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Abstract

In this project a particle separator chip based on dielpbimoesis was developed. Dielec-
trophoresis is the effect that polarizable particles eigmee a force when they are exposed to a
non-uniform electric field. The dependency of this phenoomesn the particle size is exploited
to separate particles of different size in a microfluidicrumeal.

In the device a separation of particles is established lmyrfgithem on trajectories of certain
mean velocities in a pressure driven flow. In order to mauwitguthese paricles dielectrophoretic
forces are applied.

This work covers the full development cycle beginning witle ttonstruction of a model
based on electric field and liquid flow simulations, the desigd fabrication, and ending with
the characterization of the device.

Experimental proof of concept is given by retention time su@aments of small particles
(8 and 1m respectively) with the fabricated device.



Kurzfassung

Im Rahmen dieses Projekts wurde ein Partikel-Separator-&ifigrundlage des Effekts der
Dielektrophorese entwickelt. Dielektrophorese ist eiédi®dmen bei dem sich eine Kraft auf ein
polariserbares Teilchen aufbaut wenn selbiges einem hmmiogenen elektrischen Feld aus-
gesetzt ist. Die Abhangigkeit dieses Effekts vom Partddilis wird in dem voliegenden Fall
ausgenutzt um Partikel, abhangig von ihrer Grél3e, in eingarofluidischen Kanal voneinan-
der zu separieren.

In der durch Druck aufgebauten Stromung wird eine Separataalurch erreicht, dafd die
einzelnen Partikel auf Trajektorien geleitet werden, diee @interschiedliche Durchschnitts-
geschwindigkeit aufweisen. Dielektrophoretische Kra&ferden dazu benutzt die Partikel in
der Stromung abzulenken.

Die vorliegende Arbeit behandelt den vollstandigen Entlicgszyklus beginnend mit der
Konstruktion eines Models basierend auf Simulationen Jekteschem Feld und fluidischem
Stromungsfeld, Design und Herstellung sowie der Charaégting des Chips.

Die Funktionsweise wurde anhand von Messungen der Durze@werschieden kleiner

Partikel (8 und 1pm) demonstriert.
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Chapter 1

Introduction

Microfluidics is a very agile field of research these days. @a lband it seems very attractive
to deal with small sample volumes for example in blood ansly@n the other hand the scaling
to small devices allows for the utilization of effects whigb not appear in the large scale. As
a typical example the dielectrophoretic force on a partiele be mentioned as an effect which
is only noticeable if a large non-uniformity of an electrielfl within the particle dimensions is
present. Such large non-uniformities can be establishemwie actuating electrodes are in the
size range of the particles and this requests for small meamnts of used devices.

Particle separation can be considered as a task necessagvéral lab-on-a-chip applica-
tions. Furthermore there are other areas of applicatienddncer research, industrial process
monitoring and medical applications.

In this work a particle separator chip based on dielectroggie was developed. Here,
the term particle separation means a separation of diff@anticles in the time domain while
sorting is a term used for the spatial domain. Our devicepigsloke for slowing down particles
depending on their size and in such a way that a separatitve itimhe domain is established.

Dielectrophoresis has some advantages which makes it tteagtave as an actuation prin-
ciple for particle research. First, its absolute value (iirst order approximation) is propor-
tional to the third power of the particle diameter. Therefaa discrimination on the particle
size should in principle be very sensitive. Furthermore,ittvolved particles only have to be
polarizable (which is the case for biologic objects likdgebut not charged.

In the first section the theory of forces on patrticles in lagincluding the dielectrophoretic
force is addressed. Then a model for the particle behavresented which is the basis for the
investigation of different electrode designs. An optintiza yields to a specific design which
was then realized. Measurements as well as a discussiore oesllts are presented which
yields proposals for improvements of the device.



Chapter 2

Theory

2.1 Introduction

One of the goals of this project was to develop a model for thbeabior of a particle in a
microfluidic device. Therefore it is of importance to undargl the nature of the forces which
appear if a particle is exposed to the fields given in such a.ca¥ith this knowledge it is
possible to simulate different scenarios.

In the following sections the theory of forces is developéulol deals with particles that are
exposed to an electric field and to a liquid flow field. The scenaken as a basis is outlined
in figure 2.1. A polarizable particle with a given radius isdted in a liquid which is in motion.
Additionally an electric field is applied to this liquid. Bothe liquid motion and the electric
field affect the particle and cause forces acting on it.

These acting forces are summarized here:

e V; is the velocity field of the liquid surrounding the particl€he flow profile (constant
in fig. 2.1) depends on the channel geometry. If the partidees with a lower velocity
than the liquid flow ¢p < v;) it will be dragged in positive x-direction by thdrag force
Fp (see section 2.3). In the case thigt> v the forcefFp has a negative sign.

e The particle is also exposed to an electric figlgvhich is in our case non-uniform. In a
first assumption, we expectdielectrophoretic (DEP) forcedgp in positive y-direction
considering negative dielectrophoresis (see section 2.2)

Fields Forces

Foep
_— = I:B
— Vp

I =
I

—— Particle
s
X

E

Figure 2.1: Forces acting on a particle

2
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o If the particle and the surrounding liquid have differentssidensities, it is of importance
to take thebuoyancy force g and thegravity force ks into account (also outlined in
Section 2.3). Both can be treated as constant forces degeodithe mass densities of
particle and liquid. In the case that the mass densities tif braterials have the same
value these forces are in balance and can therefore be tesjlec

e Since the particle is accelerated due to forces describmeeathere will also be an inertia
effect which depends on the mass and on the acceleratiore gfdtiicle. The sign of
this inertia force (F) is always contrary aligned to the vectorial sum of all aecation
forces. This force is introduced in the continuous modet{iBa 2.5) and is not separately
addressed.

These above listed forces which affect the behavior of tliegbaare discussed in detail in
the following sections. The resulting mathematical exgicss are merged together by means
of a force equilibrium (see section 3.4). As a result a firsteordinear differential equation
delivers the solutions for specific initial conditions (€8-41)).

2.2 Theory of dielectrophoresis (DEP)

2.2.1 Introduction

Dielectrophoresis is defined as the motion of an unchargkdipable particle in a non-uniform
electric field due to induction [Jon95]. The electric fieldirces a dipole moment in the particle.
If the electric field is non-uniform, a force appears. In tbhkdwing sections the derivation of
this force is presented. Therefore, thiéective dipole moment methadused, which means
that an expression for the so calletfective dipole momerd found in order to calculate the
force in the same way as for common dipoles. This method entédom [Jon95] and is carried
out here in detail in order to be able to estimate the consexpseof the assumptions which are
used.

2.2.2 Calculation of the dielectrophoretic force bgp

In this section the dielectrophoretic force on a particla isuspending medium exposed to an
electric fieldE is calculated.

First the force on an uncharged dipole like shown in figurai@vestigated by calculating
the resultingCoulomb Forceon both chargeg and—q:

F=0qE(r+d)—qE(r). (2.2)

Ataylor series ok developed in the point, truncated after the linear element and calculated
in the pointr +d for d << r gives:

E(r+d)=E(r)+0E(r)-d+... (2.2)

Insert equation (2.2) in equation (2.1) leads to
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Figure 2.2: Common dipole in an electric field.
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Figure 2.3: Patrticle in an electric field.

F= od -0E=p-CE. (2.3)
~—~
p

p = qd is defined as the dipole moment. It turns out that a non-umifelectric field (E) is
necessary in order to establish a resulting force on thdelipo

Equation (2.3) gives information about the force acting ostadic dipole moment. If a
polarizable particle is placed in an electric field an indldgole moment can be expected. For
the calculation of the force on such a particle using equg2o3) the induced dipole moment
has to be determined. This is done by comparing the eleatrogibtentials of a common dipole
to that of a polarizable sphere exposed to an electric field.

First the potential of a point charge is calculated whiclhentgeneralized to that of a point
dipole. The electric flux density of a sphere with the charg@ at the radiug is:

Q

D=¢E=—
4112

e wheree = gp€;. (2.4)

g Is the basis vector in radial direction. Then the electrildfend the electrostatic potential
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®(r) can be determined:

Q

4T|}3r2er

/Edr . (2.6)

4nsr

The electrostatic potential of a point dipole can be foundinyerposition of the potentials
of two opposite charges using equation (2.6):

(2.5)

Q.1 1

4T[£(H - E) (2.7)
r =Xex+yey+ze; (2.8)
d
== G+ +(—5)7) (29)
A taylor series fold < r1 gives:
1 d 1 1ldz
= (C+y2+2)” 2—— C+Y2+2) iz~ +. “+53 (2.10)
r 2 2r
1 1 1ldz
1 1 dz d
Using (2.12) in (2.7) gives:
p cog9)
4T[E 2 (2.13)

wherep = Qd is the absolute value of the dipole moment.

Now an expression for the electrostatic potential of an aedudipole is calculated. If a
polarizable particle is exerted to an electric field, a ddpmloment is induced. For calculating
the force on a particle, theffective momemnhethod is introduced. The effective momeats is
defined as the moment of an equivalent point dipole produttiagsgame electrostatic potential
as a common dipole.

