera is focused on the bottom of the channel, thus the 
particle has to move upwards. When the particle is out of focus it is hard but still possible 
to follow. The particle is present in the pictures as a blurry spot. From t = 1.32 to t = 2.86 
the particle slowly moves back to the edge of the electrode. When it reaches the edge it is no 
longer possible to follow the particle because it vanishes in the <lark background of the gap. 

To show the flow phenomena further away from the electrode edge, two particles starting at 
a distance of about 60µm and 70µm from the electrode edge are tracked, shown in the green 
square in Figure 4.2 . A close up of this region is shown in Figure 4.4 

Figure 4.4: Particles(inside circles) tracked further away from electrode edge. 

The particles are followed for a period of 26.4 seconds in steps of 2.2 seconds, which corre
sponds to 100 time intervals. The first particle, in the red circle, starts at about 60µm from 
the edge. During the measurement the particle moves away from the edge while staying in 
focus of the camera. From this it can be concluded that the particle stays at the bottom of 
the channel, otherwise it would get out of focus. Only in the last picture the particle seems 
to get less focussed, meaning it starts to move upwards. The second particle, in the green 

37 



circle, starts at about 70µm from the edge. In the first 13.2 seconds , the particle also moves 
away from the edge while staying in focus. During the next 6.6 seconds it starts to get out of 
focus , again meaning it moves upwards. From t = 19.8s the particle out of focus slowly starts 
to move towards the edge again. U nfortunately, the particles can not be tracked langer than 
shown above. This is caused by the fact that the measurement time of the camera is limited 
by the size of its internal memory. With the settings used in this experiment this time is 31 
seconds, but the first pictures were unusable. 

Comparison with numerical simulation 

To compare the flow phenomena found in the visualization experiments with simulation re
sults, dimensionless simulations have been clone for a channel with the same size ratios as the 
experiments for both the channel and electrode size. Further settings in the simulation are 
the same as mentioned in Chapter 5. The results of this simulation can be seen in Figure 4.5 

u 0.05 0.1 0.1! 0.2 C. 2~2 

~._____I -----~ 

10 u 16 

Figure 4.5: Streamlines (red) Velocity field ( arrows) and dimensionless velocity field ( colorbar) 
plotted from simulation results . 

The figure shows the streamlines (in red), velocity vectors (arrows) and the velocity field 
(colorbar). The droplet edge is shown by the green lines left and right , the gold lines at the 
bottom indicate the electrodes. To be able to make a better comparison with the experiment 
results , a close up is taken from the simulation results that coincides with the close ups as 
shown above. 
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Figure 4.6: Streamline (red) plotted from simulation results for particle near electrode edge. 

First the experimental results shown in Figure 4.3 will be compared with simulations, this 
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can not be done directly because the experiments only show a top view, and can not show 
flow in the height direction of the channel. Therefore some indications for up- or downward 
movement are mentioned above. As mentioned before, the particle in Figure 4.3 flows away 
from the electrode edge, moves up, and flows back to the edge. Releasing a particle in the 
simulation domain at the same location results in the streamline as shown in Figure 4.6. 
The flow pattern derived from the visualization shows similarities with the streamline shown 
in Figure 4.6, the particle moves outwards, moves up and flows back to the electrode edge, 
therefore the simulations agree with the experiments qualitative but this will need further 
research to confirm it. The part of the streamline that is not above the electrode is not 
tracked in the experiment, as mentioned before. 

Next the experimental results from Figure 4.4 can be compared with simulations. The parti
des tracked here start at a position further away from the edge. Releasing two particles at 
these locations results in streamlines as shown in Figure 4. 7. 

0.5 

1.5 ,., 3.5 4.5 5.5 55 7.5 8.5 

Figure 4.7: Streamline (red) plotted from simulation results for particle near electrode edge. 

Comparing the flow derived from the visualization to the streamlines plotted in Figure 4.7, 
similarities can be found . The second particle (green) flows away from the electrode edge until 
it gets out of focus and starts to move back, which coincides with the first(smaller) circular 
streamline in 4.7. The first particle (red) also flows away from the electrode edge but stays 
at the bottom of the channel. The particle will probably move up and go back at a position 
further away from the edge, as shown by the outer streamline in Figure 4.7, but this is out 
of the time period of the measurement. 

