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Summary 
Biosensors are being developed for detecting specific molecules present in 
human body fluids. One well-known example is the glucose meter used by 
diabetic patients. This device is able to measure glucose concentrations of the 
order of mmoliL in blood. Research is done into biosensors for other 
molecules than glucose and for much lower concentrations. At Philips a 
magnetic biosensor is developed which is able to measure concentrations of 
the order of pmoi/L. Via a biologica! assay a one-on-one relation between the 
molecules and magnetic nanoparticles (beads) is established at the chip. The 
stray fields of the beads are measured with a magnetic field sensor. The 
signal is a measure for the amount of molecules at the chip. The beads are 
required to have equal values for the susceptibility otherwise the relation 
between sensor signal and number of beads becomes ambiguous. Bead 
populations, monodisperse in susceptibility, should be used in the magnetic 
biosensor. Such populations cannot be obtained from bead manufacturers, 
thus a magnetic separation method based on susceptibility has to be 
developed to obtain monodisperse populations. 

In this report two new separation methods are described. Both methods are 
implementable on a chip due to which they can be combined with the 
magnetic biosensor. Furthermore the methods are designed such that beads 
with small susceptibilities (10-20 m3

) are continuously and spatially separated. 
A fluid and a magnetic field generated by current wires are the necessary 
means for such a separation. 

The first method is magnetophoresis based separation. The main component 
is an array of current wires situated below a rectangular channel. The beads, 
which are dispersed in fluid, will be accumulated on the first wire. Via an 
actuation scheme for the wires the beads will cross from wire to wire. The 
crossing time, which is the time a bead needs for one wire-to-wire crossing, 
depends on the susceptibility. When the second wireis powered for only a 
limited amount of time, only beads with a large enough susceptibility are able 
to reach the second wire. By decreasing the current for each next wire, the 
beads will be separatedover the width of the array. Via a fluid flow parallel to 
the wires the beads are transported into different outlets. 

Experiments were performed to proof the principle of the magnetophoresis 
method. For two types of beads the crossing time between two wires was 
measured with partiele tracking software, using different currents and no fluid 
flow. Clearly different crossing times were observed for beads with different 
susceptibilities. lt was observed that the measured crossing times deviated 
from theory. This is attributed to the temperature dependenee of the viscosity 
and bead dimensions. Experiments should be performed to quantify the 
effects. Further it was proven that this method can be used to separate 
different types of beads. The ditterenee in crossing times for the beads was 
large, also with respect to the errors in the measurements. 



The second separation methad is curved wire bead separation. For this 
methad a curved wire is placed below a rectangular channel with aspect ratio 
0. 1. The wire is placed in the uniform flow region of the flow profile over the 
width of the channel. Beads will start at the beginning of the curved wire and 
will travel along the wire. The components of the magnatie force and drag 
force perpendicular to the wire decide at which position the bead will be 
pushed trom the wire. Due to the curvature of the wire the perpendicular 
component of the drag force increases over the width of the channel, whereas 
the magnatie force per bead stays constant. Therefore beads with different 
susceptibilities will leave the curved wire at different positions. 

To be able toperfarm experimentsin the future a device was designed and 
successfully fabricated. With a theoretica! model it was evaluated if two 
different types of beads could be separated. The results were promising, 
although Brownian motion and the parabol ie flow profile over the height of the 
channel are important factors in this separation method. The effects could be 
decreased by changing the current or the mean flow velocity. Some other 
factors, which could increase or decrease the efficiency of the separation, are 
qualitatively evaluated. When bead dimensions are taken into account the 
separation methad improves. On the other hand clusters and very small bead 
radii should be avoided. Totest the curved wire separation methad 
experimentsneed to be performed in the future. 
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1 Introduetion 
A biosensor is a device which detects biochemica! compounds. l11 The 
detection relies on a specific biochemica! reaction and a physical transducer 
to convert the biochemica! reaction into a physical signal. For example a 
fluorescent partiele bound to a molecule, leading to an optical signal. By 
varying the possible biochemica! reactions in the sensor, a broad range of 
biochemica! compoundscan be detected. In this way biosensorscan be used 
to detect a drug or specific cells, providing information about the health of a 
human being. Furthermore, biosensorscan be used to supply information 
a bout the environment or the quality of food. A well-known example of a 
biosensor is the glucose meter, used by diabetic patients. Although the 
glucose meter is easy to use, its analytica! performance is low (mmo//L). For 
better results, more sensitive tests have to be performed in medical centers, 
which leads to long waiting times. Therefore, there is an increasing demand 
for easy to use, tast and highly analytica! biosensors. 

The physical signal is usually an electrical or optica! signal. In Philips, a 
magnetic biosensor is being investigated, which uses superparamagnetic 
beads as the transducer between the biochemistry and the physical signal. In 
1998 Baselt et aiY1 took the first step in using a magneto-sensitive sensor as 
a biosensor. With this technology the aim is to create a biosensor, which can 
quantitatively detect molecules with concentrations down to pmoi/L ( or even 
fmoi/L) in a raw sample where the background concentration is in the order of 
mmoi/L. For the magnetic biosensor a raw sample could be hu man saliva, 
blood or urine. One of the reasans to use magnetic fields and magnetic 
particles is that biologica! material is hardly magnetic. Zborowski et al. showed 
that red blood cells have small magnetic properties (x ""' 1 o-23 m3

) and can be 
manipulated by an external magnetic field.l31 Because the susceptibility of the 
red blood cells is very small compared to the susceptibility of the 
superparamagnetic beads, a magneto-sensitive biosensor can in principle 
give a very high detection limit.l41 Furthermore the measurement should be 
possible with a small amount of sample (1 JJL), so that testscan be performed 
with ease. Finally the duration of a measurement should have a maximum of 
a few minutes. For example in the case of road side drug testing a 
measurement time of 15 minutes per persen is not acceptable. Here the 
magnetic biosensor can cause a big improvement, since the speed of the 
sensor system is not anymore limited by diffusion, but can be improved by 
attracting using magnetic fields. 
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1.1 Principles of the magnetic biosensor 
The detection system of the magnetic biosensor consists of two current wires 
and one Giant Magneto Resistance (GMR) sensor. The latter is positioned in 
between the current wires as shown in Figure 1.1. The GMR sensor and the 
current wires are covered with a silicon nitride layer of approximately 0.5 J-Lm. 

Figure 1.1 Top view of one biosensor tagether with a schematic drawing of a cross section 
situated at the red line in the left image. 

The principle of the magnetic biosensor is explained with Figure 1.2. For ease 
of explanation only one current wireis taken into account. In Figure 1.2A it is 
shown that on top of the silicon nitride layer a 20 nm gold layer is deposited, 
which makes sure that primary antibodies, with a thiol end group, strongly 
attach to the surface. The antibodies are able to selectively bindtoa target, 
the antigen. Therefore when a fluid containing different molecules is brought 
into contact with the sensor surface only the antigens will attach to the primary 
antibodies on the surface. The other elements will not bind. Next the antigens 
are labeled with magnetic particles. The labeling is established through a 
secondary antibody, which again is able to selectively bind to the antigen. 
Non-bound magnetic labels are pulled away with a magnetic or a fluidic 
washing step. Superparamagnetic beads are used as the magnetic label. In 
section 2.1 a more elaborate description of these beads will be given. For now 
its most important property is the tact that it only has a magnetization when an 
external field is applied. Therefore when a current is applied through the wires 
and thus a magnetic field is created, the beads create a small dipale field as a 
response. Th is field is called the stray field. 
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Figure 1.2 Schematic representation of the principle of the magnetic biosensor. A) Section of 
the biosensor. On top of the silicon chip the current wire (red) and the GMR sensor (blue) are 
located. Bothare covered with a 0.5 J.Un silicon nitride layer. A small gold layer with antibodies 
attached to it is placed on top. B) A fluid containing antigens flows over the surface. The 
antigens can form a specific binding with the antibodies on the surface. C) Magnetic beads 
attach to the antigens on the surface through secondary antibodies. Beads not attached to the 
surface are washed away by a magnetic or a fluidic wash step. D) A current is applied to the 
wire, creating a magnetic field . E) The beads create a stray field , which is measured by the 
GMR sensor. 

A GMR sensor is basedon the magnetorestistance or spin-valve effect, which 
means that some magnetic materials are able to change their electrical 
resistance in the presence of an external magnetic field.r51 The change in 
resistance depends on the orientation of the spins relative to the orientation of 
the magnetization in the layer. The GMR sensor used in the magnetic 
biosensor consists of an antiferromagnetic layer placed next to a pair of 
ferromagnetic layers. Due to exchange biasing between the antiferromagnetic 
layer and one ferromagnetic layer, the magnetization of the latter is pinned. 
The magnetization of the second ferromagnetic layer is free to align with the 
external field of the current wire. Based on the relative orientation of the 
magnetizations of both ferromagnetic layers a change in resistance can be 
measured. 
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The GMR sensor is mostly sensitive to in plane components of a magnetic 
field. The magnetic field of the current wires has only a very small in plane 
component where the GMR is situated. However the magnetic moments, ii7, 
of the beads do have an in plane component. Moreover due to the location of 
the current wire with respect to the GMR, see Figure 1.1 , the magnetic 
moments of the beads are all in the same direction. Therefore the GMR will 
measure the in plane components of ii7 of all the beads attached to the 
surface. The GMR relates to the number of beads and thus the amount of 
antigen on the surface. In this way quantitative results about the concentration 
of the antigen in the fluid can be obtained with the magnetic biosensor. 

1.2 Errors in the GMR signal 
The objective of the magnetic biosensor is to measure the number of antigens 
on the chip surface. To obtain a good quantitative measure it is necessary 
that one value of the GMR signal corresponds to a specific concentration of 
antigen in the fluid. When this is not possible, uncertainties in the actual 
concentration of the antigen inthefluid arise. Therefore, one concentration of 
antigen in the fluid should correspond to one amount of beads on the surface. 
Subsequently the amount of beads should always result in the same signal 
measured by the GMR. 

However there are three errors that affect the relation between the 
concentration of antigen in the fluid and the number of beads on the surface: 
(i) statistica!, (ii) bead positions and (iii) susceptibility variations. A schematic 
representation of the errors affecting the relation between concentration of 
antigen inthefluid and the sensor signal is shown in the tigure below. 

I [Antigen in fluid] 

1 +- # arrivals 

I # Beads on surface I 

1 
+- position 

+- susceptibility 

I Sensor signal I 

Figure 1.3 Schematic overview of the relation between the concentration of antigen in the 
fluid and the sensor signal of the GMR. This relation is affected by three errors, which are 
shown in red. 

The first error is caused by the binding process of the beads to the surface. 
Th is is a statistica! process, due to which it is only possible to predict the 
average number of bindings in time. This implies that when N bindings are 
counted, the error in this number is .JN. With increasing N the relative error 
will decrease. 

4 



The second error is due to the position of a bead , since both the magnetic 
field of the current wire and the stray field of the bead depend on distance. 
Therefore beads at different positions cause different values of the GMR 
signal. A schematic representation of the GMR signal due to position is shown 
in Figure 1.4. The wires and the GMR are indicated with respectively the red 
and blue squares. 