The electrostatic potential outside and inside a spheresedto an electric field is (fig.
2.3):

®1(r,8) = —Eqrcoy(0) corsge) forr >R (2.14)
®,(r,0) = —BrcogB) forr <R (2.15)

This includes the assumption, that the electrostatic piaieconsists of a part coming from
the external uniform field€y and another part coming from the point dipole itself. The two
unknown constantd andB can be verified by applying the following boundary condisdo
the sphere boundaries:

d)l(r = R, 9) = CDQ(I’ = R, e) (2.16)
¢ 6¢1(r =R, 9) _¢ adbz(r =R, 9)
1 or — %2 or

(2.17)
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Equation (2.16) claims the continuity of the electrostattential® and equation (2.17) is the
formulation of the steadiness of the normal projection efftbx density vector. Using equation
(2.14) and (2.15) in equation (2.16) and (2.17) yields inrteailt:

Er2—€&1
A=EoR3 2.18
Fo €2+ 281 ( )
3g1
= 2.19
S (2.19)

When we now compare equation (2.13) with the second part iatequ(2.14) using equa-
tion (2.18) a expression fquef ; results:

€2—&1
€+ 2¢;

Using equation (2.20) in the previously calculated expogstor the force on a dipole in a
nonuniform field (eq. (2.3)) leads to the following expressi

Petf = 4TE1A = 4T ER® (2.20)

Fdipole = 411 RPK |Eo|€p - OEg (2.21)

& is the direction of the dipole momerK, is the so calledClausius Mosotti Facto(K =

~2—L). Since we know that the polarization of the particle shalays have the same direc-
2+2€1

tion as the inducing electric field eq.(2.21) simplifies:

Foep = 41€1R3K |Eg| €, - O(|Eo| &) = (2.22)
— 41, R°K EgJEg (2.23)
~——
3068
Foep = 211 RPKOE? (2.24)

Equation (2.24) is the common expression for the dielebimogtic force acting on a particle in
a medium exposed to an electric field.

2.3 Drag force on a particle in a liquid flow

For the calculation of the drag force on a patrticle in a fluréatn the so called Navier Stokes
equations are responsible [WhiO1]. These very complexréiffitial equations are generally
unsolvable, but there exists an approximation (Stokescxppetion) for "‘creeping flow™
(Reynolds Numbers < 1) as an easy to use solution:

Fo = 6MR(V — V) = kg (V| —Vp). (2.25)

Fp is the drag force acting on the particle having its originhie fluid motion,n is the
viscosity, R is the patrticle radiusy; is the liquid velocity andv is the particle velocity. The
proof for this expression is not given here.
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The Reynolds Number for a ilnparticle in water at a velocity of = 1.6™" calculates:

_ v

Re=" " =0.024 (2.26)

which is well below unity.

2.4 Buoyancy and gravity force

The resulting force caused by buoyancy and gravity mainpededs on the mass density differ-
ence between particle material and surrounding mediumbtibgancy force calculates

Fe=pigVv (2.27)

whereg is the acceleration of gravity argd andV are the mass density and the volume of the
displaced mediufrespectively.
The combination of buoyancy and gravify(= ppgV) to a resulting force, delivers:

Fec = aV(pp —p1). (2.28)

It is obvious that same mass densities for particle and fesdlt in a force balance between
buoyancy and gravity.

2.5 Continuous model

2.5.1 Introduction

In the following sections, the behavior of a particle in adléiow exposed to an electric field
is modeled using the forces derived in sections 2.2 and 2n@. cbmbination of all forces to
an equilibrium results in a linear first order differentiguation. For the given problem it is
sufficient to develop a two-dimensional model which in faghsists of two independent sub-
models, each of which describing the dynamic behavior op#mticle in one directioh The
only difference is an additional term carrying the buoyapast. The advantage of this approach
is that the problem can be formulated as a scalar problem.

2.5.2 Force Equilibrium

All forces on the particle are summarized below:

e Dielectrophoretic force
Foep = 4TE RPKOE2 (2.29)

When a rigid body is immersed in a fluid, a certain amount offibigl is being displaced.
2These two directions (x,y) are orthogonal to each other.
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AT

P

Figure 2.4: Forces for horizontal equilibrium.

e Stokes Approximation for thdrag force If the particle is slower than the surrounding
medium it is dragged in the direction of the flow (positiversig

Fo = 6mMR(vi —Vv) = ki(vi —v) with k; = 6mMR (2.30)

n is the viscosity of the surrounding flufir is the radius of the particlg is the velocity
of the fluid andv is the velocity of the particle. The sign of this force chasgethe point
V=V.

e Inertia force:

dv
F=ma= ma (2.31)

m= ‘g‘npR3 is the mass of the particl® (s the mass densitR is the radius) and is the
acceleration i g].

e Buoyancy/gravity force: If there is a significant differerfoetween the densities of the
particle and the fluid the buoyancy and the gravity has aléetoonsidered:

Fe =gV(pp —p1i) (2.32)
The sum of these forces is calculated for the horizontattoe:
Fo+Foepr=Hh (2.33)

using equation (2.30) and (2.31) this equilibrium caleesab:

dv
k(M —V) +Fpep = M (2.34)
dv, K1 _ Poeptkivi (2.35)
dd m m

which is a linear differential equation of first order. Mpliting eq. (2.35) by

o — el mdt — gmt (2.36)
gives
ki, d k1l F k
etV KL i JdiFDER T KIVI (2.37)
add m m
d Kk ke FpEp + K1V
—|vem'| =em' ———, 2.38

3h k
n = 1.002E — 374 for water
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Integration over time gives:

vert — LEP; kv / et _ (2.39)
k
Foeethan g o 240
m k]_

whereC is an integration constant which has to be determined bynitialiconditionv(t = 0).
Then the solution can then be written as follows:

Ve Foep+ kv Ky

+Cem (2.41)
Ky

Equation (2.41) describes the motion of a particle in a flwd fivith the velocity and exposed
to a dielectrophoretic forcd=6ep) in a horizontal axis. For the vertical solution an addigbn

buoyancy force term has to be considered (eq. (2.32)) wlanlbe seen as an additive value to

the DEP force and thereby does not modify the principle sirecof the solution ((2.41)).
This model has the following assumptions:

e The expression for the drag force in eq. (2.30) is an appratian for a particle exposed

to a flat flow profile. In a pressure driven flow the velocity disition depends on the
shape of the channel and can in most cases not be assumedao (fig.fl2.5). For the
force calculation the liquid velocity, at the center of the particle is used. Additionally a
rotation of the particle can be expected due to the velocadignt.

The dielectrophoretic fordepgp has been assumed to be constant in equation (2.41). This
means that the solution is only valid for a short displacemegion. When a trajectory of

a particle is calculated equation (2.41) has to be intedrater a time step. This delivers

a displacement vector (fig. 2.6) which has to be short encgtHtep does not change
significant. If this is not the case the time step has to beaediwntil the solution does
not enhance any longer. A trajectory can then be composedfamall displacement
vectors (section 3.4).

Equation (2.29) is an expression for the folgg=p on an induced dipole in a sphere.
Higher order moments like quadrupoles and octopoles athi®special case neglected.
Since the inducing electric field is very nonuniform compkte@the size of the particles
we have to expect multipolar moments [JW96, WJ96]. In [VBI] an attractive iterative
calculation algorithm for DEP forces was presented whiallda principle be used for
this model but it would introduce an increase of computing/goand complexity. Our
model can be seen as a first order estimation for showing theijple behavior of the
device.
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channel wall (top)

> parabolic flow profile

EEE——\
]

7& Particle
—

channel wall @ttom)

Figure 2.5: Particle in a parabolic flow. For the calculation of the dragcé in the model the
liquid velocity v; in the center of the particle is used.

Y =
| @
/ (b)

G =z

Figure 2.6: Particle trajectories for different integration time stefa) shows a better trajectory
than (b) because of a shorter integration time. One arrovcanes one integral
solution of equation (2.41).



Chapter 3

Simulation

3.1 Introduction

In this chapter the development of a two-dimensional moaleafflow channel with electrodes
for dielectrophoresis is explained. The model was needethéoptimization of the channel
geometry and the electrode design. First a FEM electric &atila fluid flow simulation using
Coventorwaras described (sections 3.2 and 3.3). This data is fed iltla#ab model (section
3.4) which allows for a parametric study of the device.

3.2 FEM electric field simulation

For the calculation of the electric field distribution in tbleannel it is sufficient to formulate
the problem as a two dimensional electrostatic potentialblem. No space charge has to be
taken into account and the boundary conditions are givelmeaglectrodes. Thus the so called
Laplace Equation

[’ =0 (3.1)
has to be solved, whereis the electrostatic potential. This can in principle beelanalytically
by finding a solution to eq. 3.1 and adapting it to the spe@aliolary conditions or by means
of a finite element solver. For this simulation the FEM solfrem Coventorwarewas used
which has the advantage, that it can also process fluidiclations.

The electrode structure of the device consists of elem&#® (actuators) which are assem-
bled to a periodic array (fig. 3.1). Therefore it makes seasenulate the electric field for a
part of the channel and use this results for composing the distribution for the full channel
in the model. So the amount of data can be reduced significantl

In fact a larger section containing two DEP actuators waslikited, and a smaller section
was cut out and used in the model. It was necessary to simalatger part, because there are
boundary effects which influence the simulation result em¢knter.

The following work flow outlines the necessary steps for ineugation:

e Generate a process file. For a two dimensional simulatioptbeess does not reflect a
real process flow. Instead the device process has to be dsficbdhat the masks show
the device from a side view (and not from the top view). Table shows the process
steps.

11
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Electrodes
VRN

N L
2 X
uv \
DEP element (actuatoy) ~ Channel
Small element used in the model

Figure 3.1: The device consists of a periodic array of DEP elements &#ats). For the sim-
ulation of the electric field distribution only two such elents (consisting of e.qg.
four electrodes) are used. In the model a small section g&imulation is merged
several times to get a large matrix.