4.2.3 Velocity profile on electrodes 

A second way to compare the results from the visualization experiments with the simulations 
is to qualitative compare the velocity profile on top of the electrode. The velocity profile from 
the experiment is determined by tracing different particles for a certain time interval. The 
location of the particle in two pictures is extracted by hand, like "manual PTV". Together 
with the time interval between the two pictures, it is possible to calculate the flow velocity of 
the specific particle, using: 

( 4.1) 

with Up the particle velocity and Xn the particle position. This is done for some hundred 
single particles and the results are plotted against the distance to the electrode edges. In 
Figure 4.8 this is done for the experiment discussed above. 
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Figure 4.8: Flow profile above electrodes from simulations(lines) and experiment(points) 

In Figure 4.8 the velocities calculated from t he experiments are plotted (black dots), the lines 
in the figure represent the dimensionless x-velocity (perpendicular to t he electrode edge) from 
the simulations, plotted for different dimensionless heights and scaled to the measurement 
data. Because it is impossible to determine the exact height of t he particles followed during 
the experiment , the velocity profile from simulations is plotted for different heights in the 
lower region of the domain. Now it is possible to qualitatively compare t he flow profile from 
the experiment with the simulation data. This will be done for t he experiments with applied 
voltage to the ACEO chip of V = 4.6V and a frequency off= 400H z . Velocity profile plots 
for other frequencies can be found in Appendix C. 

From comparing t he flow profiles in Figure 4.8 it can be concluded that t he shape of the 
profiles are very similar. Only t he velocities of t he lower region of the domain are compared, 
and t herefore only velocities pointing away from the electrode egde are shown. T he flow 
velocities are high near t he electrode edge and diminish further away from the edge. The 
higher velocity near the edge is caused by the high driving velocity of t he ACEO force near 
the electrode egde. The highest velocity profile from simulations plotted in the figure is for 
y = 0, showing a sharp peak. The experimental data will not show this peak because the 
particles will most likely be driven by flow just above instead of directly on the electrodes. 
No real out liers or major differences can be found between t he experiment and simulation 
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data near the electrode egde. There is only one significant difference between the profiles, 
at a distance of about 50µm from the electrode edge. There both the positive and negative 
velocity profile from the experiments show a dent in the profile were the velocity is lower than 
expected from the simulations. This dent can be explained by looking closer at the pictures 
taking during the experiment. In Figure 4.9 particles near the electrode edge are shown, these 
particles do not follow the flow and are stuck. Possible explanations for this confinement will 
be discussed below. Due to this confinement no flow velocity can be measured there. 

Figure 4.9: The red boxes show articles trapped near electrode edge. 

The figure shows the particles sticking at a distance, comparable to the electrode gap size, 
from the electrode edge at both the upper and lower electrode. This phenomenon is also 
described in [DD], where they relate it to the lift force described in Appendix B. Due to the 
lift force of two neighboring vortices the particles are sucked into a stagnation point. This 
explanation is not valid in our case because we only have one electrode pair, with only one 
vortex per electrode and therefore no stagnation point is present. 

In [TM] the particle confinement is also observed. Here they show the distance of the place 
where particles confine to the electrode edge is frequency dependent. As an explanation for 
the confinement they mention a velocity balance between ACEO velocity and diffusion speed. 

(4.2) 

This explanation is also not valid because diffusion is a random process. Particles will flow 
in a random direction and therefore diffusion speed will not point in one direction. This 
makes their explanation doubtful. Another explanation for the particle confinement can be 
found in dielectrophoresis (DEP), as described in Appendix B. This phenomenon is further 
explained in [MG] and [GRI, GRIi, GRIii]. The particles could be confined by a force balance 
between the ACEO force, pushing the particle away from the electrode edge, and DEP pulling 
the particle towards the edge. Because the phenomenon of particle confinement is not fully 
understood, further research is necessary. This should comprise both numerical simulations to 
compare DEP to ACEO and experiments to validate the possible explanation for the particle 
confinement. 
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From comparing the experimental data with the simulation data, it shows that the found flow 
fields from the experiments and simulations are similar. The experimental data show circular 
flows , which agree with the streamlines found in the simulations. Furthermore the shape of 
the found velocity profile is in agreement with the velocity profiles determined in simulations. 
To further compare the found flow fields micro-PIV measurements should be done. To this 
end another solution with tracer particles has to be found without the undesired surfactant. 
lt would be even beter to perform 3D-micro-PTV measurements, this would make it possible 
to directly compare simulations with experiments. A way of doing this with a single camera 
is given by [CS] . Unfortunately this is out of the scope of this report and therefore is a 
recommendation for future research. 
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Chapter 5 