Ê 0.2 
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~ 0.1 
. ~ 

"' 0:: 
:::!!: 
(.? 0.0 -t---r---"'-==,----d=±.------.::::= ::::r"---r--.----,,---J 
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-0.1 _.__ ________________ __) 

posit ion bead (IJll'l) 

Figure 1.4 The variation in the GMR signal with respect to the distance of a bead to the GMR 
The wires and the GMR are indicated with respectively the red and blue squares.[61 

The third error is causes by the susceptibility of a bead . The susceptibility is a 
measure for the magnetic response of a bead to an external magnetic field. 
When susceptibility increases, the magnetic response and thus the magnetic 
moment of a bead increases as wel I. Even when beads are at the same 
position, the GMR can still measure different values due to variations in the 
susceptibility of the beads. 

This report will focus on the third error, the fluctuations in susceptibility. To 
reduce this error, populations which are monodisperse in susceptibility should 
be used in the magnetic biosensor. The variations in susceptibility in 
commercially available beads can be very large. Therefore a separation 
basedon susceptibility should be obtained. The goal of this project is to 
develop a separation method which separates a bulk amount of magnetic 
beads basedon their individual values of susceptibility. 

1.3 Report overview 
In the next chapter a more elaborate description of the magnetic beads will be 
given, together with a brief overview of magnetism. Also fluid flows in a 
rectangular channel are discussed. Some separation methods found in 
literature and new separation methods are described in chapter 3. In chapter 
4 and 5 the results of two new developed separation methods are discussed. 
The final conclusions and recommendations are given in chapter 6. 
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2 Theory 
In this chapter the basic properties of magnetic nanoparticles are described in 
order to be able to develop a separation method. The particles are shortly 
discussed insection 2.1. Insection 2.2 the physics behind bead manipulation 
is explained, tor the case that a fluid is present as a suspension and transport 
medium tor the particles. lt is described how the fluid flow can imprave or 
disturb the separation method. Further when current wires are used tor 
manipulating the particles also a magnetic potential well will be present. The 
position of a bead in the magnetic potential well can bedescribed by a 
probability function. The potential well and the probability tunetion are 
subsequently described in sections 2.3. Finally a fluid flow in a rectangular 
channel is discussed insection 2.4. 

2.1 Magnetic nanoparticles 
For this project two kinds of magnetic nanoparticles (tor the remaining of this 
thesis these are called beads) are used, the 300 nm Ademtech beads and the 
1 J1fT1 Dynabeads Myone. Their datasheetscan be found in Appendix A and B 
respectively. Although the beads come trom different manufacturers, their 
structure is basically the same. A schematic representation is given in Figure 
2.1. 

Polystyrene shell 

Figure 2.1 Schematic representation of the structure of the beads. 

The beads are built of thousands of small magnetite grains enclosed by a 
polystyrene shell. The grains are approximately 5-15 nm in size. Although 
magnetite is a ferromagnetic material, the grains act as superparamagnets. 

Superparamagnetism is similar to paramagnetism, in that nonet 
magnetization occurs without a magnetic field present. However the response 
of a superparamagnet in the presence of a magnetic field is much greater 
than tor a paramagnet Therefore the name superparamagnetism. 

The size of the grains accounts tor the transition trom terramagnetto 
superparamagnet. For one the grains are small enough to be single domain 
particles. The energy needed to generate a domain wall is larger than the 
reduction of magnetostatic energy due to the domains. For magnetite the 
maximum size tor single domain particles is 80 nm.161 Moreover, single domain 
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particles with uniaxial anisotropy can have two magnetized states, equal in 
size but opposite. When the thermal energy is large enough it can overcome 
the energy barrier. The magnetization will quickly flip between the two 
possible states. One definition of the limit for superparamagnetism is the time 
needed toflip between the two states.!81 lf a timescale of 1 second is used, the 
particles with size smaller than 21 nm are superparamagnetic. This value is 
obtained under the assumption that the magnetite particles are spherical and 
will only have magnetocrystalline anisotropy. The grains used in the 
Ademtech and Dynabeads have a size of 5 -15 nm and will thus indeed act as 
superparamagnets. 

An ensemble of randomly orientated superparamagnetic grains (a bead) will 
also behave as a superparamagnet. Without the presence of a magnetic field , 
the moments of the grains cancel each other out. Even more, the time 
average of the magnetization of one grain is zero, caused by the flipping 
between the two states. In the presence of a magnetic field , more grains will 
fliptheir magnetic momentsin the right direction , resulting in a net 
magnetization. Because of thermal energy there is still the possibility that 
grains do notflip to the right direction with respect to the field . Those which do 
are built of so many atoms that the magnetic response is much larger then for 
paramagnetism. This can be shown with the Langevin equation , which defines 
the magnetization of a paramagnet !91 

M = nJ.l( coth(z)- !_) = 2 JJL( z) , with z = J.1B 
z k8 T 

(2.1) 

HereMis the magnetization , nis the number of beads in the ensemble, ka the 
Boltzmann factor, T the temperature, B the magnetic flux density and f.1 is the 
partiele moment. Fora paramagnetic atom f.1 is equal to the atomie magnetic 
moment. Because superparamagnetic grains show paramagnetic behaviour, 
Equation 2.1 can also be applied to the grains.!10l However now f.1 is equal to 
the magnetic moment of the grain, which is much larger than the atomie 
magnetic moment. Owing to this the magnetization of a grain is also much 
larger than the magnetization of a paramagnet Therefore, the bead can be 
considered as a superparamagnet. 

Note that the susceptibility of a bead can be defined in two ways. First the 
bead susceptibility, x b, which is defined as the magnetic moment of a bead 

divided by the applied field, R. However to the same bead also a volume 
susceptibility, x v, can be appointed, which is defined as the magnetization, IÏÎI, 

divided by the applied field R. x v is a more general material property without 
unit. When x vis specified toa certain volume of material a lso x b can be used. 
The latter has dimensions m3

. In this report both definitions will be used. 
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Summarizing the above 

[ ] M [ 3] mb x V = --=- and x b m =---=- . Thus x b = x V vb. 
H H 

(2.2) 

With Vb the volume of a bead . 

2.1.1 Camparing 300 nm Ademtech and 1 J.Lm Dynabeads 
In order to be able totest the separation devices basedon susceptibility (see 
Subsectiens 3.3.1 and 3.3.2), a model system is needed with well-defined 
polydispersity of magnetic particles. Two types of beads are selected of which 
the susceptibilities are known and clearly different. Vibrating Sample 
Magnetometer (VSM) measurements have been done fora bulk amount of 
300 nm Ademtech and 1J.1m Dynabeads Myone separately. The resulting 
magnetization curves are shown in Figure 2.2A. 
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Figure 2.2 A) Magnetization curves tor both the 300 nm Ademtech (in red) and the 1 f.1I71 
Dynabeads Myone (in black). The mass concentration of beads in aqueous salution is 0.57% 
and 1% tor the 300 nm and 1 f.1I71 beads respectively. The dashed lines are their respective 
tangents at the origin. B) The Langevin tunetion tor (super)paramagnets. 

In Figure 2.2A the total magnetic momentsof an ensemble of 300 nm (red 
graph) or 1 J.1m beads (black graph) in responsetoa field (B) are shown. The 
total magnetic moment is defined by the magnetization divided by the total 
volume, V , of the magnetic material 

~ M 
m= -

V 

Theoretically the magnetic response or magnetization of an ensemble of 
beads can be calculated with the Langevin function, L(z) 

M = nJJ( coth(z)-!_) = 2JJL(z), with z = JJB 
z k8 T 

(2.3) 

(2.4) 

Here n is the number of beads in the ensemble, k8 the Boltzmann factor, T the 
temperature and f.1 is the partiele moment. The latter is now equal to the 

9 



magnetic moment of a bead. Equation 2.4 is found by regarding the magnetic 
energy of all the beads in the ensemble tagether with the thermal energy 
which can deflect these moments trom perfect alignment with the field. The 
Langevin tunetion is shown in Figure 2.28. 

In the case of small zand thus small fields Equation 2.4 can be simplified to: 

(2.5) 

Moreover 

(2.6) 

Here f.1o is the magnetic permeability of vacuum. Fl and ä are both measures 

tor an external magnetic field. HoweverH is defined as the magnetic field and 

ä is the magnetic flux density. Combining Equations 2.5 and 2.6 leads to: 

(2.7) 

In Figure 2.2A the magnetic moment is set against the magnetic flux density. 

Thus if we convert M and Fl back to m and ä, then the following equation is 
va lid 

(2.8) 

8oth V and Jlo are constants. The slope of the curves in Figure 2.2A can be 

used to derive the bulk volume susceptibility of the ensembles of beads. The 
bulk susceptibility of those ensembles can be used to calculate the individual 
bead susceptibility tor the 300 nm and the 1 f.1Ir1 beads, see Appendices C 
and D. The values are respectively (3.13:i0.01)-10-20 m3 and (1.42:i0.02)-10- 18 

m3
, thus two clearly different susceptibilities. These different va lues of x bare 

mainly due to the size of the particles. The larger the bead, the more magnetic 
material inside. 

Furthermore the manufacturers claim bead sizes of 300 nm :t 20% and 1 Jlm 
:t 3 % respectively (See appendices A and 8). The Scanning Electron 
Microscope (SEM) and Tunnelling Electron Microscope (TEM) images below 
show that these specifications of the 300 nm beads are not correct. Th is is 
also investigated by Kim van Ommering, who found bead sizes between 150 
nm and 450 nm. Moreover, the theoretica! linear conneetion between x band 

volume appeared not tobevalid tor these beads.[SJ From Figure 2.38 it could 
be expected that grain size, grain distribution, grain interaction or shape 
anisotropy could play a role here. The 1 f.1Ir1 beads also show variations in 
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size. In Figure 2.3C a bead radius of 1.15 f.1I11 is measured. However the 
datasheet of the supplier states a coefficient of variation (CV) of 3 %. The 
standard deviation is equal to CV times the average bead size, meaning that 
bead size ranging trom 970 nm to 1030 nm could be present in an ensemble 
of 1 11m beads. Forthese beads the data of the manufacturer appears to be 
justified. 

1 "m 

Figure 2.3 Visualization of the beads. A) SEM image of 300 nm Ademtech beads. B) TEM 
image of 300 nm Ademtech beads. The black areas shown where the magnetite grains are 
situated. C) SEM image of 1 f.1IT1 Dynabeads Myone. D) TEM image of 1 f.1IT1 Dynabeads 
Myone. The black areas shown where the magnetite grains are situated. 