Action Type Layer Material | Thickness| Mask Name /| Depth
Name Polarity
Base Substrate| SILICON 50 GND
Deposit Planar Layerl | WATER 1000
Etch | Front, Last Layer| channel + | 1000
Etch | Front, Last Layer| electrodes - | 1000

Table 3.1: Process steps for the electric field simulation.

e Generate a mask layout with the designer. As already mesdtionis necessary to design
the device from the side view. Thus these masks do not refieatasks as they would
be used in a real process. The design looks like in figure 3erevtine electrode mask is
red (grey) and the channel mask is black colored.

e Generate the model/mesh in the preprocessor. For a fastglasion only a water layer is
used in the model (the electrodes are not existent, not evére iprocess). The boundary
conditions are directly applied to the interfaces on the &RTlayer. Manhattan bricks
with a size of 2« 2um were defined in order to have an easy to use mesh for further
processing. Only at the electrode edge regions the mesh elements atiessthe to the
given electrode height of 30@n (fig. 3.2).

¢ Finally the simulation has to be carried out. The result mghin figure 3.3. It has to
be exported to a common readable format (ASCII Tecplot) ¢oimig. mesh and electric
field information. From there it is converted toMatlab readable file using a custom
madePerl script. (link to appendix follows)

3.3 FEM fluid flow simulation

The velocity distribution of a fluid in a channel is governedthe Navier Stokes equations
containing mass momentum and energy conservation [Whi@tpventorwarea three dimen-
sional model of the channel was designed in order to evathateelocity distribution of the

1This simulation data is fed into the matlab model of the clehrifiherefore a well defined mesh geometry has
to be used.
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2um
2um
1 B
Mesh Nodes interface Electrode

Figure 3.2: Mesh at the boundary between electrode and water. The alec(grey) at the
lower right side does not exist in the model. The boundarydmns (voltage) are
applied directly to the interface at the water layer. Thusedain(electrode) layer
in not required for the simulation. Due to the small heightla# electrodes the
lowermost mesh elements do not have the same size as thest@hents. Since

this can cause trouble when the gradient is calculated #legsgents are cut away
in the matlab model.

- L~

DC Elect. Field |E|: 2.1E-05 2.3E-01 4 5E-01 6.8E-01 9.0E-01

Figure 3.3: Result of the electric field simulation using coventorwarke Brighter (green) ar-
eas are regions of higher electric field strength and arédddzetween neighboring
electrodes. Note that this illustration shows the absolatee of the electric field.
For the DEP force generation the gradient of this field isoasfble.
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Action Type Layer Material | Thickness| Mask Name /| Depth
Name Polarity
Base Substrate SILICON 50 GND
Deposit Planar Layerl | WATER 70
Etch | Front, Last Layer channel + 70

Table 3.2: Process steps for the fluid flow simulation.

Velocity V,:  -7.0E+00 4.0E+02 8.1E+02 1.2E+03 1.6E+03

Figure 3.4: Result of the fluid flow simulation using coventorware. The fegghows the ve-
locity distribution in a slide abeam to the flow direction. Alecity of Immy/sec
at the inlet face was assigned as the boundary conditiontféfeint flow rates are
desired the profile can be scaled linearly.

fluid in the channel. The work flow is similar to that of sect®2, except that the masks have
to be designed from the top view (like for a real process).lg@x2 shows this process. In
this simulation we are interested in the vertical and hariabflow profile for a well developed
flow. Thus the resolution in the plane transversal to the flavgtbe high, while in flow direc-
tion a lower resolution is sufficient. The channel lengthtoase long enoughto ensure a fully
developed profile. An example for a results of this simutatioe shown in figure 3.4 and 3.5.

3.4 2D model of the device

For the development of the device it is essential to have aeinekiich allows for a parametric
study of its behavior. Therefore a matlab model was develapgich uses the electric field
distribution, the fluid velocity distribution, the chanrggdometry and the patrticle size as input.
Then a particle trajectory and the retention time of a plariicthe device are calculated.

If the channel geometry and the electric field distributioa #xed, two parameters can be
adjusted in order to optimize the result. The voltage fastmles the applied voltage at the
electrodes and the velocity factor is responsible for thiel fielocity scale. This is possible
because the field distribution in both cases is independemt the appropriate absolute values.

The electric field simulation (section 3.2) delivers a fileiethincludes a two-dimensional
mesh with an electric field vector in each node. The matlabeh@hds this file into a matrix
and calculates the dielectrophoretic force by applyingaéiqu (2.24) for a given particle radius.
The resulting matrix now holds force information for a sestof the device containing 2 DEP

2In the case that a constant flow rate is given as a boundaryitmonét the inlet, the flow develops within a
few micrometers.
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Figure 3.5: For the one dimensional device simulation model only a ealslice of the result
is needed (a). (b) shows a horizontal slice of the velocistritiution used for
optimizing the aspect ratio of the channel.

+\ / + +

Mesh Nodes
Particle Trajectory
Node(Xi+1,Yj+1)
+ ’ +
Nodef, ¥;)
+ +
+ + + +

Figure 3.6: Small section of the meshwy, andw, are the weights that are used to calculate
the linear mean value of the force and velocity respectivete particle trajectory
consists of small even lines representing a solution of sgué2.41) each.
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Figure 3.7: Particle trajectories for different particle sizes.

elements (see figure 3.1). Now a large matrix representmfuthchannel is composed of small
elements containing two electrodes each (see fig. 3.1).

The result of the fluid flow simulation (section 3.3) is alsoported by the model. So
all necessary information for solving equation (2.41) iai@ble. The two components (X,y)
of the velocity of the particle can be calculated and thegragon of this delivers directly a
displacement in both axis. Since the calculated velocigoisstant within the integration time
the calculated trajectory is a straight line (fig. 3.6). S ibbvious that the trajectory of the
particle through the device has to be composed of shorghtrines. The integration time can
be defined in order to fix a time- and displacement resolution.

Since the DEP force and the flow velocity are only availabléigcrete mesh nodes a linear
mean value for these quantities has to be calculated (fig. 3.6

F(xy) = [F 04 Yj) (1= W) + F (X1, Y)W (1—wy) +
+ [F 06, Yj0) (1= W) + F (X2, Yjr1) Vs Wy 3.2)
The complete listing of the matlab model and the conversaipts can be found in the

appendix (link follows).
As an example a simulation result is presented in figure 373ah
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Figure 3.8:
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Displacement in x-direction over the time for different fode sizes. The smaller
particle is faster and therefore reaches the end of the ehaanlier. The stepped
shape of the Jjsimcurve is caused by the fact that the particle is alternatatgeen
different velocities because of the parabolic flow profilentbined with the vertical
displacement agitation. These steps are much smallerddum particle.



Chapter 4

Device

4.1

Concept and basic description of the device

In this chapter the basic mode of operation of the device seritged. The initial condition
was that the device should be able to separate particledfefatit size. So if a sample plug
is injected in the separation channel, different sizedig@dad have to show a different retention

time.

For the development of the device the particle diamsetere chosen betweep®and

15um The reason for that choice is that human blood cells aredjlyiin this range and

particles in that size can easily be observed with a micqpscdf desired, another particle

diameter range can be considered by scaling the whole dég@ending on that diameter.
Starting from this conditions the design requirements éodévice are listed below:

In order to be able to inject a particle sample plug in the aehaan inlet mechanism has
to be created, which forms the plug and injects it propery the channel.

The electrodes which are used for manipulating the pastete in direct electric connec-
tion to the liquid in the channel. In order to avoid electsi$y(bubble generation at the
electrodes) it is necessary to apply AC voltages.

In anticipation of a possible integration into a micro systéhe voltages are limited to
a maximum of 20. This has a big impact on the implementation of the devicee Th
operation principle has to be based on some kind of periattication on the particles.
Otherwise much higher voltages would be necessary becaus@&on periodic dielec-
trophoretic system an electric field gradiedng the full channel length would be re-
quired in order to establish a DEP force which does not ch#eghrection. Compared
to electrophoretic systems where voltageslof 2re usually applied a limitation to 20
makes the system cheaper and less dangerous.

Finally the design of the device has to follow a certain sah@norder to be compatible to
the existing device holder. This has to be considered whesing the inlet holes and the
conduction pads. Furthermore the separation channel lesvisible when the device is
clamped to the holder.

The ideas how to fulfill these requirements are presenteukifidilowing sections.

18
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4.1.1 Separation channel

Referring to the first item of the requirements it is necesgafynd a flow channel with an elec-
trode geometry which allows for decrease of the mean pantielocity. Therefore a pressure
driven flow channel which has the property of a parabolic eigjaprofile is used (fig. 4.1a).
So particles are exposed to different liquid velocitiesedepng on their vertical position in the
channel.

Since the dielectrophoretic force strongly depends on énegbe diameter it can be used to
bring different sized patrticles to the desired verticalifios.

The channel has a length of approximatetyrlas a result from the device holder dimen-
sions. A small difference in the mass density between paricd liquid material would cause
a buoyancy or gravity force and the particle would not stayheninitial height while passing
the channel. After a few millimeters it would settle on thp tor bottom of the channel. There-
fore dielectrophoretic forces are an attractive poss$jbib keep them on track. These forces
are used to move the particles up and down in vertical doedfiig. 4.1b). They are forced
on trajectories with amplitudes depending on their diamgig 4.1b) because of the diameter
dependency of the dielectrophoretic force.

Larger particles will have a larger amplitude and therefmilenger retention time in the
channel. When particles of different size are injected astrae start time a separation should
be established at the end of the channel.

In order to find an optimal electrode structure differenetymave been simulated and their
operation efficiency was compared (section 4.2.3).