N umerical Simulations 

In this chapter, the implementation of the mathematica! model, derived in Chapter 2, into the 
COMSOL CFD software is discussed. The model first calculates the electrical potential in the 
domain. With this potential field the slip-velocity on the electrodes is then calculated, which is 
used in the level-set two phase flow model as boundary condition. Later on the computed flow 
fields will be used to determine Poincaré sections to analyze the mixing characteristics. First 
a topology analysis is clone for the flow field found in simulations with the standard channel. 
Afterwards another possible electrode configuration is treated. The topology analysis is clone 
using Poincaré sections. 

5.1 Domain and mesh 

The domain used in Comsol is shown in Figure 5.1. In this figure the black lines are the 
outer boundary of the channel where the no-slip boundary condition is used in the flow 
problem and the electrically insulated boundary condition for the electrical problem. The 
red lines represent the initia! fluid interface and the yellow lines are the electrodes where the 
slip velocity boundary conditions and charging boundary condition are used in respectively 
the flow en electrical problem. The domain has a height of H and the width is W. The ratio 
between these values for the first simulations is set to W/H = 2.5. With W = 2We+G+2Gw, 
herein We is the width of the electrodes, G is the size of the gap between the electrodes and 
Gw is the gap between the electrodes and the wall. 

For this domain a mesh is then made in Comsol with square elements with a size in the order 
of 10- 2 , as can be seen in Figure 5.2. The elements are smaller near the electrodes, because 
that is where the highest gradient in velocity will occur. 

5.2 Velocity field 

Now the domain and mesh are set, the potential field can be solved with equations (2.16) 
and (2.17) . This is done in the Laplace equation mode in Comsol. Because the fluid flow is 
only driven by the steady state components (see Chapter 2), a single solution can be used 
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.. 
Figure 5.1: Domain for simulations. 

Figure 5.2: Mesh used for simulations. 

to calculate the boundary slip velocity. The calculated potential field is then used in the 
boundary settings using equation (2.35). Now the two phase-flow model can be solved. 

To solve the two phase-flow model first an initial value at t = 0.2 is calculated for the flow 
field, this is necessary to initialize the level set function [COM]. Then the model is solved 
for the time t=5. The time of t = 5 is chosen because then the droplet has reached his 
equilibrium state. To verify that this is correct, the flow velocity at the point (0 .33, 0.77) is 
plotted in figure 5.3, which is just above the left edge of the left electrode. This figure shows 
the velocity from t = 0 until t = 5. It shows that the velocity first increases, this is caused 
by the droplet going to its equilibrium state. When this state is reached the velocity will 
decrease until the constant flow velocity driven by the ACEO is reached . 

This flowfield at t = 5 is shown in figure 5.4. These results are calculated with a tolerance of 
10-6 and a maximum time step of i},_t = 0.01 . With this velocity field it is possible to plot 
the streamlines in the domain, this is shown in Figure 5.5. 

The streamline and velocity vector plot show the two vortices present on top of the elec-
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Figure 5.3: Velocity field U at position (0.33,0.77) as a function of time. 

trodes. They move outwards over the electrodes and return near to the droplet edge. This 
is in agreement with the streamline patterns found in [GRIII, MG] for single phase flows, as 
expected. In this region two other rotations in the flow are present, which are caused by the 
droplet edge [ML]. The ones at the top of the droplet join with the big vortexes because they 
move in the same direction while the lower ones rotate in the opposite way. 

5.3 Mixing characteristics 

The mixing characteristics will be examined by using Poincaré sections. A Poincaré section 
is a visualization of subsequent positions of passive tracers released in the flow field at time 
levels t=[0,T,2T, ... ], with T the period time of the flow. The tracers are released at strategie 
locations in the domain to visualize the flow topology in way similar to streamline plots in 
steady flows [SP]. 