The images in Figure 2.3 show that the 300 nm and 1 f.1I11 beads have a 
different appearance. From the SEM images it is observed that the 1f1m 
beads have a much rougher surface. Same of the spikes are approximately 
100 nm large. However the inside of the 1 f.1I11 beads appear homogeneously 
tilled with grains. Th ere are no strange splits or ditterences in density of the 
grains as seen tor the 300 nm beads. Bath beads are nat perfectly round 
shaped and even sametimes show flat edges. 
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2.2 Bead manipulation by magnetic fields 
Newton's law states that an object will accelerate when a resulting force acts 
on that object. Fora magnetic bead in a fluid and under the influence of an 
external field, this law can be written as 

"2)= =Fm + Fd + F9 + Fb = mä. (2.9) 

Here Fm is the magnetic force, Fd the drag force, F
9 

the gravitational force 

and Fb the buoyancy force . By evaluating each force this equation can be 

simplified. 

Magnetic force 
The magnetic force exerted on a bead in a non-magnetic fluid is given by 

F =Jl V (M·V'\ü[12] 
m 0 b P • (2.1 0) 

when the magnetization and the magnetic field can be considered constant 
over the volume of the bead. With the definitions of Mand A in Equation 2.6 
the magnetic force can be rewritten to 

Fm= xvvb(8 . v)§. 
Jlo 

(2.11) 

Note that it is assumed that8 is in the linear region of the Langevin curve, see 
Figure 2.28. Additionally it can be assumed that 8 is curl free, since there are 
no free currents running through the bead. 181 With the following vector identity, 

v(8 . 8)= 2(8 . v)9+28 x (vx8)= 2(8 . v)§ , (2.12) 

Equation 2.11 becomes: 

(2.13) 

Here the volume susceptibility,xv, is replaced by the bead susceptibility,xb. 
This means that the magnetic force depends on the gradient of magnetic field 
squared. When the current wire of the biosensor is used togeneratea 
magnetic field a typical value for the gradient is 40 T2/m fora 40 mA current. 
With the values for the bead susceptibility, given insection 2.1, the magnetic 
force can be calculated. For the 300 nm and the 1 J.lm bead the torces are 
4.98 ·10-13 N and 2.26 ·10-11 N respectively. In these formulas it is assumed that 
the beads show no magnetic saturation, meaning the bead is still at the linear 
region of the Langevin curve (see subsectien 2.1.1 ). Otherwise Equation 2.6 
and thus Equation 2.13 no longer hold. 
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Drag force 
The drag force arises when a partiele is rnaving through a stationary fluid or 
when a fluid is flowing around a particle. Bath cases will be used in the 
separation methods, which will be discussed in chapter 3. Fora spherical 
partiele in an infinite medium the drag force is given by Stokes' Law: 

(2.14) 

Here IJ is the viscosity of the fluid and rh the hydrodynamic radius. For a 
perfectly round sphere rh is equal to the physical radius of the partiele. IÏ can 
either be the velocity of the ~article or the velocity of the fluid at a large 
distance from the partiele. [1 11n fact IÏ is the velocity ditterenee of the bead 
and the fluid flow. This last definition will be used if nat stated otherwise. 

One notion has to be made to Stokes' law. lt is only valid when IÏ and the 
Reynolds number go to zero. [131 The Reynolds number is defined as the ratio 
between inertial and viseaus forces,[14l 

Re= pvL. (2.15) 
IJ 

In this equation pis the density of the fluid, 17 the viscosity of the fluid, and La 
typicallength scale. In the experiments water is used with p=103 kg/m3 and 
17=10-3 kglm·s. Typical veloeities are 20 J1Inls and 214 J.Lmls for the 300 nm 
and 1 J.Lm beads, which leads to Reynolds numbers of 2·10-6 and 2·10-4 

respectively. This means that Re<<1 and Equation 2.14 is valid. A quick 
calculation of Fd in the stationary fluid case gives 1.13·10-13 N for the 300 nm 

beads and 3. 77·10-12 N for the 1 J.Lm beads. 

Gravitational and buoyancy force 
The resulting force of the gravity and buoyancy farces is 

(2.16) 

Here rb and Pb are the bead radius and bead density respectively. 
For bath bead sizes the density is approximately 2·103kg/m3 (see appendices 
A and B). Then the resulting force will be 1.11·10-15 N for the 300 nm beads 
and 4. 11·1 o-14 N for the 1 f1I11 beads. 

Partiele velocity 
The results from the three paragraphs above can be used to simplify Equation 
2.9. The magnetic force and the drag force are camparabie in size, whereas 
the resulting force of the gravitational and buoyancy force is a factor 100 
smaller. This means that gravitational and buoyancy farcescan be neglected. 
lt was also shown that the Reynolds number is smaller than 1, which means 
that the flow is laminar. In the laminar regime the inertial terms are dominated 
by the viseaus terms and therefore the inertial termscan be neglected. 
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With these conclusions Equation 2.9 becomes 

(2.17) 

Rewriting this equation gives the following expression for the velocity 

(2.18) 

With ïï b now re presenting the bead velocity. 

2.3 Magnatie potential welland probability tunetion 
In the magnetic biosensor current wires are used togeneratea magnetic field 
that magnetizes the beads so they can be detected with the magnetic field 
sensor. Apart from that, the magnetic fields induced by the current wires can 
also be used to manipulate beads. First the beads can be attracted to the wire 
with a velocity defined by Equation 2.18. Subsequently the beads can be 
captured above the wire. This is due tothefact that the beads will travel to the 
point of the highest field, meaning the lowest energy point. The general 
formula for the magnetic energy (stored in R) is given by: 

(2.19) 

This can be rewritten in the same fashion as done for the magnetic force (see 
some paragraphs above ), 

(2.20) 

In Figure 2.4 the magnetic energy distribution above a wire, such as used in 
the magnetic biosensor, is shown. A more elaborate description of the field of 
a rectangular current wire is given in appendix E. As can be seen the energy 
is minimum above the wire. Going in either the x or z-direction the energy 
increases, ergo a two dimensional magnetic potential well is present. This can 
be further clarified when the magnetic energy is set against one coordinate. 
See Figure 2.48 and C. 
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Figure 2.4 Overview of magnetic energy above a current wire similar to the wires used in the 
magnetic biosensor. The current is set to 40 mAand a susceptibility of 3.13-10-20 m3 is 
assumed . A) Magnetic energy distribution . B) Magnetic energy set against the x-coordinate 
for different constant z-values. C) Magnetic energy set against the z-coordinate, for different 
constant x-values. D) The 20 magnetic potential well. 

The potential well in the x-direction becomes more shallow when the z
coordinate increases. The same is valid tor the potential well in the z
direction. At x-coordinates further away trom the middle of the wires the 
potential well is more shallow. Both plots trom Figure 2.48 and C can be 
combined to visualize the 20 magnetic potential well, see Figure 2.40. 

The images shown above are tor a 300 nm bead with x b =3. 13-1 o-20 m3 and 

1=40 mA. As can be seen in Equation 2.20 Um depends on x band 8 2
, so 

on x band F. Wh en either one of these quantities increases the potential well 
will become more narrow and the walls will become steeper. 

When a bead is captured in a potential well it is still able to move due to the 
thermal energy, Uth=ka T. At room temperature this energy is equal to 4-10-21 J. 
This value is relatively small, but it can cause a displacement of 0.03 J.lm in z 
and 0.8 J.lm in x, again tor a bead with xb =3.13 -10-20 m3 and a current of 

1=40 mA. This will be important tor one of the separation methods designed 
during this project (see Subsection 3.3.2). 

The probability that a bead will beat position (x,y,z) in a magnetic potential 
wellis given by a Boltzmann distribution, where the magnetic energy is 
compared to the thermal energy.l81 The probability tunetion is given by: 
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P(x,y,z) oe exp( -Um (x,y,z)J 
kbT 

(2.21) 

Si nee P depends on Um it a lso depends on x b and P. Therefore the shape of 
the probability tunetion will be altered when one of these quantities changes. 
Fora 300 nm bead with xb =3.13-10-20 m3 in a magnetic potential well induced 

by a wire with 40 mA current, the 20 probability tunetion is given in the tigure 
below. 

20 nonnaliZed probabiity lunetion Ç . ••" 
r--.~~----.,-~~~---, 

Q. 

u 
~, ~e .os {I• .02 o 02 o• os oe 1 

z (!lm) x (!lm) x (!lm) 

Figure 2.5 A) The normalized probability tunetionfora 300 nm bead X b =3.13·10-20 m3 in a 

magnetie potential well. The potential wellis ereated by a 40 mA eurrent, used in the 
magnetie biosensor. B) Seetion of the probability tunetion in the x-direetion tagether with the 
thermal energy and magnetie energy. C) Seetion of the probabil ity tunetion in the z-direetion 
tagether with the thermal energy and magnetie energy. 

In the tigure above the normalized probability tunetion in both directions is 
also shown, together with the magnetic and thermal energy. The magnetic 
energy is shifted by subtracting its minimal value, hereby placing the minimum 
at zero. Moreover as can be seen in Figure 2.5A and C the z-axis starts at 
150 nm. This is due to the tact that the position of a bead is defined by its 
centre. Therefore the lowest a bead can beis a distance equal to the bead 
radius away trom the surface. 

One important notion must be made. By first approximation it could be 
expected that a bead can travel as far as the edges of the potential well , 
where Um(x,z)-Um,min(O,r)=kb T. Thus as far as the intersections of Um and Uth in 
Figure 2.58 and C. The probability shows that there is a small chance that the . 
beads travel a little bit outside the potential well. 

2.4 Fluid flow in a rectangular channel 
In many separation methods a fluid flow is used (see chapter 3). Not only for 
suspending the particles in the system and for transporting through the 
system, but also as a contribution to the separation method. Forsome 
methods the fluid flow and more specifically its flow profile can disturb the 
separation method. Therefore the fluid flow in a rectangular channel needs to 
be understood. A schematic drawing of such channel is shown in Figure 2.6. 
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Aspect ratio 
a=2b/2a 
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2a 

Figure 2.6 Schematic representation of a infinitely long rectangular channel , placed on the x
axis. 

The salution for the flow velocity in the rectangular channel is found by solving 
the momenturn equation 

by means of the noslip boundary condition. In Equation (2.22) u is the 
velocity in the x-direction and Ct a constant. 

(2.22) 

The velocity ~rofile for a fully developed lam i nar flow in a rectangular channel 
is given by:[1 1 

u= -16c1a
2 f _1 (- 1) (n- 1); 2[1- cosh(nrrzl 2a)]cos( nrry ) 

TT
3 

n=1 ,3, ... n 3 cosh(nrrb I 2a) 2a 
(2.23) 

(2.24) 

Here 2a the width of the channel , 2b the height of the channel and Urn is the 
mean velocity in the x-direction. 

A 30 drawing of the salution for a rectangular channel with aspect ratio 0. 1 is 
shown in the tigure below. Both flow profiles are shown. In the z-direction the 
profile has a parabalie shape. This is due to the comparably small height and 
due to the noslip condition. However in the y-direction the flow profile has a 
region with highly uniform velocity as shown by the lines at the bottom of the 
graph. The aspect ratio of the channel is an important parameter for the flow 
profile. This will be discussed further in this section. 
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Figure 2.7 Schematic drawing of the 30 profile tor a fully developed laminar flow in a 
rectangular channel with aspect ratio 0.1 . At the bottorn of the graph some y-profiles taken at 
different heights of the flow profile are shown. 