4.1.2 Sample injection

In literature different injection schemes for micro chalsmean be found [SKKW02]. A very
important one is the cross flow injection, where a flow cagyime particles and another flow
representing the sheath liquid pass a crossing in the de@aeple plugs can be formed by
switching these flows on and off. A big disadvantage of sugfstes is that at least two pumps
and extremely precise valves are necessary for switchiegetsmall volumes. Additionally
switches in the fluidic system could introduce pressure peakl disturbances of the velocity.
This can have a direct impact on the time measurements.

In order to avoid these problems, it was considered to udeatfiephoretic forces to ma-
nipulate only the particles and not the liquid. So only onastant liquid flow carrying all
the particles is necessary and the DEP forces are used toh&te@ particles in the drag flow
(fig. 4.2). Only one pump and no valves are required and tleetion can be controlled fully
electrically.

For stopping the particles in the flow very high electric figlddients are necessary. At a
given voltage and particle diameter there exists an uppet for the channel height such that
the particles can be trapped safely.

If the second trap is also active and the first one is deaetivatr a short period of time, a
few particles move from the first trap to the region betweentto traps (particle 2 in figure
4.2). So particles can be accumulated and released in saradips.
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Figure 4.1: Particles exposed to a pressure driven flow in a separatiamneh. (a) Due to the
parabolic velocity profile of a pressure driven flow, the hontal velocityv; (ar-
rows) depends on the vertical position. So particles trawtl different velocities
depending on their vertical displacement. The disadvantdguch a channel is
that a small buoyancy force would additionally move theipbas$ up or down and
therefore the initial vertical displacement would get Igb) An improved structure
was found where a difference in the mean velocity can be aetliby forcing the
particles on certain trajectories by means of dielectrogiimforces. Larger parti-
cles, for which these DEP forces are stronger, show a higagctory amplitude
and therefore a longer retention time.
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Figure 4.2: Top and side view of the double trap injection system. Theidiggontaining par-
ticles is pumped through the inlet. The particles can beractated at the dielec-
trophoretic traps (1 and 2) and be released in small portions
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4.2 Design considerations

There are different properties of the device which have todresidered:

e Thechannel heighhas to be fixed between two boundaries. The upper boundameis g
by thetrap structurewhere the smaller particles (diameter @in§ have to be trapped
with an electrode voltage of ®0maximum. The lower boundary is determined by the
maximum particle diameter () for which blockage effects should not occur.

e Theaspect ratiocof the channel cross section is selected such that a flatdmyalzvelocity
profile is established in the channel. So distributed pagiat the same vertical position
are exposed to the same liquid velocity.

e A principle electrode structure (DEP actuatag found by comparing different designs
with respect to their efficiency.

e Theelectrode dimensiorare then optimized in a last step.

In the following sections these items are discussed inldetai

4.2.1 Channel height and DEP trap

As already discussed, a dielectrophoretic trap structingsed as an injection facility. The
dielectrophoretic forces which are necessary to stop thel@s in the liquid can be expected
to be much stronger than the forces in the separation chavirezke the particles only have to
be displaced. In this section it will turn out that the tragpcondition for the small particles is
responsible for the maximum allowed channel height.

When a particle comes to the region in front of the first trap @i@ particle 1) it is stopped
due to the force balance between dielectrophoretic andfdrag:

Fo = Foep (4.1)
21E1RP*KOEZ = 6mRy. (4.2)

For trapping the particles the squared gradiélﬁg has to be greater than thatical value:

oY
=8.841310"— 4.3
e 43)
with the viscosity of waten = 1.0- 10*3’\'@2, the liquid speed at the center of the channet
16- 10‘3%“, the permittivity of wateie; = 80¢q, the particle diameter of the smallest particles
r = 4um(diameterd = 8um) and the clausius mosotti factiir= 7271 = —0.48.

If the left hand side of equation (4.3) is greater than thatrltand side the condition for
trapping is fulfilled. This trapping condition depends oniféedent items:

DE2 > ‘3 i ’

€1R2K

e The absolute value of the electric field depends linearlynenitverse channel heigﬁt
(with constant voltage). Therefore we can assume that

1

2

(4.4)
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e The drag forcdy scales linearly with the liquid velocity:
Fo v (4.5)

e The dielectrophoretic force scales quadratic with theiadploltage:

Foep - U2 (4.6)
OE3 ~ U? 4.7

Now two scaling factors are introduced which are sufficienrider to show the impact of
these three items on the trapping condition (eq. (4.8)). fireefactor (f1) scales the electric
field Eg and the other onef() is responsible for the liquid velocity.

Using this factors the trapping condition can be formulatsd

2ME2 nvi
frUEG > 3fv€0R2K (4.8)
In figure 4.3 the dependency between the trapping conditi@htlae two factors is illus-
trated. With the electric field simulation of the trap eledk structure of a given channel height
of 70umthis condition is illustrated in the form thdt is a function off,, (fig. 4.3).

1.5
Particles
trapped
1 L
H_H
Particles not
0.5} trapped

0 0.2 0.4 06 5 038 1

\'

Figure 4.3: Scaling factors for the operation of the trap. The line reprs the trapping condi-
tion (critical values).f; scales the electric field anfg scales the velocity. Particles
are trapped in the area above the line. This graph is vali@jfon particles at a
liquid velocity ofvi = 1.65:0 and a applied voltage &f = 10V in a 7Qumchannel.
The trap has to be dimensioned for the smallest allowed demearger particles

(15um) can be trapped with a much smaller voltage (see eq. (4.2)).

The maximum ofJE? for this simulation (particle diametep& liquid velocityv, = 1.600)
is 4.5389- 1014 which is not enough for trappingunparticles if f; = f, = 1 (see eq. (4.8) and



CHAPTER 4. DEVICE 24

%1072 === 70x70 pm

25¢ | 300x70 pm
----- 500x70 pm
— 1000x70 um

2F e T s ~~~
l” “
T TR, ~\
Ty P T

velocity [mm/sec]

0.2 0.4 0.6 0.8 1
horizontal displacement (normalized)

Figure 4.4: Horizontal velocity profile over normalized channel dig@ment for different as-
pect ratios. At a ratio of93° the profile is flat in nearly 80% of the channel.

fig. 4.3). Broadening the channel such tiiat= 0.5 and increasing the voltage (or decreasing
the channel height) moves the operation point to the sate are

The decision for a specific channel height is a tradeoff betwthe maximum field strength
at the electrode edges and the lowest acceptable ratio @etwvannel height and particle di-
ameter. This ratio is important for the estimation of blagpg&a&ffects in the flow.

We selected a height of @n The ratio between particle diameter and channel height is

therefore%m =4.7. So the necessary voltages for trapping are well below 15V.

4.2.2 Aspect ratio of the channel cross section

In the common operation mode of the device a number of pastishould be processed at
the same time. A sample containing these particles is ijeand so the cross section of the
channel has to have a certain area such that the particlestdtisturb each other. The idea
is that particles which are traveling at the same verticapldicement but beside each other
are exposed to the same liquid velocity. This can be achibyechoosing the aspect ratio
such that the horizontal flow profile is flat shaped in a large pathe channel. Figure 4.4
shows the simulation of the horizontal flow profiles for chalsnwith different aspect ratios.
With increasing channel width the region of flat velocity fleogrows. An aspect ratio o&%)
enables the usage of approximately 80 % of the channel wiGlkierefore it was decided to
choose a channel width of 1006

Note that the vertical flow profile should stay parabolic iderto keep the functionality
(seefig. 4.1).

The determination of the aspect ratio is also affected bgiptesblockage effects which ap-
pear if the ratio between particle diameter and channel ei@enmeaches a certain value [BE02].
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Figure 4.5: Correction factor for the drag force on a particle in a blockkdnnel. H/d is the
ratio between the diameters of the pipe and the particle.

In literature the case of a sphere (diametgin a circular shaped pipe (diametd) is often
discussed. For this case figure 4.5 shows the correctioorfamtthe drag force approximation
(eq. (2.25)) which is taken out of [BEO02].

At aratio of% = 5 the stokes drag law and therefore the drag coefficient hae ¢torrected
by a factor of approximately.5.

At a channel height of j@mthis ratio is% = 4.7 but the shape of the channel in our case is
rectangular and not circular. Furthermore with an aspeict cd %80 we can estimate that the
multiplicative factor for the drag coefficient will be welelbw 15 and the Stokes drag formula
is valid for our channel.

4.2.3 Principle electrode structure (DEP actuator)

For moving the particles up and down a periodic electrodectire on top and bottom of the
channel is required. Therefore, a principle electrodectiine called DEP actuator had to be
found which fits for the task of displacing the particle a tatam height.

Three different designs were considered (fig. 4.6). Fordtuesigns a simulation as de-
scribed in section 3.4 was carried out and the output was aoedp The optimization variable
was the maximum displacement a particle would reach in éagttsre under same conditions.
The simulation results (trajectories) for the three ddfg@rapproaches are shown in figure 4.7.

The structure with one electrode on top an bottom (fig. 4.Bajvs a poor vertical displace-
ment (fig. 4.7). The second type (fig. 4.6b) shows a much begserit. So it seems that the
electric field between the bottom electrodes is responsibléhe slope of the trajectory. The
strong gradient there pushes the particle toward the topeothannel. Additional electrodes
on top and bottom (fig. 4.6c) improve the result, but do nongeathe slope of the trajectory
(dotted line in fig. 4.7).

It can be shown that the retention time is independent of plaeial trajectory period if
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Figure 4.6: Three different DEP actuator geometries

the same amplitude is taken as a basis (fig. 4.8). If morerekbes are used (and therefore
the period is larger) a smaller dielectrophoretic forceui§icgent to reach the same amplitude
because the patrticle is exposed to that force for a longe. tféo the decision whether to use
more or less electrodes can be seen as a decision betweeanr brglower dielectrophoretic
forces (if the same vertical displacement is desired). A&rdOEP force has the advantage of
being more dominant compared to gravity or buoyancy foncéke system.