As a first test a Poincaré section is plotted for the steady flow field found in Section 5.2. Ten 
particles are released between 0.5 < x < 2 at y = 0.25 . This results in a plot showing the 
streamlines of the steady flow, as can be seen in Figure 5.6. The tracer paths shown in this 
Poincaré section coincide with the streamlines shown in Figure 5.5 

A flow field like this does not result in chaotic mixing. The closed streamlines imply that only 
linear stretching of the interface will be present. To induce chaotic mixing, a time periodicity 
has to be introduced. As a first test case this is done by multiplying the steady slip velocity 
on the electrodes with a cos2 (t) and sin2(t) for the left and right electrode respectively. 

Uslipleft(t) = UslipleftCOs
2(1r · t/T) 

Uslipright(t) = 'U_sliprightSin
2(1r · t/T) . 
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Figure 5.4: Velocity field U (arrow) and level-set(color) at t=5. 

(j) 

Figure 5.5: Streamlines of velocity field U and level-set( color) at t=5. 

With T the time period of the slip velocity. This results in periodic non-symmetrical flow 
field where either the left or right vortex is bigger than the other. For this case several time 
periods where simulated, resulting in the Poincaré sections as shown in Figure 5. 7. 

Figure 5.7 shows the Poincaré sections for time periods O < T < 20. Fifteen tracers are 
released on the line y = 0.15 between 0.5 < x < 2. As mentioned before, the steady flow 
topology (T = 0) coincides with the streamline plot Figure 5.5 and only shows closed stream
lines defining recirculation zones, also called islands, meaning no chaotic mixing is present. 
Figures 5.7b-5.7f show the Poincaré sections for time-periodic flows(T > 0) , revealing two 
kinds of structures, a chaotic sea and islands inside the chaotic sea. The chaotic sea is an 
essentially unsteady feature that is a consequence of islands( or parts of islands) disintegrat
ing. The leftover islands are remainders of their steady state counterparts. Visualizing the 
flow topology therefore directly exposes the zones where poor or good mixing is present. The 
islands typically show linear stretching and the chaotic sea indicates exponential stretching 
in the flow. As shown in Figure 5.7, increasing time periodicity improves mixing, but zones 
of poor mixing persist[SP]. In this case the poor mixing zones are situated at the left and 
right lower corners of the droplet and at the top of the domain. The poor mixing at the 
lower corners is caused by the recirculating zone caused by the droplet edge. Because the 
flow is driven by the electrodes on the bottom of the channel, mixing is poor at the top of 
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Figure 5.6: Poincaré section for steady flow . 

the channel, where the flow is the least affected by the time periodicity of the slip velocity. 

The test case described above is physically not possible, when one of the electrode charges 
goes to zero to other electrode will not produce a slip velocity on his own. Because of this 
a test case is made in which the periodicity is created with three electrodes, see Figure 5.8. 
For this domain a mesh is made out of square elements with a size in the order of 10-2 • The 
elements are smaller near the electrodes because that is where the highest gradient in velocity 
will occur. The other settings used in simulations are the same as in Section 5.2. 

This set-up contains three electrodes, A,B and C. These electrodes are coupled together in 
two ways, in the first half of the time period A and B are coupled and in the second B and C 
are coupled. Time periodicity is now created by switching between the couplings at t = T /2. 
The gap between the electrodes of opposite sign will then switch from left to right and vice 
versa. With this configuration simulations for the flow field are done for different time periods 
T. The flow field is then used to create Poincaré sections. 

As can be seen in Figure 5. 9 the Poincaré sections for a small time period approach the 
streamlines, as then the time periodicity goes to zero. When the time period is increased 
(T=8) chaos is increased and the streamlines fall apart into island chains. These islands are 
recirculation zones, where only linear stretching is present. Increasing the time period even 
further (T=20) results in a total chaotic sea, but at the edge of the droplet islands are still 
present. These islands are caused by the same phenomena as mentioned before, but now the 
upper left and right corners of the droplet show poor mixing areas. The lower corners now 
have better mixing, which is probably caused by the fact that the electrode gap is closer to 
the droplet edge, and therefore has more effect on the lower corner vortex. 

From the results presented above it can be concluded that in theory it is possible to create 
mixing inside a micro droplet. The mixing is best at the bottom center of the droplet and 
decreases to the boundaries. lncreasing the time periodicity of the flow field increases the 
mixing, which is in line with expectations. Calculating the dimensional parameters for the 
Poincaré section of Figure 5.9f results in a period time of about 2s and a voltage in the 
order of V = O(l)V. Therefore it is reasonable to assume it should be possible to do real 
experiments for this case. 
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Figure 5.7: Poincaré sections for different time periods T. The red lines indicate the droplet 
interface. 