A number of assumptions are made to come to the solution. Most importantly 
the flow is laminar and fully developed. To decide if the flow is laminar, the 
Reynolds number (see Equation 2.14) ofthe channel has to be calculated. A 
typical value for Lis 0.01 m. When water is used with u=0.02 mis the 
Reynolds number is equal to 200. This is lower then 2300, which is commonly 
taken as the maximum for laminar flow conditions. 

When a flow enters a channel it has to develop, meaning that the flow profile 
has to change to its final shape. As an example: A fluid enters the channel 
with a uniform entrance velocity. Due to the noslip boundary condition, the 
velocity of the fluid next to the walls has to decrease. Then the centre of the 
fluid has to move taster to keep mass conserved. Consequently the flow 
profile has to evolve to its final shape over a certain distance called the 
hydrodynamic entrance length , Lhy· In the tigure below the evolution of the two 
flow profiles for a rectangular channel with a=O. 1 are shown. 
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Figure 2.8 Evolution of the flow profiles in y and z-direction in a rectangular channel with 
aspect ratio 0. 1. The graphs are obtained by taking a line section of a flow profile, simulated 
with the software package Comsol. The sections are taken at the middle of the other axis . 

From Figure 2.8A it can beseen that the flow profile in the y-direction hardly 
changes after 1 mm into the channel. Therefore Lhy=1 mm. For the flow profile 
in the z-direction (Figure 2.88) Lhy=0.1 mm, meaning that the entry lengths 
are not equal in both directions. This can be understood because Lhy depends 
on Rel17

J and thus on a typical length scale. Due to the aspect ratio this length 
scale is ten times smaller in the z-direction and therefore Lhy is also ten times 
smaller. 

Further down the channel and past Lhy the flow has fully developed. The 
shape of the flow profiles, fora fully developed flow, still depends on the 
aspect ratio of the channel. For z, which is the smaller di mension of the 
channel the profile will have a parabalie shape. But the flow profile in the 
y-direction will be altered when a changes. For a<O. 1 the flow profiles have a 
highly uniform velocity region in the middle. lncreasing the aspect ratio will 
give the profile a more parabol ie form with finally, at a=1 , the parabalie profile 
of the well-known Poiseuille flow as a result. A few examples of the flow 
profile in the y-direction for different a are visualized in Figure 2.9. 
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Figure 2.9 Graphs of the flow profile in the y-direction for different aspect ratios ranging from 
0.025to1 . 
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Summary 
In this chapter the beads which will be used in the separation methods are 
introduced. For both the 300 nm and 1 11m beads the bead susceptibility is 
determined with VSM measurements. The difference between the bead 
susceptibilities is large, due to which it should be possible to separate these 
beads on susceptibility. Furthermore a first analysis of bead manipulation in a 
fluid is given. By quantitative arguments it was shown that the magnetic and 
drag force are the two most important torces acting u pon a bead. lnertial 
terms, buoyancy and gravitational torces could be neglected. Also the 
magnetic field around a current wire and the fluid in a rectangular channel are 
discussed. Now all the necessary theory is available to develop a separation 
basedon magnetic susceptibility. Setting the boundaries for the separation 
method, evaluating existing separation methods and the principle of the new 
developed separation methods are elaborately discussed in the next chapter. 
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3 Separation methods 

The goal of this project is to separate beads on their individual susceptibilities 
so as to create populations with highly monodisperse distributions in 
susceptibility. In the coming sections some separation techniques known from 
literature are described. Two new techniques designed during this project are 
explained as wel I. The chapter will start with a short discussion on separation 
properties. 

3.1 Separation properties 
The development of a device starts with specifying its requirements. Next step 
is to evaluate which means are available and how these means can be used 
such that the device functions as desired within the boundaries of the 
requirements. These aspect are qualitatively discussed below. 

In order to decrease the dispersity in x bof a popuiatien of beads a se pa ration 

devicebasedon x b has to be developed. lt should be possible to use the 

device for very small x b , which implies that large field gradients are needed to 
exert a large enough magnetic force on these beads. lt is possible to generale 
large gradients with small features, which are easily implemenled on a chip 
surface. Therefore the requirement that the device should work for small x b is 

transferred to the requirement that the separation methad is implementable on 
a chip surface. Then it also becomes possible to combine the separation 
device with the magnetic biosensor. For example the separation device could 
be placed directly in front of the biosensor. A fluid with a polydisperse 
popuiatien of particles is inserted in the separation part where the particles 
are separated into two fractions. First a new polydisperse distribution which is 
discarded and secondly a monodisperse distribution which will be transporled 
to the magnetic biosensor for further u se. 

A few other requirements are similar to those of the biosensor and will 
become more important when the separation methad is used in combination 
with the biosensor. These requirements are easy to handle, autonomously 
and fast. The first is not directly assigned to the separation principle, but to the 
dimensions of the device. Easy to handle means a small hand-held device, 
like lab-on-a-chip devices. Thus the separation methad should be 
implementable on a chip. The requirements that the separation should befast 
and autonorneus means that is should be decided whether the separation is 
continuous or in batches. For the first a continuous input of particles is 
possible while the separation goes on. Opposite to that is batch separation, 
where a certain amount of beads is inserted at different times. In continuous 
separations beads are separated on their spatial positions, whereas in batch 
separation the beads are separated on their velocity through the device. In the 
latter beads will enter the end of the separation methad at different times. 
Batch and thus time separation is normally used as an analytica! method. To 
separate the fractions into different containers some valve system should be 
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implemented. Th is decreases both the speed of the se pa ration method and 
the ease of use. An example of a batch separation is discussed in 
Subsection 3.2.1. Here it is also explained why a time separation is not 
preterred with a continuous input of particles. For continuous separation a 
valve system or sarnething similar does not need to be implemented in the 
device. The beads are separated on their spatial positions therefore different 
outlets at the end of the method will suffice. Therefore this se pa ration is taster 
and more autonomous and thus preterred above batch separation. 

Next step is to decide which means should be used to obtain a susceptibility 
based separation. Since susceptibility is a magnetic property it is only logica! 
to use a magnetic field. But should current wires or permanent magnets be 
used to generate the magnetic field? Both are possible, however a 
homogenous field is preferred, because then ditterences in beads caused by 
other field strengths can be ruled out. For that reason current wires are 
favoured, si nee these provide a homogenous field over the lengths of the 
wires. Furthermore, current wires are also easier to implement on a chip and 
can be used to generate large gradients whereas the strength of the magnetic 
field itself is still in the linear region of the Langevin curve. Last adjusting the 
field strength is easier done with wires than for permanent magnets. 

Furthermore, a fluid flow is needed to suspend and transport the beads 
through the separation channel. Due to the magnetic field, beads with 
different susceptibility will have a different path through the channel. This can 
either be caused by different veloeities or ditterences in the deflection of the 
beads. The first corresponds to separation in time and the latter to separation 
in space. Since a continuous separation is preferred, only the separation in 
space will suffice. For separation in time, batches of beads are needed, since 
the separation has tostart at the sametime for every bead. When the beads 
are inserted continuously, beads for which the separation started a little later 
could outrun or overtake other beads, decreasing the efficiency of the 
separation. 

An extra possibility rises when a fluid is used, since the fluid exerts a drag 
force on the beads. The drag force can be adjusted by changing the fluid 
velocity, and either helpor oppose the magnetic force. Likewise, the flow 
profile could be of consequence in the separation. Insection 2.4 the parabalie 
flow profile over the height of the channel was mentioned. Due to this, beads 
at different heights in the channel will travel at different veloeities through the 
channel. Again, this could either be beneficia! or not for the separation. In the 
next section it is described that it is not beneficia! when a separation in place 
is desired. This indicates that it is important for the separation efficiency that 
each bead starts at the same starting point, hereby increasing the chance that 
the path of the beads through the separation device are si mi lar. Then other 
parameters like the magnetic field are equal for all the beads and ditterences 
can be ascribed to difference in susceptibility. 

Finally, Brownian motion can reduce the efficiency of the separation . Meaning 
that on average different beads will be separated well, however some beads 
can diverge more strongly trom average and end in different outlets. 
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Brownian motion is an irregular motion caused by thermal energy, giving 
variations of the path of a bead in a channel. Therefore, it is uncertain what 
strengthof the magnetic field and which velocity of the fluid is effected on the 
bead . Since this is nat desired, the separation device should be designed in a 
way that the effect of Brownian motion is reduced toa minimum. 

In conclusion, the separation methad should be easy to handle, tast, 
implementable on a chip and autonomous. Therefore a continuous separation 
is preterred which leads to the necessity of a fluid tor transporting the beads 
through the separation device. To obtain fractions of particles a separation 
technique is needed, such that the particles are spatially separated. This will 
obtained by a magnetic field induced by current wires. Finally two other 
parameters should be regarded during the development. First the velocity 
profile and second Brownian motion. Bath can reduce the efficiency of the 
se pa ration methad . 

3.2 Literature 
There are two options tor separating particles, in time and in space. In the 
coming subsections examples of both, found in literature, are discussed. An 
important factor hereby is the efficiency of a separation method. The 
efficiency is defined as the possibility that the path through a separation 
methad of one specific bead will be exactly the same. Meaning that one 
specific bead will always exit the separation methad at the same position or 
after the same period of time. 

3.2.1 Field Flow Fractienation 
The separation in Figure 3.1 is achieved by the combined effects of the 
parabalie flow profile in the Field Flow Fractienation (FFF) channel and an 
external field perpendicular to that channei.[1

BJ,[
191 

field 

11 1 1 1 

Figure 3.1 Schematic side view of the principle of Field Flow Fractionation. Here h is the 
height of the channel. Th is figure is an adaptation of Figure 1 from [18]. 

The field will apply a force on the particles such that they will move towards 
the accumulation wall. However Brownian motion , which is the irregular 
motion of a partiele due to its thermal energy, partly opposes that migration. 
Therefore the particles will be distributed close to the wall , but still some 
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vertical displacements are possible as shown in Figure 3.1. The mean height 
of this distri bution is defined by I and is thus described as 

I = kaT [20] 

IFI 0 

(3.1) 

Note that it is not defined which force generates the field. However each force 
will be opposed by the drag force, as shown for the magnetic force in 
Equation 2.17. This means that Equation 3.1 can be rewritten to 

(3.2) 

Hereris the partiele radius and v the velocity induced by the field. As long as 
both particles are influenced by the external field, this equation shows that for 
larger particles the mean height of the distri bution is smaller. Because of the 
parabalie flow profile particles which are further away trom the accumulation 
wall will obtain larger velocities. Thus also a mean velocity can be ascribed to 
the partiele distribution. Consequently partiele distributions with a smaller I will 
also have a smaller mean velocity and need more time to reach the end of the 
channel. This means that, when the channel is sufficiently large, the 
distributions will exit the channel one by one and are hereby separated in 
time. The relative time a distribution of specific particles need to travel through 
the channel, is given by the retention ratio 

(3.3) 

In this equation t0 and tr are the times a particle, respectively unaffected and 
affected by the external field, needs to travel through the channel and wis the 
width of the channel. The influence of the field on the retention ratio is given 
by v, the field induced velocity. But what kind of field is used? There are 
several possibilities, for example Sedimentation FFF, which uses theearth 's 
gravitational field. Furthermore Centrifugal FFF, Thermal FFF and Flow FFF 
are possibilities. The latter uses a cross flow to obtain the movement of the 
particles to the accumulation site.1201 Although it has notbeen done, Magnetic 
FFF could also be applied, as long as the particles are magnetic. Then the 
se pa ration depends on two partiele parameters, rand x b . The effect of bead 

size is discussed above and the effect of x bis clear due to the velocity of the 

particle. By applying a magnetic field the velocity depends on x b, as shown in 
Equation (2.18). 