Simulation showed that there exists an upper limit for tlagettory amplitude which is
determined by the fact that particles are trapped if theghr@aregion too near to the electrodes.
This means that the maximum amplitude is limited. When timstlis crossed trapping may
occur.

Considering the advantage of the more dominant DEP forcethan@dct that it is possible
to reach the same amplitudes with both structures (4.6 a ana lecided to use the design
with four electrodes shown in figure 4.6b for the further ¢desations.

If desired with this actuator it is possible to push parscgainst the top or bottom of the
channel.

4.2.4 Electrode dimensions

Now the principle actuator structure is selected and so ama@ation of its dimensions (fig.
4.9) can be carried out. Therefore the electrode widénd the spacing between the electrodes
g (gap) was varied and the reachable vertical displacemeiat particle was observed. Figure
4.10 shows the results for three different electrode widiysa voltage ofU = 10V and an
initial start displacement of 30nthe maximum displacement for aji@particle is shown. This
analysis shows, that the optimum gap gets smaller when guotretle width raises. Therefore
the more common conclusion can be drawn that the overalthenigone electrode plus gap
(pitch) is an important measure for the optimum (in all three series of simulations in figure
4.10 the maximum height is achieved with a pitch of (&

The best results were obtained with an electrode width pin8fdr a channel height of
10Qum For the realized device a channel height ofiifvas chosen and therefore it can be
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Figure 4.7: Simulated particle trajectories for the three differertuator structures shown in
figure 4.6a, b and c. Voltade = 3.16V, particle diameted = 10umand channel
heighth = 70um

assumed that the result would enhance because the DEP iorttées case would be stronger.
However, this optimization was not repeated for the smal@mnel height because much nu-
merical simulations are involved and the result was esaohad be better.

Since the ideal electrode geometry for one DEP actuatorvengby the last simulation
(w = 80um, g = 40um) the question arises in which pitch these actuators shaailpldced in
the channel. Therefore the model derived in section 3.4 eautiized. Beside the particle
trajectory it delivers the retention time in the channeleTomparison of this value for large
and small particles gives an optimization quantity. Theailtesare shown in table 4.1. This

dinpm[-20] 0 [ 100 | 200] 400
f—otin% 14 | 155]8.26| 7.2 | 6.2

Table 4.1: Retention time differences in percent for large|{$ and small (gim) particles for
different d (distance between actuator elements).

shows that a value af = Oumgives the best result in retention time difference. So thevang
dimensions were finally taken for the DEP elememts: 80um g=4Qum d = Oum
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Figure 4.8: Two particle trajectories with the same amplitude but défe spatial period. It can
be shown that both have the same retention time in a chanttebvparabolic flow
profile. A smaller dielectrophoretic force is necessarytifirlarger period because
the particle is exposed to it for a longer time.
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Figure 4.9: Dimensions of the actuator to be optimized,ws...Electrode widthsg...spacing
between electrodes (gal).,.spacing between the actuators. Only the case ef
Wy = W was considered.
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Figure 4.10: Maximum reachable displacement for gub@particle as a function of the spacing
between the electrodes for different electrode widths 60and 80um). The
initial displacement is 50mand the applied voltage 8 = 10V. Channel height
h=100Qum
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4.3 Fabrication issues

This section describes the fabrication steps for the deWwast the requirements to the device
are listed which yields in decisions for material and predesues. Then the process steps are
discussed in detalil.

At this point | have to mention that the fabrication was nat pathe diploma thesis. Experts
at the institute were consulted for this task. Only this efipe available at the institute made it
possible to fabricate the device in the given time frame.

Nevertheless it is of importance to discuss the process gihas a big impact on the design.

Figure 4.11 shows a sectional drawing of a part of the demioeder to outline the following
requirements for the fabrication:

1 Spring Pin
Channel
Conductive glue Wall
| N\
\ Glass Wafer
[ A |
- > \ Channel -
| ™y |
Glass Wafer
Through hole Electrodes
@
Electrodes
( Glass Wafer / (
[ | [ | [ | [ |
) | | | | | | | | )
< Glass Wafer <

(b)

Figure 4.11: Cross section of the device. Note that the drawing is not inreecbscale. (a)
Front view. The left spring pin is connected via the pad row #re conductive
glue to the electrodes on the top wafer. (b) Side view.

1. The high electric field between neighboring electrodes @i11b) requires a wafer ma-
terial with high break through voltage.

2. The bottom wafer has to be equipped with through holes 4fifyla) for the liquid inlet
and outlet.
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3. The liquid channel has to be fabricated in a precise wagumethe spacing between top
and bottom wafer has a significant effect on the fluid meancitgloAlso the electric field
in the channel is strongly depending on the channel height.

4. Electrodes have to be placed on top and bottom wafer. Bmsdds for a precise align-
ment between both wafers. Furthermore the top electrodes thabe contacted to the
bottom wafer where the contact pads are located.

In order to fulfill item 1 glass is the material of choice. Thisngs the disadvantage that
the required through holes (item 2) are hard to achieve. $tmexessary to contact a company
which is able to deliver wafers with through holes.

As material for forming the channel the epoxy based photistr&J-8 was chosen for the
simple reason that the process is well controllable by égpathin the institute [SSLV03]. In a
special bonding process (described later in this sectimviafers are bonded together showing
the desired accuracy.

SU-8 Structuring and bonding process As already mentioned SU-8 is the material for form-
ing the channel structure. The process steps are illudtmatigure 4.12. The following work
flow explains the process:

RARRRANARARARERNRE
T I

@) Glass wafer
—____—cross linked wall contours

(b)
FHEEEEE L EEEE ) PEB

silver layer
(€)
____covered channel wall
(d)
(e)

(f)

Figure 4.12: Process steps for the SU-8 pattern generation and bonding.

1. Spin SU-8 resist material on the top wafer. This is remks¢weral times until the desired
height of the channel (70n) is reached.

2. The wafer is exposed using the first mask containing théocos of the side walls (fig.
4.12a).
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3. In a post exposure bake step (fig. 4.12b) at a temperatl@@°Gfthe areas exposed in
step 2 are cross linked while all other areas are not bechasshbsen temperature is too
low for a full cross link.

4. A silver layer is now deposited which covers the full SUa8dr (fig. 4.12c). Since in
the SU-8 layer there are cross linked and non cross linkexsaned the cross linked ones
have a larger volume the contours of the sidewalls are estihough the SU-8 layer is
fully covered by silver. This is very important for the fodMing mask alignment. Ag is
used because of its low evaporation point and therefore dokiation when heated (some
areas of the SU-8 layer are still sensitive to light).

5. Then a metal patterning step is introduced by using a atdridthography method and
wet etching (fig. 4.12d). Here a mask is used which coversrdesdetween the contours
(and the contours itself). At the end of this step a silveetdg coating the channel wall
areas.

6. The remaining SU-8 structure which is not covered by mstdeveloped and removed
(fig. 4.12e).

7. The metal is removed and the wafer is ready for the bondiaggss (fig. 4.12f). Now
a channel wall consists of unexposed SU-8 surrounded bgireross linked and thus
hard SU-8.

8. In the last step the top wafer carrying the SU-8 structsit@igned to the bottom wafer
using a mask aligner. A contact force of 1000 N and a tempergitofile (up to 180 C)
is applied to the sandwich.

At the end the wafer sandwich has to be fragmented into sueNéces using a saw. Ac-
cording to figure 4.13 a part of the top wafer has to be sawedodirder to uncover the contact
pads. Then the electrodes on the top wafer are connected tmttom pads using conductive
glue (see figure 4.11a). This glue is also used to protectdds from being damaged by the
spring pins.

saw lines

_Q

[ \

contact pads

Figure 4.13: Saw lines.
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4.4 Layout of the device

The design of the device has to follow some rules in order tadrapatible to the existing
device holder. L-Edit was used for generating the mask desitree different designs were
considered (fig 4.14):

e The main device (fig. 4.14a) consists of a bended inlet anchikt channel. The bended
part was introduced in order to exploit the chip area. Thiz@separation channel length
is longer.

e The straight device (fig. 4.14b) is a backup design in the tasesomething would go
wrong with the main device. There is no curve between inlet separation channel.
Therefore the risk of clogging is minimal. This causes a &hi@eparation channel.

e The serpentine device (fig. 4.14c) has a maximum channetheigfact the separation
channel is more than three times longer than the straightiie has the disadvantage,
that the channel is not continuous but consists of 3 charsegarated by curves.

See figure 4.15 for images of the realized devices.
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Figure 4.14: The realized designs.
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Figure 4.15: Images of the fabricated devices.



Chapter 5

Measurements

5.1 Experimental setup

Figure 5.1 shows an overview of the experimental setup. lggrpump equipped with a mag-
netic stirrer was used to pump deionized water containimtgbes through the DEP separator
chip. For controlling the double trap inlet #Hz voltage source was split up into two paths

Syringe Pump DEP actuator
supply

Particles and

Liqui

NNANNNN/

DEP Separato

=

Trap
switches

Waste
DEP trap

supply

Figure 5.1: Experimental setup for the measurements. The liquid coimigithe particles is
pumped through the separator using a syringe pump. Thealeaito be supplied
with voltage for the trap and the separator electrodes. fdpstcan be activated
manually.

including a switch each. So the traps could be activated alpnuFor the electrodes of the
separation channel an addition&llHz source was connected to the device.