To verify the results from simulations it is recommended to perform 3D particle tracking 
velocimetry measurements, therefore a new set-up should be build or the existing Micro-PIV 
set-up should be modified to be able to do this. Further mixing measurements should be clone 
by for example using droplets consisting of two different colored liquids as represented in[ST] 
and [TLI] . To further increase mixing, other electrode configurations can be considered or a 
combination of a moving droplet and ACEO flow can be tried. 
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Figure 5.8: Domain for simulations with 3 electrodes. 
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Figure 5.9: Poincaré sections for different time periods T , the red lines indicate the droplet 
interface. 
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Chapter 6 

Conclusion and Recommendations 

Conclusions 

The goal of this project was to investigate the possibility of ACEO flow inside aqueous droplets 
in an oil-like carrier fluid. 

To this end a droplet-generating device is designed and fabricated to generate droplets inside a 
micro channel. This device consists of a glass capillary inside a bigger glass channel, resulting 
in a flow focussing device to form droplets. The droplets are used in an ACEO device to 
perform visualization experiments. The ACEO chip consists of a glass substrate with gold 
electrodes, a micro channel made out of acrylic solid adhesive and a top cover of polycarbonate. 
To characterize the ACEO flow phenomena the electrode configuration is kept as simple as 
possible. Therefore the electrode configuration consists of only two electrodes separated by a 
single gap. 

With these devices visualization experiments have been performed using tracer particles to 
show the possibility of ACEO flow inside a droplet . The experiments confirm the possibility 
to use ACEO flow inside droplets. From the measurement data obtained during experiments 
a velocity profile of the tracer particles is estimated, which is compared to velocity profiles 
obtained from simulation results. The results show good qualitative agreement. Furthermore 
flow phenomena are observed, which indicate the flow profile is comparable to flow profiles 
shown in single phase ACEO experiments and our two-phase flow simulations. 

A theoretica! model for the ACEO flow together with alevel-set method for two-phase flow is 
used to perform numerical simulations. The flow field inside a droplet is simulated in 2D and 
the flow field is compared to the results from experiments. Furthermore the model is used to 
characterize mixing properties of the flow field . This is done using Poincaré sections. This 
demonstrated the possibility to induce chaotic mixing inside micro droplets by way of ACEO. 

Recommendations 

The results shown in this report provide fine evidence that it is possible to use ACEO flow 
for mixing inside micro-droplets. But still some steps have to be taken. 

To further confirm the agreement between experiments and simulation results it is necessary 
to perform additional velocity and visualization measurements to extensively visualize the flow 
profile inside the droplets. For this micro-PIV measurements should be performed to examine 
the velocity profiles in the channel in more detail. This requires a higher particle seeding than 
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used in our experiments, and thus another particle solution should be used, preferably based 
on a potassium chloride (KCl) solution. Furthermore it would be even better to perform 
three dimensional velocity measurements in a way similar to the work done in [CS]. This way 
a more detailed comparison can be made between simulations and experiments to confirm 
they coincide. For this the simulations should also be extended from a two-dimensional to 
three-dimensional analysis. 

To be able to experimentally characterize the mixing properties , mixing experiments should 
be done by for example using droplets made out of two differently colored liquids as presented 
in [ST] and [TLI]. For this an ACEO channel with an electrode configuration as shown in 
Chapter 5 should be fabricated. To further increase mixing other electrode configurations can 
be considered or a combination of a moving droplet and ACEO flow can be tried. 

Finally it would be better to use other production techniques to fabricate the micro-channels, 
like the one described in [LS]. With this technique channel production is better controllable 
and it also provides smoother channel walls than the ones created with the excimer laser. 
Further it would be desirable to implement the droplet making device into the ACEO chip, this 
way it should be possible to create smaller droplets inside the channel and the experimental 
set-up becomes more compact . 
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Nomenclature 