A drawback of FFF is that the separation is in time and not a geometrical 
separation. Therefore, FFF is typically used for analytica! studies instead for 
really separating different beads in different containers. In the latter case 
some kind of valve system should be placed at the end of the channel. 
Furthermore the particles in a distribution could form clusters when the come 
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too close to each other. A cluster will have the highest magnetic field induced 
velocity and will therefore travel in the smallest velocity region of the parabol ie 
flow profile, resulting in the smallest retentien ratio. 

3.2.2 High Gradient Magnetic Separation 
The main component for High Gradient Magnetic Separation (HGMS) is a 
column tilled with magnetic material, which is either shaped as wires or as 
balls as shown in Figure 3.28.[211 The filling is such that there are a lot of voids 
between the balls. Perpendicular to the column, a magnetic field is applied . 
Then the filling in the column will guide the magnetic field lines, due to which 
locally high gradients occur. 

Fluid containing magnetic 
and non-magnetic 
oarticles 

~ ~olumn 
Column filling 

Magnetic poles 

Figure 3.2 High Gradient Magnetic Separation A) Schematic drawing of the set-up. This 
tigure is an adaptation of Figure 1 trom [21]. B) Schematic drawing of a possible filling of the 
column. 

When a fluid containing magnetic and non-magnetic particles is poured in the 
column trom above, the fluid and the particles will go trough the column due to 
gravitation or hydrastatic pressure. Magnetic particles will be attracted to the 
filling and will stick on the surface, but the non-magnetic material will exit the 
column. However, there is a big uncertainty in this method. The starting point 
and therefore the paths of the particles through the column are unknown. 
Si nee the applied magnetic force depends on the susceptibility of the particles 
and decreases with increasing distance, one can only be certain that particles 
with a susceptibility higher than a critica! x c will be contained in the column. 

Other particles could stick or notstick to the column filling, this depends on 
the distance the particles have with respect to the column filling. However if a 
partiele is sticking to the filling it is not certain what field gradient it undergoes, 
since with this set up there are large non-uniformities in the gradient. 
Additionally, a partiele high up in the column could be released trom the filling 
but captured again lower in the column, whereas a partiele already lower in 
the column could, under the same conditions, leave the column. Thus there 
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will be particles with x < x c present in the column. Subsequently when the 
magnetic field is switched off and the column is flushed with fluid all the 
remaining particles can be captured at the end of the column. By repeating 
the experiment with these particles and with the same field the amount of 
particles with x < x c will decrease until eventually only the particles 

with x> x careleftin the column. 

However it is more difficult to get an upper limit tor the susceptibility. One 
possibility is decreasing the magnetic field. Then the critica! susceptibility 
increases to tor example X c,z. Now it is certain that particles with X > X c,z will 

stick in the column, meaning that particles with x c <x< x c 2 will be flushed 
out of the column and are captured. However again some mixture is possible 
and again the experiment should be repeated. Which means that first the 
magnetic field is switched off and the column is flushed. All the particles now 
coming out of the column can be discarded and the small amount which was 
captured before has to be put through the column again with the field linked to 
x c,z . Repeating this will eventually lead to a population with a precise 

distri bution of x c <x <x c,z . Unfortunately with every experiment material is 
lost. In that sense the separation method is not very practical. So to obtain a 
highly monodisperse solution, one requires a large amount of sample. 

3.2.3 Magnetic Quadrupale Flow Sarter 
Zborowski et al. have designed a separation device based on the interaction 
between a magnetic field and magnetically labelled cells. Normall~ this 
interaction is a highly compl icated tunetion of spatial coordinates. 21 However 
fora quadrupale field the size of the magnetic field at each coordinate point is 
well defined: 

(3.4) 

In this tunetion ris the distance to the centre of the quadrupale field and 8 0 is 
defined as the ma~nitude of the magnetic field at a characteristic distance ro 
trom the centre. [22 The field is always directed in the [x,-y,O] direction. Then 
the magnetic force acting on a magnetic partiele is given by: 

(3.5) 

Equation 3.5 shows that fora x b >0, the magnetic force is directed radially 

outwards. Furthermore the force is proportional to rand equal to zero in the 
origin. With this concept Zborowski et al. have designed a set-up, shown in 
Figure 3.3. 
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lnlet a' , fluid with 
magnetic and non
magnetic particles 

12 x 

Outlet a 

Figure 3.3 Schematic overview of the Magnetic Quadrupale Flow sarter designed by 
Zborowski et al. This figure is an adaptation of Figure 4 from [22] . 

Four permanent (NdFeB) magnets are used to generate the quadrupale field. 
The magnets have a height of 76.2 mm and the aperture in between the 
magnets is 9.5 mm. A fluid channel is mounted through this aperture. The 
grey pillar in the middle of the channel is to ensure that the magnetically 
labelled particles do not go to the region where the magnetic force is absent, 
so as to imprave the efficiency of the separation. Furthermore, the channel 
has two inlets and two outiets and the flow is in the negative z-direction. 

Axis of symmetry 

~ a' b' 

Figure 3.4 A cross-section of the MQFS. The grey line shows the path of the magnetically 
labelled cells . This figure is an adaptation of Figure 7 from [22] . 
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When a mixture of magnetically labelled and non-magnetic material is 
inserted in entrance a', the following will happen. The non-magnetic material 
will be carried by the flow (from inlet a' and b'), the velocity is equal to the flow 
speed and is also directed in the negative z-direction. The same is valid for 
the magnetically labelled cells, but an extra velocity component is induced 
due to the magnetic force pulling the cells radially outwards, this is shown in 
the figure above. 

By carefully choosing the dimensions of the outlets and the in- and outflows* 
one can assure that magnetically labelled cells will exit through outletband 
the nonmagnetic material trough outlet a. Hereby creating a very good 
separation. 

Moreover, due to the usage of a fluid flow the separation is also continuous. In 
[22] the intended separation is between magnetic and non-magnetic 
materials. But since the separation is based on an extra velocity component 
for one type of beads, a separation between magnetic materials with different 
susceptibility could also be possible. The magnetic force should be chosen 
carefully to obtain this. 

Of course Brownian motion could reduce the performance of the MQFS, but 
when the particles are large enough, Brownian motion itself is effectively 
suppressed. Then the path of the magnetically labelled cells will be 
reproducible, which gives a better guarantee of the performance of the 
separation . 

However MQFS is not easily implemented on a chip because of its 
dimensions. A more '20'-version of the MQFS will be discussed in the next 
subsection. 

3.2.4 Split flow thin cell fractionation 
As with the other separation methods discussed in the subsections above, 
Split flow thin cell fractionation, known as SPLITT, also uses a fluid flow and a 
magnetic field. The setup is shown below. 

field 

samr'•'· a· ! ! ! ! /P ouuÎ a 

I ~.~.!O•.o.u-~;;--·--~------------o~,-.;~~::~:~--=· i W I 0 0 • • ... 
0 • • I 

I niet splitter 0 0 0 • • / 
------------------------------------.0--D- -- -ó' 0 

--------~~----------------------------0-~ 
Main flow inlet, b' OSP L outlet, b 

Figure 3.5 Schematic top view of the SPLITT setup. Here wand L are respectively the width 
and the length of the channel and ISP and OSP stands tor inlet splitting plane and outlet 
splitting plane respectively. This tigure is an adaptation of tigure 2 trom [18]. 

* Here SPLITT is used, which will be explained in the next subsection. 
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The setup consists of a channel with two inlets and two outlets divided by an 
inlet splitterand an outlet splitter respectively. Normally the inlet velocity Va · 

and Vb · are such that Va ·<<vb'· When particles are introduced via inlet a ', the 
particles will be confined toa small region at the top of the channel, because 
of the velocity difference. The region is depicted by the i niet splitting plane 
(I SP). [181 Therefore, the particles are focussed to a starting point which 
increases the reproducibility and quality of the separation. 

Furthermore, a field is introduced perpendicular to the channel. Different fields 
are possible, like with FFF. Examples of these fields are a centrifugal field[231 

or a gravitational field. For the latter the separation is basedon sedimentation, 
which is slow and therefore a long channel is needed. However a magnetic 
field can be used to separate magnetic particles trom the non-magnetic ones. 
This will increase the separation velocity and therefore decrease the 
necessary lengthof the channel , as explained below. 

Due to the magnetic field the magnetic particles will have a velocity 
component perpendicular to the direction of the channel. In the ideal situation, 
all non-magnetic particles will exit the channel through outlet a and all 
magnetic material through outlet b, but due to Brownian motion and ditfusion 
some mixing is possible. In order to prevent this, Va is chosen larger than vb 

due to which an outlet splitting plane (OSP) is created. Now, only particles 
with a high enough vertical velocity component can cross the OSP, hereby 
refining the separation. For SPLITT, a cut-off velocity can be calculated, which 
is the minimum (vertical) velocity a partiele needs to reach outlet b. This cut
off velocity depends on the in let and outlet flows and the length of the 
channel. Since this cut-off velocity is very sharp[181

, a separation on 
susceptibility between two different magnetic particles could also occur. 

The width and height of a SPLITT channel are respectively 20 and 0.38 mm 
which leads to an aspect ratio of approximately 0.02. Therefore a parabalie 
flow profile is present over the height of the channel. (Note that the height of 
the channel is the in-plane direction in Figure 3.5.) Furthermore the starting 
point of the particles in this direction is not well defined. Thus the particles can 
obtain any velocity of the parabalie flow profile. This means that different 
particles can be influenced for different amounts of time by the magnetic field. 
This is not beneficia! for separating magnetic particles on susceptibility with 
the SPLITT channel. lt is possible that a partiele with a small susceptibility 
also has a small parallel velocity. The partiele could obtain a large enough 
perpendicular velocity to cross the OSP and leave the channel via outlet b, 
although it was expected to leave the channel via outlet a. Evensoa partiele 
with a large susceptibility and a large parallel velocity could leave via outlet a, 
while it was expected to leave via outlet b. 