A custom made device holder (fig. 5.2 and 5.3) was used tolesttabe electric and fluidic
connections to the separator chip. This device holder stmsif a plastic block equipped
with liquid inlets for connecting flexible tubes. The chipdamped on sealing o-rings by a
transparent cover plate for establishing the fluidic cotioac Spring pins are pressed against
the contact pads in order to supply the chip with the elegitsgnals.

During operation the device was observed using a microsc®peough a milled hole in
the center of the cover plate the full separation channekamdstructure can be watched. For
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Spring pins
A / n\ A

1
L ] Cover plate
——+—Glass chip

=

Dev. Holder
Fluidic inlet Fluidic outlet

Figure 5.2: Schematic drawing of the glass chip clamped on the devicgeholThe chip is
pressed onto the o-rings with the transparent cover plate.flliidic connections
are placed at the side of the holder. Spring pins are usedroect the device

electrically.
Pump KD Scientific, Model 200P
Syringe Hamilton Co., Gastigh®1002, 25ml
Particles Micromod, microme®)-blue plain &m
Micromod, microme®R)-red plain 15m
Microscope Zeiss, Stemi SV 11 Apo
DEP trap supply IEC interstate high voltage function generator F43
DEP separator supplyGood Will Instruments GFG-813
Oscilloscope Tektronix TDS 220

Table 5.1: Used equipment and materials.

measurements the time a particles needs for passing thaelhaas measured manually using
a computer program. The applied voltage was measured wibis@toscope.

In table 5.1 the used equipment and materials are listed.nid@surements were carried
out at constant flow rates.

For the characterization of the device, measurements wiltifferent particles sizes at the
same conditions (flow rate and voltage) were carried outalt ebserved that after some time
the pump was running no particles were delivered any moneceShe particle material has a
slightly higher density than water the upturning pipe indlegice holder can be seen as a place
where the particles settle. This made fast forward cyclessgary at which all the particles are
flushed into the device again. It turned out that after sudhesythe desired flow rate was not
reached immediately. So it became necessary to follow afgpeork flow (see fig. 5.4) for
all the measurements in order to get comparable results.
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Figure 5.3: Image of the device holder.
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Fast Forward cycle
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!

release trap 2
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measure retention time

!

activate trap 2

Particles o N\ Y
available '

Figure 5.4: Work flow for the measurements.
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5.2 Measurement results

The main goal of the measurements is to determine the retetiie of particles in the channel.
By supplying the electrodes with voltage there should be eabble change of that time.

The device also gives the possibility to verify the predintfor the dielectrophoretic and
drag force. Therefore the critical voltage at which the ipke$ are being trapped in the inlet
was determined by measurements (see section C).

The results of the measurements for the separation chareptesented in the following.
First the maximum voltage for the separation electrodesdessrmined by tuning it such that
the larger (1pm) particles were just not trapped (this corresponds to theman trajectory
amplitude). Then measurements with both particle typgs@d 15m) were carried out at
this voltage (546V). The mean retention time for a series of 40 measurementegepted
in table 5.2. The corresponding histogram is shown in figue Z\s mentioned above the

ts | & | £-100in[%] |
8.5s | 10.6s 247% ||

Table 5.2: Mean value of the measured retention time fopd&t;) and §m(ts) particles at a
voltage of 546V and a flow rate of Bul/min. 40 measurements for each particle
size.

15 pum particles
St Hl 8 um particles

Particle count
w

0 2 4 6 8 10 12 14
Retention time in seconds

Figure 5.5: Histogram for 40 measurements per particle size at a votia§et6v and a flow
rate of 35ul/min.

measurements were carried out for both particle types inesston. This implies a change
of syringes and a restart of the pumping system. A small enrtine actual flow rate affects
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the measurement result integral. According to figure 5.5sthall particles show a retention
time between Bs and 93s which conforms to a difference of.4 seconds. The reason for
that difference must be found in a variation of the flow rateause simulation show that the
retention time for small particles in that field range is msiéve to a radius variation (fig. 5.6).

Relative retention time increase in %
= [ N N w w N
o [¢)] o [$)] o a1 o

[4)]

(@

8 10 12 14 16
Particle diameter in pm

o

Figure 5.6: Simulated relative retention time in % over particle radrsU = 4.43V. The re-
tention time shows a much higher sensitivity to the parscte for larger particles.

The larger variation of the retention time for{draparticles can be found in the much higher
sensitivity compared to smaller particles (fig. 5.6). Alstlg different particle radius influences
the retention time dramatically. This very high sensiyiitings up the possibility to use this
device as a sensor for measuring the particle diameter.

5.3 Interpretation

The results presented above can be used to verify the ticadnetodel. Therefore the model
was used to find the voltage at which the relative retentiore tmatches with the one of the
measurements.

Compared to the voltage used in the model®¥) a 233% higher voltage (B6V) is
necessary for establishing the same retention time difter€247%) in the fabricated device.
This significant mismatch between model and measuremeatgprisduct of the neglection of
higher order moments in the dielectrophoretic force caliboh of the model.

In [VBT T01] a dielectrophoretic trap was investigated where higineer moments play a
significant role. The calculation (based on [JW96] and [WJS6B)ws a remarkable decrease
of the dielectrophoretic forces at higher voltages. In taet derivatives of the electric field
gradient within a characteristic length (particle diampeéee responsible for additional forces.
All dielectrophoretic forces (first and higher order) sogiedratic with the applied voltage and
therefore higher order moments which can be neglected fall soitage appear much stronger
with increased voltage.
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30f

Relative retention time increase in %

0 1 2 3 4 5
Voltage in V

Figure 5.7: Relative retention time increase over applied voltage. Hor® retention time
increase a voltage of 43V is required for 1iimparticles.
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Discussion

In this section some practical issues concerning the pgrajecdiscussed. First the separation
efficiency is defined and the obtained results are assessedgd). As already mentioned in
5.2 the retention time measurements were carried out migrnusihg a stopwatch program. So
the measured values can be expected to be loaded with anrgrogluced by the response time
of the operator. The results presented in 5.2 can thereiptbrpreted as being adequate to
proof the principle.

For a better quality of the data an automatic detection syst®uld have to be added.
Section 6.3 gives some suggestions for a possible detestgiam.

In the experiments it turned out that the sample injectiadmane room for improvements.
This issue is addressed in section 6.2.

6.1 Separation efficiency

In this document the term separation efficiency is definedvasdtention time difference be-
tween separated particles in percent. For a charactenizatithe device the retention time was
measured for different particle sizes. This means that d¢kention time measurements were
carried out with samples containing only one particle sBer15um). Additionally, experi-
ments with a particle mix were carried out in order to showad separation between particles
types. Movies at the outlet were recorded for demonstrafiagure 6.1 shows an example of
separated particles @& and 15um). The smaller particles which have a higher mean velocity
are leading and afterward the larger ones arrive.

Unfortunately the sample containing the particles is alyespread when injected into the
separation channel. This means that the particles do rie¢ amrwell defined clusters, but with
a certain distribution (see fig. 6.1).

Three major facts are responsible for that:

e In order to be able to trap the smaller particles the inleioregvas broadened (fig. 6.2).
A sample plug is after release being compressed in the sarnerpage as the channel
width reduces. Volume conservation demands then for argateon of the sample plug
(fig. 6.2).

e The second and more important impact is that when more thanparticle is being
trapped (which has to be the case when a separation is deslustiering can appear
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Figure 6.1: Image of separated particles (8 anqutrd at the end of the channel (flow from left
to right hand side). The smaller particles are faster (Jyight the larger ones are
slower (left).

Sample plug shape at trap

—=

_/Aﬁ

Sample plug shape after release

Figure 6.2: Sample plug elongation due to the tapered shape of the charthe inlet region.
The sample plug is compressed and therefore elongates gathe percentage as
the channel width reduces.

(fig. 6.3). It was observed that these clusters tend to rahag¢eto the vertical velocity
gradient. When the trap is deactivated these clusters bneddutithe actual vertical
displacement of a single patrticle is not predictable. Steiht particles are released at
different vertical displacements and are therefore exgppésalifferent liquid velocities
due to the parabolic flow profile. The error in time integraias| each particle reaches
the separation channel (inside the channel they are foncethjectories defined by the
electric field gradient).

e Small differences in mass densities between liquid andgbestalso cause an error which
is different for small and large particles. In the regiondmn trap and separation channel
where no guiding electric field gradient is present an aoldi gravity/buoyancy force
cause the particles to sink (fig. 6.3). The vertical forceildgquum reads:

R = RB-F (6.1)
dv. 44
ma = g§r TAP — 6rmrvp (6.2)

This differential equation has the time constant ﬁrﬁ‘r = 131usfor a 15um particle
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channel Wayty)

trapped particle
cluster

parabolic
flo @ﬁ/
pr<\)l¥ile > %

the partlcles sink
due to an additional

channel wall (bottom) gravity/buoyancy force

Figure 6.3: Different vertical displacements for single particles doelustering. At the mo-
ment of release each particle is exposed to a differentdigeiocity depending on
its vertical displacement. After release the particle& sime to a buoyancy/gravity
force.

which is small compared to the typical range of one secondtifganeeds to cover the
distance between trap and separation channel. So thelgargach their settling velocity
Vs almost immediately% =0ineq. (6.2)):

18.36™ for 15umparticles
2r’ghp s Hmp

3n

VS —

(6.3)
0.522: for 8umparticles

Vs is the velocity a particle adopts in vertical direction whismot exposed to an electric
field gradient.