Symbol Quantity Unit 
A Cross-section area [m] 
(3 Thermal expansion coefficient [K-1] 
C Concentration [-] 
C Capacitance [cv-1] 
CD Capacitance of the Debye layer [cv-1] 
CDL Capacitance of the Double layer [cv-1] 
Cs Capacitance of the Stern layer [cv-1] 
D Diffusion coefficient [m2s-l] 
dp Particle diameter [m] 
ó Dirac delta function [m-1] 
En Electric field in normal direction [NC-1] 
Et Electric field in tangential direction [NC-1] 
E Electrical permittivity [Fm-1] 
é Transition thickness [ml 
'T] Dynamic viscosity [kgm-lçl] 
F Force [N] 
Fst Surface tension force [N] 
f Frequency [Hz] 
<P Electrical potential [V] 
<Pls Level set function [-] 
g Gravitational constant [ms-2] 
Î Re-initialization parameter [ms-1] 
J Electric current [A] 
Jext Faradaic current [A] 
kb Boltzmann's constant [JK-1] 
L Characteristic length [m] 
le Electrode length [ml 
A Ratio of impedance [-] 
ÀD Debye length [ml 
w Frequency [Hz] 
Wc Characteristic frequency [Hz] 
WD Debye frequency [Hz] 
p Pressure [Nm-2] 
q Charge [C] 
R Electrical resistance [O] 
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p Mass density [kgm-3] 

Pe Electrical resistivity [Om] 
a Electrical conductivity [Sm-14] 
as Surface tension coefficient [Nm- 1] 

T Temperature [K] 
t Time [s] 
T Time constant [s] 
0 Concentration [-] 
u Velocity [m/s] 
u Characteristic velocity [mçlj 
Up Particle velocity [m] 
V Voltage [V] 
Vext External applied voltage [V] 
z Valence [-] 
( Zeta potential [V] 
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Appendix A 

Surface quality of electrodes 

To check if the edge of the gap between the electrodes does not disturb the flow to much a 
quality check of the electrodes is done using a Sensofar Plu2300, which is a Dual-Technology 
sensor head combining Confocal and Interferometry techniques. Figure A.la shows a picture 
of a 3-dimensional close up view of the electrodes. Figure A.1 b shows a 2-dimensional top view, 
and Figure A.2 a cross section. As can be seen in those figures, at the edge of the electrodes, 
some gold has been raised. Because the maximum height of these edges, approximately 0.9µm, 
is much smaller then other length scales, it is unlikely that these disturb the flow. 
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(a) 3D (b) 2D 

Figure A.l: 3D and 2D close up view of the electrode gap. 
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Appendix B 

Forces acting on tracer particles 

The tracer particles in the fluid should follow the flow accurately in order to visualize the 
flow phenomena in a correct way. The influence of the different farces acting on the particles 
is treated in this appendix. 

Particle inertia[SS] 

When a sudden change in flow velocity or direction is present in a flow it takes an amount of 
time for the tracer particles to catch up with the flow. The response time of a particle in a 
stationary unidirectional flow subjected to a step response is discussed. The only force acting 
on the particle is the Stokes drag force. The equation of motion is then given by [physical 
measurement methods]: 

(B.l) 

with rp = dp/2 the radius, pp the density and Up the velocity of the particle, U the fluid 
velocity, µ the dynamic viscosity of the fluid and t the time. Solving this equation for t with 
initial condition Up(t = 0) = 0 results in: 

t 
Up= U(l - exp(--)) 

T 
(B.2) 

in which T is the typical time for a particle starting from rest, to attain the fluid velocity 
given by: 

(B.3) 

Fora particle with dp = 2µm and pp = 1050kgm-3 , µ = 10-3kgm- 1ç 1 the time constant is 
/tau= 2.3 x l0_7s. This means the particle has the same velocity as the fluid after 0.23µs, 
which surely is fast enough. 

Lift force[SS] 

Tracer particles in a moving liquid with a spatial velocity gradient experience a lift force 
induced by spinning of the particles, as shown in Figure B.l 
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Figure B.l: Illustration of the lift force induced by spinning. 

The lift force fora spherical particle is given by[physical measurement methods]: 

1 2 ~ 
F'tift = 2 p1rdPU y dU / dy (B.4) 

with p the mass density of the liquid, dp the particle diameter, U the velocity and dU / dy 
the spatial gradient in the velocity. When assuming a circular flow with a maximum velocity 
of U = lmms-1, a gradient of dU / dy = 1000/25s-1 and p = l000kgm3 the lift force on 
particles with a diameter of dp = 2µm is Flift = 4.0 x 10-11 N. This force will pull particles 
to the region with higher velocities near the electrode. For our measurements this is not a big 
problem because in the first experiments we focus on the flow phenomena near the electrodes. 