When the MQFS and SPLITT are compared it shows that the first is a three 
dimensional version of the latter, however with a well defined magnetic field. 
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3.2.5 On chip Free Flow Magnetophoresis 
For this separation technique, again a fluid flow and a magnetic force are 
used. Figure 3.6 shows a schematic view of the setup. 

magnetic field 

y .. 

x~ @ 
Figure 3.6 Schematic top view of the Free Flow Magnetophoresis setup.[241 

The main part of the setup is the separation chamber. [241 Multiple flow i niets 
and outlets are connected to the chamber. All but one are used for the flow of 
a buffer fluid. The lower inlet contains the sample mixture, which exists of the 
buffer fluid containing magnetic particles. A reasonably small starting area for 
the particles has been created, which increases the quality of the separation. 
A laminar flow has been created trom the sample i niet to the outlets. A 
permanent magnet has been attached to one side of the separation chamber, 
inducing a non-uniform magnetic field over the chamber. Subsequently a 
magnetic force, directed towards the magnet, is applied to the magnetic 
particles entering the chamber. Therefore the magnetic particles will deflect 
tromtheir horizontal trajectories, which was imposed by the fluid flow. 

Two velocity components determine the path of the magnetic particles; Vm and 
uhyd, the magnetically induced velocity and the hydrodynamic velocity 
respectively. The latter will only have an x-component and Vm, mainly a 
y-component. When a partiele is dragged through the fluid the drag force is 
generated and as a consequence the magnetic velocity component is the ratio 
between the drag force and the magnetic force on the partiele 
(see Section 2.2): 

(3.6) 

Now written in termsof the volume susceptibility. Thus the magnetically 
induced velocity is proportional to the volume susceptibility and the radius: 

2 vmocrxv (3.7) 

This means that particles with a larger radius and beads with a higher 
susceptibility will be deflected further trom their horizontal trajectory and will 
thus exit the chamber via different outlets. On chip tree flow magnetophoresis 
is a technique which enables separation on susceptibility. [241 Experiments 
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support this conclusion. Two different particles went through the setup. First 
2.0 Jlm particles with axv of 1.12-10-4 m3/kg and secondly 4.5 Jlm particles 

with a x v of 1. 6 ·1 o-4 m3 /kg. The average trajeetori es of both particles are given 
in Figure 3.7. 

Figure 3. 7 The trajectories of the 2. 0 J.IIr1 and the 4. 5 J.IIr1 beads respectively. A 13 mm 
deflection was measured for the 2.0 J.IIr1 beads. The 4.5 J.IIr1 beads had a deflection of 2 mm. 
The trajectories have been recorded on video and are drawn in the graphs. The position of 
the magnet with respect to the separation chamber is also shown. 

Some agglomerates were formed during the experiment. Those had a higher 
deflection, as expected. Moreover, 6.0 Jlm non-magnetic particles went 
straight through to the lowest outlet There was no interterenee from the 
mag net. 

lt was already mentioned that average trajectories were considered. This 
means that for example the 4.5 J1m beads were also deflected to neighbouring 
outlets. Most likely this is due to the parabalie flow profile in the z-direction. 
With the sample inlet, the particles are reasonably focussed in the x and y
direction, but not in the z-direction. Because of this, particles can piek up 
different flow velocities, resulting in varying travel times through the chamber. 
Subsequently, the effect of the magnetic force acting on the partiele varies, 
resulting in different deflections. An quick way to reduce this effect would be 
to place the magnet below the chamber and under a small angle. Now, the 
particles arealso pulled to the bottorn of the chamber and, on average, the 
particles will travel in a lower and more narrow region of the parabalie flow 
profile . Actually, this adds the concept of FFF to the on chip free flow 
magnetophoresis. 

During this project it was possible totest the On Chip Free Flow 
magnetophoresis device with 1 Jlm Dynabeads Myone. This was done under 
the same conditions as for the experiments described above. The test showed 
that the 1 J1m beads exit the channel via either outlet 2 or 3. However a high 
concentration of beads was used due to which many agglomerates are 
formed in the sample inlet. These agglomerates left the channel via a higher 
outlet But they also caused clods directly above the sample inlet and at the 
outlets. 
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In conclusion 
In Section 3.2 different separation techniques and their ability to separate on 
susceptibility are evaluated. lt was shown that none of the methods fulfil the 
requirements mentioned in Section 3.1. Field Flow Fractionation is a 
separation in time. The separation of the High Gradient Magnetic Separation 
is uncertain and needs a large amount of sample. The Magnetic Quadrupale 
Flow Sorter and Split Flow Thin Cell Separation are based on the same 
principle. The latter is a more 20-version of the first. However the parabalie 
flow profile over the height of the channel, combined with the uncertain 
starting position in this direction, leads to a possible decrease in the efficiency 
of this separation method. 

The four separation methods mentioned above are all difficult to implementon 
a chip due to their dimensions. Moreover they were all developed for 
separating non-magnetic particles from magnetic particles. The first 
separation method which is able to separate two different magnetic particles 
is On chip Free Flow Magnetophoresis. Moreover the dimensions of this 
device are small. The main draw-back for this method is the combined effect 
of Brownian motion and the flow profile over the height of the channel. 

3.3 New separation methods 
In the next subsections two recently developed separation techniques will be 
descri bed. 

3.3.1 Magnetophoresis based partiele separator 
In Subsection 3.1 it was discussed that a separation technique should meet 
several requirements. lt should be easy to handle, fast, implementable on a 
chip and autonomous. Because of this, a continuous separation is preferred, 
which gives rise totheuse of a fluid as a transport medium. To be able to 
separate the beads on susceptibility, a magnetic force is necessary. The 
movement of the magnetic beads, caused by the magnetic field, is called 
magnetophoresis. With magnetophoresis the particles will be separated in 
space. However, it was also stated that the effects of Brownian motion and 
the velocity profile should be guarded. Both can reduce the efficiency of the 
separation technique. 

On chip Free Flow Magnetophoresis (see Subsection 3.2.5) is one of the first 
separation techniques which separates magnetic particles on their individual 
susceptibility values. However, Brownian motion indeed decreases the 
efficiency of this separation technique. Th is effect becomes larger when 
smaller particles are used, since 

Here 0 is the ditfusion coefficient. The average distance, <x>, a bead can 
travel in a time t is given by 

(3.8) 
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<X>=2~. (3.9) 

Thus for smaller r, D and thus <x> will increase. 

To be able to decrease the effect of Brownian motion, a separation technique 
should be designed such that 

(3.1 0) 

Here Equation (2.18) is used. Equation (3.1 0) states that the displacement of 
a bead due to a magnetic field should be much larger then the displacement 
due to Brownian motion. For that purpose high field gradients are needed. For 
example in a time period of 100 ms a 300 nm bead can travel 0.43 Jlm due to 
Brownian motion. Therefore the magnetically induced speed should be larger 
than 4.3 JlmiS, leading toa VB2 1arger than 1.0 T2/m. Also small fields (<10mT) 
are needed, to stayin the linear region of the Langevin curve (see subsection 
2.1.1 ), because only in that region the bead susceptibility is defined as the 

ratio between the magnetic moment of the bead, mb and the extern al field, A. 
With current wires it is possible to satisfy both demands. In the figures below it 
is seen that a maximum VB 2 of 40 T2/m can be obtained with a field of 
maximum 6 mT. However both strongly depend on distance. 4 Jlm to the side 
of the wire both B and V 8 2 are close to zero. 
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Figure 3.8 A) The magnetic field and B) the gradient of the magnetic field squared plotled for 
a current wire used in the magnetic biosensor. The current is set to 40 mA. Close to the wire 
the field is small (<10 mT) but 1182 is relatively large. 

Therefore a separation method is designed based on an array of current 
wires. The principle is shown in Figure 3.9. The particles are accumulated on 
one wire. At time, t0, this wireis switched off and at the sametime a second 
wireis switched on. The beads will travel to the second wire with a velocity 
defined by Equation 2.18. At a critica! time, tsep , the first wire is switched on 
again. Then as a consequence beads which are closer to the second wire will 
continue to that wire. However beads which at tsep are closer to the first wire , 
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will travel back to that wire. In this way it is expected that a separation can be 
achieved. A critica! susceptibility,xc, is defined. Beads withxb < xcwill go to 

the first wire and beads with x b >x c to the second wire. Th is x c represents 

that bead which is just able to reach the middle between the wires in a time 
period equal to fsep and can be calculated trom the following equation 

(3.11) 

Here dis defined as the distance trom centre to centre of the wires. 
to 

............ 

Figure 3.9 Schematic representation of the separation principle tor the magnetophoresis 
based partiele separator. A) At t0 the beads are accumulated at the first wire. B) The beads 
are moving trom the first to the second wire. C) At f sep the beads are separated. Beads 

with X b <X c will go to the first wire and beads with X b >X c to the second wire. 

Th is principle can be extended to an array of wires in two manners. First 
keeping the distance between the wires constant and changing the current 
through the wires. Secondly keeping the currents constant and changing the 
distance between the wires. With an array the beads can be separated in 
more fractions. At the first wire the beads with the smallest susceptibilities will 
be collected and at the last wire the beads with the highest susceptibility. To 
obtain this either the distance between the wires should increase or the 
current should decrease. Because next to the dependency on susceptibility 
the magnetic force also depends on the gradient of the magnetic field 
squared. The magnetic field in its turn depends on the current and the spatial 
coordinates as shown by Equation E.1 in appendix E. By decreasing the 
current the magnetic force decreases, meaning that only beads with higher 
susceptibilities will be able to make the crossing. For the same reason the 
distance between the wires should increase, since the magnetic field 
decreases with increasing distance as shown in Figure 3.8b. 

When the separation is complete , the particles should be transported away 
trom the wires such that every fraction stays separated. This can be done with 
a fluid flow. Therefore the wires can be placed at the bottorn of a fluid channel 
as shown in Figure 3.1 0. 
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Figure 3.10 Top view of a possible set up. The wires are oriented parallel tothefluid flow. 

The sample in let is placed close to the first wire at the top of the channel. 
Then the beads are accumulated on that wire and the starting point of the 
beads is well defined. A second largerinlet is present for the main flow, 
hereby giving the beads a velocity parallel to the wires. This velocity should 
be set such to ensure that the beads with the largest susceptibilities will reach 
the wires furthest away from the inlet. Then the separation can be performed 
with a continuous supply of beads, although perhaps highly diluted. Because 
toa many beads on a wire can cause clustering or bead-bead interactions. 
On the right side of the channel a number of outlets are placed to transport 
the separated fractions away trom the wires. 

When an array of wires is used the actuation of the wires becomes more 
complex than tor the two wire situation explained above. Now the wires are 
regarded in sets of three, see Figure 3.11. Then every third wire will be 
actuated in the same manner. The actuation will be explained on the basis of 
the scheme depicted below. 

1 
0 Wire 1 

d 

0 Wire2 

1 
0 Wire 3 

Figure 3.11 The actuation scheme of the time axis when an array of wires is used tor the 
separation methad. 

Again, the cycle starts with a current running through the first wire to attract 
the beads. At b this wireis switched off and the second wireis switched on. 
The beads will travel to the second wire. However at c the first wire is 
switched on again and the first separation is forced. At d the second wireis 
switched off and wire 3 is switched on. Now also the first wireis switched off 
shortly to makesure that the bead will travel from wire 2 to wire 3 insteadof 
going back to wire 1. At e wire 2 is switched on again and the second 
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separation is made. At f the third wire is switched off tagether with wire 2. 
Again to force the beads further over the separation device insteadof going 
back, etc. Wire 4 should have the sa me actuation scheme as wire 1, etc. 