This can be significant in the case of small flow rates. At a pesécity of 167" a

15umparticle sinks approximately LiBnbetween trap and separation channel. Fqua 8
particle its only 037um

In section 6.2 proposals are given to overcome these prablem

6.2 Improvement for sample injection

For feasible separation results it is of importance thapaiticles belonging to a sample are
injected at the same time. As mentioned above (sec. 6.1)uttrert trap structure does not
bring good results. The sample is spread at the inlet anéftirer the separation is not very
reliable. This section discusses some proposals to overtioese issues.

The three items discussed in 6.1 which are responsible f@dargection quality can be
traced to the following properties:

e Thenarrow shaped part of the channel causes an elongation of theddjsainple.

e Particles are released at different vertical displaceméué toack of focusing forcem
the trap structure.
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e A possible buoyancy/gravity force can cause an additiordical displacement in the
long distance between trap and separation chanvigch is not equipped with focusing
elements.

These disadvantages are considered in the proposal formoved trap structure (fig. 6.4).
Here the narrow part is replaced by a straight channel. @laate that this demands for a

Not to scale! pearl chain
formation Trap 2
/ /
I
Trap 1 © Separation channel

sample shape
electrodes

Figure 6.4: Improved trap structure for injection. Trap 1 as usual. T2dgas additional elec-
trodes for shaping the sample to a pearl chain. So all pastiaie released at the
same vertical displacement. If the narrow shaped part oftth@nel is omitted (no
broadened channel at trap region) the separation chanmbégalaced immediately
beneath the trap minimizing the impact of buoyancy/gratetges. Furthermore
the elongation of the sample due to the narrow channel palinsnated.

decreased flow rate, such that the smaller particles camsttrapped. In this case no space
has to be wasted for the narrow part and therefore the sépacitannel and the trap can be
placed immediately behind each other. So the influence oh#meow shape (producing an
elongated sample) and the impact of buoyancy/gravity ®orethe particles (causing vertical
displacements along the distance) are minimized.

Additional electrodes are used in the second trap to shageatticle sample to a pearl chain
avoiding big clusters having the disadvantage of diffeventical displacements at the moment
of release.

6.3 Proposals for detection and sorting

In this project the detection or sorting of separated padigvas not included. The most im-
portant task was to develop a separation system. Howeere tre ideas how to detect the
separation process. In principle the detection systemdiagasure the retention time of differ-
ent particles which is of importance in the case that thea#eigi used as a sensor for measuring
the particle size. Different possibilities can be consder

e A laser could be used to mark particles of different fluorascelor depending on their
size. Capturing images in a fixed time raster would allow argenarocessing program
to distinguish particles by their fluorescent color. An aiddial filter for the excitation
source would be required for the microscope and camera.
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e It would also be possible to use an image processor to disshgarticles by their size
(diameter). With a pattern recognition software imagestedt different time steps could
be used to trace the particles. In principle it would be gmesb measure the particle size
directly with this optical system but the time measuremegether with a separation is
much more sensitive (see fig. 5.6).

The latter possibility requires for a camera capable tagergat defined time steps. High
resolution in both cases is necessary in order to be abletgnéze at least theunparticles.

In most cases the movie mode of digital still cameras has art@dl resolution for this task.
Additionally it is not necessary to acquire 25 images peosdc Less images but with higher
resolution cause the same amount of data but includes niorenation.

In order to get a spatial separation a dielectrophoretites@V03] could be added at the
end of the separation channel. With an appropriate conystesn which operates the trap
and the sorter electrodes it should be possible to definegdmiundaries between which the
particles are sorted. This offers the usage of this devi@esticle size sensor (by defining a
radius windowy as well as the application as an accumulator for a specificcfgmspecies.
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6.4 Outlook

There are several ideas how this project could be continued:

e The existing model uses a first order approximation for tleéedirophoretic force. Some
further developments could be conducted to increase theawcby using a multi-order
model (see [JW96] and [WJ96]).

e For more precise measurements an automatic detectiomsygtald be necessary. In-
tegrating this into the existing design would allow for atbetomparison between mea-
surements and model.

e Exploiting the high sensitivity on radius variations theide could be adapted to measure
size distributions of particle samples. An integrated cgitdetection system could be
utilized for counting the particles in a time grid. A histagn of the particle distribution
would be the result.

e Another direction of research could be the search for cae@eplication and the adap-
tion of the device to such scenarios. For example the dimmection of the electrodes
and the liquid could turn out as a problem for an applicatioa tb the liquid conductiv-
ity. The impact of an additional insulation layer on the fidldtribution should therefore
be investigated. For a biological application it would at&onecessary to determine the
maximum electric field a biological object may be exposed to.



Conclusions

A particle separator chip based on dielectrophoresis waslalged in this project. The device
is capable of establishing a separation between partid¢leifferent size (8 and 3m were
used in the experiments). The separation channel was seduldesigned and manufactured.
Retention time measurements with different particles farabterizing the device yielded the
proof of principle.

A real separation of a particle mix was also demonstratedecwided using a video cam-
era.

The designed injection does not function very well. Howedesign adaptions will very
likely improve the injection performance.

The project results have been described in an abstract #aldno thepuT AScoference.
The work has been accepted as an oral presentation at tHereonoe which will take place in
September 2004 in Malm6 Sweden (see appendix D).
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Model implementation in Matlab

A.1 model.m

parse='noo’;
parse='yes';
if (parse=="yes")
clear;
filename="dat a/ devi cemai nmain_el _field. dat’;
di spl acenentstep_x = 2e-6;
di spl acenentstep_y = 2e-6;
Yparticle description:
r =4e-6; %unit neters! 4 to 7.5*10-6m
rho = 1.05e3; %n kg/nt3
etha = 1.002e-3; %init Ns/nt2
k1 = 6*pi*etha*r; % adi us dependent

m = 4/ 3*pi *rho*r*r*r; %rass
Yget field data
v_fluid_orig=dl nread(’ data/velocity_1D.dat’, ';'); %eturns x-conponent of velocity
[FX, FY] = parse(filename, r, displacenentstep_x, displacenentstep_y);
end;

Y%repare big matrices for long device cal cul ation
if(strenp(filenane, 'dataldevicenainmain_el _field.dat'))
first=190; %ut at this node (exact center)
| ast =290; %his is the coordinate/2 in the designer!
end;

FX_1=(cut _colums(FX, 1,first+1))";
FX_2=(cut_colums(FX, first+2, last+l))’;
FX_3=fliplr((cut_colums(FX, first+l, last))');
FY_1=(cut _colums(FY, 1,first+1))";
FY_2=(cut_col ums(FY, first+2, last+l))’;
FY_3=fliplr((cut_colums(FY, first+l, last))');
FX=FX_1;
FY=FY_1;
for i=1:21
FX=[ FX FX_2 FX_3];
FY=[FY FY_2 FY_3];

Ypar aneters:

forcefactor=0.145;
vel ocityfactor = 0.83;

v_fluid=v_fluid_orig*velocityfactor;
Y%rexi mum di spl acement

s=si ze(FX);

y_i ndex_max=s(2)-1;

y_i ndex_nmi n=1;

x_i ndex_max=s(1);

%ime resolution and endtime
endtinme = 15;

timestep = 0.001;

Y%tart point coordinates and initial conditions

x0 = 200e-6;

y0 = 35e-6;

v0_x = 0;

vo_y = 0;

%nitial values of |oop variables
Xx=x0;

y=y0;
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i=1;

for t=0:tinmestep:endtinme
Y%al cul ate wei ghted nean val ues of forces
x_index = doubl e(int32(x/displacementstep_x))+1;
if x_index >= x_i ndex_max
break;
end;
y_index = doubl e(int32(y/displacenmentstep_y))+1;
if y_index > y_index_max
y_index = y_i ndex_max;
end;
if y_index < y_index_nmin
y_index = y_index_nin;
end;

wei ght _x = (x-(x_i ndex-1)*di spl acement step_x)/di spl acenentstep_x; 9%0..1]
wei ght _y = (y-(y_index-1)*displ acementstep_y)/di spl acenentstep_y;

X_i =x_i ndex;

y_i=y_index;

Ff _x=(FX(int32(x_i),int32(y_i))*(1-weight_x)+FX(int32(x_i+1),int32(y_i))*(weight_x))*(1-weight_y) +
(FX(int32(x_i),int32(y_i+1))*(1-wei ght _x)+FX(int32(x_i +1),int32(y_i +1))*(wei ght _x))*wei ght _y;

Ff _y=(FY(int32(x_i),int32(y_i))*(1-weight_x)+FY(int32(x_i+1),int32(y_i))*(weight_x))*(1-weight_y) +
(FY(int32(x_i),int32(y_i+1))*(1-wei ght _x)+FY(int32(x_i +1),int32(y_i +1))*(wei ght_x))*wei ght_y;

Ff _x=Ff _x*forcefactor;
Ff _y=Ff _y*forcefactor;
velocity_x = v_fluid(int32(y_index+l))*weight _y + v_fluid(int32(y_index))*(1-weight_y);

%li spl acement for one tinestep

delta_x = quadl (@elocity, 0, tinestep, [], [], v_fluid(int32(y_index)), vO_x, Ff_x, ki, m;
delta_y = quadl (@elocity, 0, tinestep, [], [], O, vO_y, Ff_y, ki, m;

v0_x = velocity(timestep, v_fluid(int32(y_index)), vO_x, Ff_x, ki, n;

v0_y = velocity(timestep, 0, vO_y, Ff_y, ki, m;

x=x+del ta_x;

y=y+del ta_y;

x_vector (i)=x;

y_vector (i)=y;