Centrifugal force[DD] 

Particles inside the ACEO induced vortices are subjected to a centrifugal force. To estimate 
this force a circular flow with particle at radius R is considered. The centrifugal force acting 
on the particle is given by: 

4 u2 

Feentrifugal = mpa = 31rppr: Re (B.5) 

with mp and a the mass and acceleration of the particle respectively, pp the mass density 
of the particle, rp the particle radius, U the tangential velocity and Re the distance to the 
center of the circular flow. For our particles, U = lmms- 1 and Re = 25mm this force is 
Feentrifugal = l.7 x 10-16N. Which is at least five orders of magnitude smaller than the lift 
forces and therefore negligible. 

Density effects[SS] 

Because the tracer particles have a slightly higher mass density than the fluid buoyancy effects 
are present. The terminal particle velocity due to gravity can be estimated by setting the 
gravity force equal to the Stokes drag force [physical measurement phenomena]. 

(B.6) 

with g the gravitational acceleration constant and Uy the vertical velocity of the fluid. Since 
Uy=O the terminal velocity of the particles becomes: 
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electrodes, (b )Relative contribution of DEP to the velocity of tracer particles 

U - - (pp - P) gd~ 
P - 18µ (B.7) 

Dielectrophoresis[KY] 

When a polarizable particle is exposed to a non-uniform electric field, a dipole is formed 
inside the particle. This induced dipole interacts with the non-uniform electric field and 
gives rise to a net force. The movement of this force is called dielectrophoresis (DEP) [AC 
Electrokinetics Colloids and Nanoparticles.pdf]. The contribution of DEP on the movement 
of our polystyrene tracer particles is estimated with the following equation (see [Development 
of a microfluidic device for simultaneous mixing and pumping.pdf] fora derivation): 

UDEP 

UACEO 

8\l'ke(l + ke) 2 ~ 
31r2 r2 

(B.8) 

with UDEP the particle velocity due to DEP, UACEO the electroosmotic velocity, ke the ratio 
between the width of the electrodes, r the radius of a semicircular line (see Figure B.2a) and 
dp the particle diameter. Our electrodes have almost equal widths, therefore ke = 1. The 
ratio of the velocity due to DEP and the ACEO velocity is calculated for tracer particles 
with radius of 2µm which are used for the experiments. The result is shown in Figure B.2b . 
The contribution of DEP is quite small as can be seen in the figure. For bigger particles the 
effect of DEP is higher. Only in the region between the two electrodes the effect of DEP is 
relatively high, hut already at r = l0µm the contribution of DEP is lower than 10% for the 
2µm particles. Therefore it can be concluded that the particle motions reasonably represent 
the ACEO induced flow. 
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Appendix C 

Velocity profiles 

In chapter 5.2.3 a qualitative comparison of the velocity profile above the electrodes is shown, 
this was clone with an applied voltage of V = 4.63V at a frequency of f = 400H z. For the 
visualization experiments with other frequencies this comparison is also made, and are shown 
below. 

First the velocity profile of the experiments with an applied voltage of V = 4.84 V at a 
frequency off= 600H z is shown in Figure C.l. 

Next the velocity profile of the experiments with an applied voltage of V = 4.84V at a 
frequency off = 800H z is shown in Figure C.2. 

The black dots represent the velocity profile as determined in the experiment, the colored lines 
give the flow velocity perpendicular to the electrode edge at different dimensionless heights 
in the channel. The velocity profiles from simulations are fitted to the measured data points. 
As mentioned in chapter 5.2.3, the shape of the profiles coincide, with exception of the dip 
due to particle confinement. 

Further when comparing the measured velocity profiles, it can be seen that at the frequencies 
of f = 400H z and f = 600H z the height and shape of the profiles are almost the same. The 
profile at f = 800H z shows the same shape but is lower, meaning the measured velocities are 
smaller. As mentioned in chapter 2, ACEO flow has a velocity going to zero at low and high 
frequencies and a maximum at intermediate velocities. The measured velocities at f = 400H z 
and f = 600H z will therefore be in this middle region and the f = 800H z profile is in the 
region higher frequency region which explains the declining velocity. 
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Figure C.l: Flow profile above electrodes from simulations(lines) and experiment(points) 
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