In chapter 4 the experiments done to proof the principle of this se pa ration 
methad are shown and discussed. These experiments are performed without 
the flow profile and only two wires are used. 

3.3.2 Curved wire bead separation 
A second separation methad developed during this project is 'Curved wire 
bead separation'. This methad is basedon the balance between drag force 
and magnetic force. The device is designed in such a way that effects of 
Brownian motion or due toa parabalie flow profile are controlled. Moreover, 
the fluidic part of the device ensures the same starting point for each bead. 
This is a necessity, since it was seen that uncertainties in the pathof a bead 
decreased the efficiency of the separation method. The precise design of the 
fluidic part will be discussed in Section 5.3. 

In Figure 3.12, a top view of the curved wire bead separation methad is 
shown. The outer edges depiet a reetang u larfluid channel. The aspect ratio of 
this channel is 0.1, which means that the flow profile in the y-direction has a 
highly uniform region. The red line represents a curved current wire, which is 
the key component of the separation method. The wireis placed completely in 
the highly uniform flow region to ensure that all beads undergo the same flow 
velocity. Th is ensures that beads will be separated on x band not due to flow 

velocity differences. However, over the height of the channel still a parabol ie 
flow profile is present. 

Flow profile 

Figure 3.12 Top view of the curved wire bead separation method . A curved wire is placed at 
the bottorn of a rectangular channel. 

The beads enter the channel close to the beginning of the wire, which is the 
starting point of the separation. From there , the beads will travel along the 
wire. Let's assume that one bead has come to position P as shown in Figure 
3.12. As discussed in Section 2.3, a magnetic potential well is formed above 
the wire . The magnetic force, Fm, will try to keep the bead in the energy 
minimum, which is above the centre of the wire. lt has to be noted that only 
the component of the magnetic force in the plane of the drawing is discussed. 
The magnetic force has also a component in the z-direction. However, that 
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component is neglected for the separation principle. In addition to the 
magnetic force a second force is present. The drag force, Fd, generated by 
the fluid flow is pushing the bead to the right. However, Fd and Fm,x do not 
align. The drag force is always directed to the right and the magnetic force is 
always directed perpendicular to the wire. To see how both torces affect the 
movement of the bead , the drag force is decomposed into components. One 
component is directed parallel to the wire and the other component is 
perpendicular to the wire. The perpendicular component opposes the 
magnetic force and equals 

Fd ,per = Fd sin(e) . (3.12) 

Here Fd is the magnitude of the total drag force, and eis the angle between 
the horizontal and the slope of the current wire in point P. The following force 
balance can be made 

(3.13) 

Here it is assumed that wall effects can be neglected and v(l:F t is the 

gradient of the magnetic flux density squared in the direction perpendicular to 
the curved wire, see Figure 3.12. 

Per bead two situations are possible. First Fd.per>Fm,x. then the beads will be 
released trom the wire and will be carried along by the fluid . Secondly 
Fd.per<Fm. The magnetic force is strong enough the oppose the perpendicular 
component of the drag force and will therefore keep the bead on the wire. 
In this situation the parallel component of the drag force, 

Fd ,par = Fd cos(e) , (3.14) 

will push the beads upwards (in the plane of the drawing) along the wire. 
During this trajectory the magnetic force stays constant, since it depends 
on x band 8. Both components of the drag force change due to their mutual 

dependenee on e, which in turn depends on the slope of the wire. This means 
that the shape of the wire defines how the components of the drag force alter 
over the width of the channel. The curved wire in Figure 3.12 has been 
designed such that sin( e) linearly increases in the y-direction and ranges trom 
0 to 1. Th is implies that at the beginning of the wire Fd,per=O and at the end 
Fd,per is at its maximum and thus equal to Fd. For the parallel component the 
opposite is valid, which means that it will be maximum at the beginning of the 
wire and equal to zero at the end. Due to this type of curvature a bead is 
pushed upwards along the wire by Fd,par and the perpendicular drag force will 
increase until Fd,per>Fm,x, where the bead willleave the wire. 

How can we use this design to separate beads in susceptibility? All beads 
start at the beginning of the wire and travelalong the wire. For one bead, the 
magnetic force is constant and Fd,per increases till it becomes larger than the 
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magnetic force, due to which the bead leaves the wire. However, fora bead 
with a smaller susceptibility the magnetic force is smaller, but it undergoes the 
same range in perpendicular drag force. Therefore, this bead will leave the 
wire at a lower y-coordinate. In this way, a separation basedon susceptibility 
is obtained over the width of the channel. By inserting multiple outlets at the 
end of the channel, the beads can be separated into different containers. 

Finally, two effects should be discussed. The Brownian motion and the 
parabol ie flow profile in the z-direction of the channel. Due to the Brownian 
motion the bead has still a little treedom of movement in the z-direction, 
although the bead is at the sametime captured in a magnetic potential well. 
Moreover a parabol ie flow profile is present over the z-direction of the 
channel. Therefore beads could teel different drag torces due to ditterences in 
height. Then it could be that beads are not only separatedon susceptibility but 
also on drag force differences. This is not preferred. However in the 
introduetion to this new separation methad it was stated that effects of the 
Brownian motion and the parabalie flow profile could be controlled. In 
Chapter 5 it will be explained how this is done. In this chapter also other 
factors, like bead height are sticking are discussed. 
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4 Magnetophoresis based separation 
The magnetophoresis based separation method is based on an array of wires. 
The crossing time, which is the time a bead needs to cross from one wire to 
the next, is the main parameter for the separation. The crossing time is 
expected todependon susceptibility, current and the distance between the 
wires. When the two latter parameters are kept constant a separation based 
on susceptibility may be achieved. In this chapter allaspects of the 
magnetophoresis based partiele separator are elaborately discussed. The 
implementation of this method on a chip are explained, foliowed by the 
explanation of theset-upand the measuring method. Last, the results of the 
experiments are shown and discussed. 

4.1 BioWire chip 
As discussed in Section 3.3.1, the main component of the separation method 
is an array of current wires. Ou ring this project an array with equal distances 
between the wires was used . Each wire could be activated individually. 

The wires have been fabricated by depositing three metal layers, 10 nm 
Molybdenum, 250 nm gold and 90 nm Molybdenum, see Figure 4.1. The 
Molybdenum layers are needed for better ad hesion of the gold to the silicon 
water and silicon nitride top layer. With a mask the structure and position of 
the current wires are defined. The areas around the wires are etched away in 
the top Molybdenum layer. The remaining Molybdenum layer will serve as a 
hard mask during ion (Ar+02) bombardment The ions travel with such energy 
that the bonds in the Molybdenum and gold will break. However due to the 
oxygen Molybdenum itself forms stronger bonds, due to which the decrease 
of the Molybdenum layer is five times slower than for the gold layer. What 
remains is a current wire constructed of 10 nm Molybdenum, 250 nm gold and 
50 nm Molybdenum, see Figure 4.1 F. 

.Q 
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Figure 4.1 The production processof a current wire. A) Deposition of 10nm Molybdenum. 
B) Deposition of 250 nm Au . C) Deposition of 90 nm Molybdenum. D) With a mask the non 
desired areas around the wires are etched away. E) Ion bombardment F) The final 
construction. The drawings are not on scale. 

The array of wires is fabricated on a silicon water. Kim van Ommering al ready 
designed these chips, called BioWire, for her magnetophoresis 
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measurements. In the tigure below, a cross section of the chip is shown 
tagether with a schematic drawing of the same area. 

Molybdenum Gold 

Figure 4.2 A) cross section of a part of the Biowire chip made with SEM. B) Schematic 
drawing of the sa me area. 

Only one wire is shown in Figure 4.2. The array consists of 16 wires equal in 
size and materiaL The current wire is placed on a silicon water with a small 
oxide layer. On top of the wire and the rest of the water a silicon nitride layer 
is deposited. The height of that layer is such that after planarization an 
approximately 0.5 f1Ir7 silicon nitride layer remains on top of the wire. lf the 
planarization was nat performed, there would be a height step in the surface 
above each wire, which could affect the crossing time. The same wires as for 
the biosensor chip are used, hereby minimizing necessary adjustments in the 
production process. The dimensions are 3 f1Ir7 in width and 0.35 f1Ir7 in height. 
The length is set to 200 f1Ir7. 

The schematic drawing of Figure 4.2 shows a rectangular wire, while the SEM 
shows a more trapezium shaped structure. This is probably caused during the 
etching step. The trapezium shape has only a small effect on the magnetic 
flux density generated by the wire, as shown in the tigure below. However, 
this trapezium shape is seen for each wire, which means that between wires 
no differences in the magnetic field appear. Owing to this ratio between the 
fields of bath wires stays the same at each position and the fields are equally 
strong at the middle between the wires. Therefore differences due to the 
shape of the wire can be neglected further on. 
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Figure 4.3 The magnetic flux density tor a rectangular shaped current wire {black line) and a 
trapezium shaped current wire (red line) 
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4.2 Set-up 
The wires on the chip are elongated to the edges of the chip, where each end 
of each wire stopsatan interconnection pad (see Figure 4.4A). Via an Au 
stud pad placed on top of the intercon neetion pad a conneetion is made 
between the wires on the chip and the wires on a flex-foil. The chip and the 
flex-foil are glued tagether and a seal ring is used to restrain the glue trom 
flowing onto the chip surface (see Figure 4.48). [251 Th is combination of flex-foil 
and chip (see Figure 4.4C) doesn't provide a fluid channel to induce the 
parallel flow mentioned in section 3.3.1. lt is only possible to apply draplets of 
bead salution on top of the chip, which is considered sufficient tor proving the 
principle of the separation. Further, the flex-foil can be inserted in a circuit 
board holder (see Figure 4.40), to which also the cables of an electronic 
tunetion generator can be connected. 

Figure 4.4 Overview of the set up. A) Schematic drawing of the wires on the chip surface. B) 
The actual chip surface when the chip is glued totheflex foil. C) Top view of the flex foil with 
the chip . D) Top view of the whole setup. The flex foil , with chip, is inserted to the circuit board 
holderand on the other side of the holder wires going to and coming from the tunetion 
generators are inserted. 

The complete set-up, shown in Figure 4.40, is placed under a microscope 
(Leica). A droplet of bead salution (10 f.i.L) is placed on the chip. With a water 
immersion lens (160 times) the beads inthefluid become visible. A high 
speed camera ( Motion Pro, Red Lake) is placed on top of the microscope, to 
record grey scale images or movies. The resolution of the camera is 
512 x 512 pixels. Tagether with the lens this results in a pixel size of 
125 x 125 nm, meaning that 300 nm sized beads can be visualized with this 
set up. 
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To obtain quantitative information about the crossing time of a bead, the 
recorded rnavies are processed by a partiele tracking software. The partiele 
tracking software used during this project is designed by Kim van Ommering 
and is written in MATLAB. An elaborate discussion of the principles of this 
software can be found in Section 4.3 and the appendix of reference [8]. Below 
only a short description is given. 