Yecessary for additional plots
forcereninder (i)=Ff_x;
drag_force(i)=6*pi *etha*r*(velocity_x-v0_x);

i=i+1;

end;
figure;
plot(x_vector, y_vector);

axis([0 max(x_vector) 0 7e-5]);

x| abel (" di splacenent in x-direction (m’);
yl abel (" di splacenent in height (nm');

|l egend(’ particle path);

v=gradi ent (x_vector, tinestep);
a=gradient(v, timestep);

f_inertia = nta;

s=si ze(x_vector);

figure;
subpl ot
subpl ot

,1,1); plot

4 x_vector,v);legend('particle velocity")
4,1,2);plot
4

x_vector,f_inertia);legend('inertia force');

subpl ot (4, 1, 3); pl ot (x_vector, forcerem nder); | egend(’' DEP force on particle’);
subpl ot (4, 1, 4); pl ot (x_vector,drag_force);legend(’'drag force on particle);
xl abel (" di splacement x [mu nj");

A.2 parse.m

function [FX FY] = parse(filename_elfield, r, displacementstep_x, displacenentstep_y)
Yparses a file exported in coventorware and returns a matrix containing

Y% he dielectrophoresis force in each point of the mesh

Medl nread(fil ename_el field, ';");

s=size(M;

y_mn=nin(M:,2));

y_max=max(M:, 2));

matrixsize=s(1);

Y%make a matrix with index 1,2,3,...
for i=1:matrixsize % oop through whole matrix of file
if ((Mi,2)~=y_mn)&Mi,2)~=y_nax)) Y%ut el ectrode space
%al cul ate abs value of el. field
abs_E=(10"6*sqrt (Mi, 9)"2+Mi, 10)"2+Mi, 11)*2))"2; % VI m"2
%al cul ate integer coordinates corresponding to matrix indices
x=round((Mi,1)*1e-6)/displ acenent step_x+1);
y=round((Mi, 2)*1e-6-0.25e-6)/di spl acenent step_y+1);
z=round(Mi, 3)/1000+1);
el Field(x,y,z) = abs_E;
end;
end;

s=size(el Field);
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Y%i ck out one slice
slice_z=1;
for x=1:s(1)
for y=1:5(2)
sl (x,y)=el Field(x,y,slice_z);
end;
end;

Y%al cul ate gradient
[ FY, FX] =gr adi ent (sl , di spl acenent st ep_x, di spl acement step_y);

Y%al culate force

K=-0. 48; %estemated clausius nosotti value
eps0 = 8.8542e-12;
eps_medi um = 80;
for x=1:s(1)
for y=1:5(2)
FX(x, y)=2*pi *eps_nedi unteps0*r"3*K*FX(x, y);
FY(x, y)=2*pi *eps_nedi unteps0*r"3*K*FY(x, y);
end;
end;
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Metalization and electrode patterning

Since the bottom wafer of the device is equipped with throligles its process for electrode
patterning is more complicated than for the top wafer. Whikeresist for the top wafer can be
processed with a common spin method, the bottom wafer museated with a spray coater.
Holes in the wafer would cause unevennesses in the resest [&perefore two different pro-

cesses had to be applied.

First the glass wafers were cleaned with a Megasonic Cledries cleaner has a nozzle
where a jet containing ldH3OH solution can be generated. Furthermore this nozzle trassmi
surface wave via the jet to the spinning wafer (1500 RPM). 8gelacontamination is removed
by vibrations and organic adhesions are cracked bytHgOH solution.

The process of thimp wafer continues with the metal deposition. At a pressure of’b@bar
firsta 5mCr layer and then the 20@nAu layer was deposited. Cris necessary as a compound
layer between glass and Au.

For the lithography a positive resist (Clariant AZ 15 12 HSkwpun on and dried on a hot
plate at 90C for 5 minutes. Then the wafer was exposed using the top etketmask. After
that the metal layer was etched with the following chemicals

e Solution used for etching Au:

— 259
— 50gKJ
— 250mlIH,0

e Solution used for etching Cr:

— 85gCe(NHy)2(NOs)s
— 45mIHNOs
— 450mlIH,0

For thebottom wafer a lift off technology was used for patterning the electrod8sce this
wafer is equipped with through holes it is not possible to theeconventional spinning tech-
nique. So a spray coater had to be used for depositing trst.resi

After the exposure with an inverted mask (fig. B.1a) the expaseas (fig. B.1b) are cross-
linked in a bake step (fig. B.1c). A flood exposure of the wholéewenakes the areas which
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were not exposed first soluble for the developer (fig. B.1cjeAdeveloping, the resist which
was exposed first remains with an undercut (fig. B.1d). Afteregafiration step (fig. B.1e),
which is the same as used for the top wafer, the remainingtresvered with metal can be
stripped off (fig. B.1f). This technology is calléhage reversal technologgnd is described in

detail in [Mic04].

exposure

W ||| e

resist

(@)

substrate

(b)

cross linked

(€)

soluble

undercut

/
(d)

metal
— deposition

o R

final pattern

Figure B.1: Process flow of lift off electrode patterning. (a)



Appendix C

Trap characterization

Since the development of a separation channel was the malimgabis project the trap structure
can be seen as a necessary but not crucial part of the sciembifk. A measurement of the
release point of a dielectrophoretic trap would demand rotlzer setup than used in our case.

However, it was observed that much higher voltages are sapeto trap the particles in the
liquid drag. So we decided to try to find the point of releasadbiyvating the traps and reducing
the voltage until particles were released.

It is of importance to mention that this determination of plwént of release is a more prac-
tical approach and cannot directly be compared to the motieghadeals only with single
particle. In the real trap there are particle clusters wiiehave different. An accurate deter-
mination and comparison between experiment and simul&ioBEP traps (including higher
order moments) is given in [VBTO1].

Table C.1 shows typical trap voltages for different flow raeshich trapping was observed.
These values were not confirmed by a large number of measnteme

Compared to the simulation for single particles much highetages are necessary for
trapping. The reason for that behavior can be found in théenegf higher order moments in
the simulation. Additionally mechanical vibrations andstkring is not taken into account.

flow rate in[ul/min| | Ugrap in [V]
0.84 41
1.68 6.7
2.52 10.2
3.36 12
4.2 XX

Table C.1: Typical voltages at which trapping was observed for diffierfow rates with $im
particles. At a flow rate of 2ul/min it was not possible to trap these particles.
Note that the values are practical quantities which werecaotirmed by a number
of measurements.
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0 0.2 0.4 0.6 0.8 1
f

Figure C.1: Comparison of predicted trapping conditions and observikesgaClustering, me-
chanical vibrations and higher order moments are neglantdte model. Much
higher voltages are necessary to trap the particles. Thaditgtive behavior
matches with the effects observed in [VBJ1]. With higher voltages the resulting
DEP force decreases due to gaining higher order terms.
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Introduction

In this work a novel device for continuous separation of particles based on dielectrophoresis
(DEP) is presented (Fig. 1). As the particles flow through the separation channel,
dielectrophoretic forces are applied to move them up and down, which results in a sinusoidal
trajectory (Fig. 2). The amplitude of this sinusoid strongly depends on the particle size. Since the
velocity profile of the liquid in a pressure driven flow is parabolic, the flow-speed of a particle
depends on its vertical position in the channel. Larger particles (for which the amplitude of the
sinusoidal trajectory is larger) will now have a lower average velocity, which results in longer
retention time than smaller particles. At the end of the channel there will be a separation of
particles depending on their diameter. This device does not use gravity as a parameter for
separation, as in other devices [e.g. 1].

Device

The device consists of two glass slices bonded together with SU-8 [2], which also defines the
channel dimensions. The liquid connections are defined by through holes in one of the glass
wafers. The DEP electrodes (Cr/Au) are 80pm wide.

The separation channel has a periodic electrode structure to generate strong non-uniform electric
fields. Because the electrodes are applied on both top and bottom the particles move around the
middle of the channel, minimizing the influence of gravity. A simple particle trap structure was
used to accumulate and periodically release the particles, allowing for continuous operation of
the device. So, both sample injection and separation are controlled electronically.

A dynamic simulation model has been developed to optimize the electrode structure and to
estimate the voltage necessary for trapping the particles. The force equilibrium between
dielectrophoretic-, drag- and inertial forces is calculated from which the particle trajectory is
determined (fig. 3). The difference in retention time is a measure for the separation efficiency.

Experimental results

Polystyrene particles of 8§ and 15 um diameter suspended in deionized water were pumped
through the device using a syringe pump and the retention time of the particles was measured. At
a DEP voltage of 5.5 V (RMS, 1 MHz) the larger particles show an average 19% longer retention
time than the smaller particles, which proofs the concept (Table 1). A histogram for several
measurement series is shown in Fig. 4.

Conclusion

We have simulated, designed and fabricated a novel particle separation device based on periodic
DEP elements. Our first measurements demonstrate, that particles of 8 and 15um show
significant differences in retention time (19%) at a DEP voltage of 5.5 V (RMS, 1 MHz).
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Figure 1 Particle separation chip (1.5x2 cmz).

Channel height 70pm, width 1mm, length 10.4mm.

The separation channel has 26 DEP elements.
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Figure 2 Schematic representation of the cross section of the flow
channel (showing two DEP elements with four electrodes each).
Particles follow a sinusoidal trajectory caused by
dielectrophoretic forces, generated by the electrodes in the
channel.
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Figure 3 Simulation of the particle trajectories in the separation channel for 8 and 15pm

diameter particles.

Particle Size Mean retention
time
Sum 8s
15um 9.5s

Table 1 Measured mean retention time
for different particle sizes.

Particle count
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Figure 4 Histogram for measurements of retention
time with different particle sizes; 8um (black) and
15pm (white); 22 measurements per size.
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