In each frame the background is subtracted, which results in a homogeneaus 
background and (mostly) darker spots. Those spots represent the beads, but 
can also be small dust particles or noise. Each pixel has an intensity value. 
Darker pixels will have lower intensity values and white pixels have high 
intensity values. The next step is to find the coordinates of the beads in each 
frame. To do so the convolution of the image with a Gaussian surface with a 
half width of approximately a bead radius is calculated in order to suppress 
noise. Now, the local minima in the image can be found by evaluating the 
intensity of each pixel. Only minima below a certain predetermined threshold 
are counted as a bead. 

Todetermine the coordinates of the minima more accurately a centre of mass 
calculation is performed, to imprave the precision with which displacements 
between two successive framescan be measured. 

Furthermore, it has to be decided whether a minimum is due to the presence 
of a bead or due to noise. Therefore, the total pixel intensities, /, within two 
circles around the centre of mass coordinates are compared. For the first 
ei rele r;<rb and tor the second circle rb<r;<R. The minimum counts as a bead 
provided that the following criterion is fulfilled: 

(4.1) 

A minima due to noise usually consists of one or two pixels with low intensity 
values, whereas a 300 nm bead can consist of nine pixels. 

Finally, the beads found in each frame can be combined with existing partiele 
tracking software. The coordinates of the beads in two successive frames are 
compared. Coordinate points ciosest toeach other are assigned to the same 
bead number. Th is is done such that ~)<5;)2 

, with <5; the distance between 

the ;th bead in successive frames, is minimalized. 

Sametimes the tracking software can loose track of a bead because the bead 
moves out of focus. Also, two beads very close to each other can lead to 
errors. When this happens, the track of a bead is interrupted and a new 
number is assigned to that bead. To manually correlate these tracks, a new 
movie is made which shows the beads and their assigned bead numbers. The 
user can now combine the bead numbers that are assigned to the same bead. 
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All the coordinates of one bead are written into an array, with which further 
manipulations in MATLAB can be performed. 

4.3 Experiments 
The objective behind the experiments was to prove the principle of the 
magnetophoresis based separation. The beads used for the separation are 
the 300 nm Ademtech beads and the 1 JLm Dynabeads Myone. Both have a 
streptavidin coating. The chip surface was coated with BSA (Bovine Serum 
Albumin) to avoid sticking of the beads on the surface. Because only two 
types of beads were used, only two wires were sufficient to obtain a 
separation. These wires lie at a distance of 6 JLm trom centre to centre. The 
most important factor for separation is the crossing time. lf a good distinction 
can bemadebetween the crossing times of the beads, it should be possible 
to find a separation time, fsep, with which the beads can be separated. To find 
fsep the crossing time of both beads should be measured. 

To calculate the crossing time of a bead from experiments it has to be known 
from which frame the beads starts travelling to the second wire and when the 
bead arrives at the second wire. The starting frame for each crossing is fixed, 
because prior to the experiments the frame rate and the period of the block 
voltage applied to the first current wireis set. The second wireis activated by 
the sa me block voltage, however with a 180 o fase shift. Every time one of the 
wires is switched on a new crossing starts. As an example the block voltage 
has a period of 2 s with a duty cycle of 50% and the frame rate is 300 Hz. This 
means that after every 300 frames a new crossing starts. The accompanying 
time is defined as fa. The end frame is determined by measuring when the 
bead arrives at the other wire. To reach that wire the bead has to travel a 
distance perpendicular to the wires equal to 6 JLm. The frame where the bead 
has crossed the distance for the first time is the end frame. The 
accompanying time is ft. The crossing time, fcross, is then defined as ft- fa. An 
example of a crossingfora 1 JLm bead between two wires with current equal 
to 19 mA is shown in the figure below. In blue the parallel movement is shown 
and in green the perpendicular movement The left and right red dots show fa 
and ft respectively. 
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Figure 4.5 The position set against timefora 1 f.11T1 bead crossing between two wires with 
current 1=19 mA. The blue circles show the parallel position and the green crosses show the 
perpendicular position. The red dots show t0 and t1. 

lt is also possible to obtain a theoretica! equation of the crossing time. In 
section 2.2 it was shown that under the influence of a magnetic field a bead, 
suspended in liquid, will gain a velocity equal to 

(4.2) 

Here, fJ is the viscosity of the fluid, rb the bead radius, x b the bead 

susceptibility, Jlo the magnetic permeability of vacuum and ä the magnetic 
flux density. However a number of assumptions are made to construct this 
equation. First of all the magnetic flux density should besmaller than 10 mTto 
stay in the linear region of the Langevin curve. Moreover it is assumed that B 
is constant over the volume of the bead. Further the bead is assumed 
spherical, Re<<1 and the bead is moving through an infinite medium. Last it is 
assumed that the viscosity of the fluid is constant. In subsections 4.4.1 and 
4.4.2 it is shown that this assumption is not correct. 

When a rectangular current wireis used to generate the field, ä will be a 
tunetion of coordinates and current, see Appendix E: 

B = B(x,y,z,l). 

Combining this with Equation 4.2 means that the velocity of the bead is a 
tunetion of bead radius, bead susceptibility, coordinates and current. The 
velocity depends on P. The crossing time of the bead is a tunetion is a 
tunetion of velocity 

(4.3) 
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1 
tcross oe lv bI. (4.4) 

More specifically, Equation 4.4 leads to 

t -1 ,-2 
cross oe rb' x b ' (4.5) 

Thus a larger bead radius will increase the crossing time, whereas a larger 
susceptibility or current will decrease the crossing time. Of course, there is 
also an influence of the path a bead follows. The path defines which 
coordinates the bead passes and thus also the field and velocity acting upon 
the bead. Per bead rb and x bare constant. As a consequence a linear relation 

between tcross and f 2 is expected. Moreover, for an infinitely high current, tcross 

should be infinitely small, meaning that the graphof tcross as a tunetion of r2 

should go through zero. To examine this theory, the crossing times of the 300 
nm and 1 f.1Ir7 beads are measured for different currents . The results are 
discussed in the following subsections. 

With the tracking software it is possible to determine the velocity and crossing 
time of a bead. However one bead is not representative fora large amount of 
beads as discussed in subsection 2.1.1. There it was observed that both the 
300 nm beads and the 1 f.1Ir7 beads have a spread in size. Moreover Kim van 
Ommering showed that the 300 nm beads also had a large variation in 
susceptibility, see Figure 6.7 from [8]. For those reasons approximately ten 
different beads are measured. This is done for each bead size and each 
current setting. Furthermore Brownian motion can beseen as a random error 
on a crossing time measurement of one bead . Therefore per bead 
approximately 25 crossings are measured to reduce the effect of Brownian 
motion on the outcome of the experiments. 

All these measurements are combined to one data point with error bars. First 
from the 25 crossings of one bead the average crossing time is determined. 
Th is is done for all 10 beads. From these averages one new average crossing 
time is calculated tagether with the corresponding standard deviation. lt is not 
possible to calculate the average and the standard deviation of the crossing of 
all the beads at once, since the measurements are not independent. Two 
examples of the calculation of a data point and its corresponding error are 
shown in Appendix F and G. In Appendix F, the calculation is done fora 
300 nm bead and a current of approximately 57 mA. In Appendix G, the same 
current is used fora 1 J..Lm bead . 

4.4 Measured crossing times 
In the figures below, the results of the crossing time experiments are shown. 
Here the crossing time is set against 1/F. Figure 4.6A and B show the data 
points with the corresponding error bars for the 300 nm and 1 J..Lm beads 
respectively. The red lines in these figures are the linear fits through the data 
points and the purple lines are theoretica! fits calculated with MATLAB. The 
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values above or below the data points give the current in mA. The data points 
of the 300 nm and the 1 J.1fr7 beads are also shown tagether in Figure 4.6C. 
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Figure 4.6 The results of the crossing time measurements. The crossing time, tcross. is plotted 
against 1/F. A) The data points of 300 nm beads, tagether with a linear fit (in red) and a 
theoretica! curve (in purple) through these points. The values above or below the data points 
give the current in mA B) The data points of 1 J1177 beads, tagether with a linear fit (in red) and 
a theoretica! curve (in purple) through these points. The values above or below the data 
points give the current in mA.C) The data points of bath beads. 

From these graphs, three main featurescan be discussed. In the next 
subsections the positions of the data points with respect to the linear fit, the 
theoretica! curve and the error bars of the data point are discussed. 

4.4.1 Deviation from linear fit 
In Section 4.3, it was explained that the crossing time should have a linear 
dependenee on 1/F. Moreover, when the current goes to infinity, tcross should 
go to zero. Therefore, a linear fit with tunetion y=bx is plotted through the data 
points as shown in Figure 4.6A and 8 for the 300 nm and the 1 f.UT1 beads. 
The experimental data do not follow the linear relation completely. This 
observation can not be ascribed to Brownian motion, a random effect which 
should evenly decrease or increase the measured crossing time. By 
averaging over many measurements, the Brownian motion should cancel. 

Wh i eh other parameters can eau se the deviation of the data points at higher 
currents? Perhaps some of the assumptions made during the evaluation of 
the linear relation between tcross and 1/F are not correct. These assumptions 
were constant bead radius, constant bead susceptibility and constant 
viscosity. However perhaps also the size of the magnetic field, the dimensions 
of the bead or bead-bead interactions cause a change in crossing time. All 
these factors will be discussed in the coming paragraphs. 
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Dispersity in rb and X b 

In Subsectien 2.1.1, it was shown that an ensemble of either 300 nm or 1 f.1IT1 
beads was dispersive in rb. Furthermore, Kim van Ommering showed that the 
300 nm bead a lso had a large dispersity in x b • 

181 Th is is unknown for the 1 f.1IT1 
beads. However, during the crossing time experiments many beads with 
possible different values for rb and x b were measured. Th is can result in a 

deviation from the linear fit, however it is uncertain in which direction. 
Furthermore, the deviation is probably not as large as shown in Figure 4.6A 
and 8. Due to the averaging over 10 beads and per bead approximately 25 
crossings, it is expected that the dispersity in rb and x b has a larger effect on 

the error of the data point, rather than on the position of the data point itself. 
This will be further explained in Subsectien 4.4.3. 

Viscosity 
During the experiments, the beads we re suspended in water. At 293 K the 
viscosity of water is 10-3 Pa -s. However, when a current wireis switched on, it 
will heat up. First the temperature increases linearly in time, until the 
temperature difference with the environment becomes too large and the wire 
will dissipate its power to the environment as heat. This causes the 
environment to warm up as well. From prior calculations it was observed that 
after approximately 1 minute, an equilibrium has been reached between 
heating of the wire and dissipated heat to the environment. Then, the 
temperature of the wire has become constant. 

For one of the wires, the dissipated power and temperature of the wire during 
the crossing time experiments are derived trom an experiment. A tunetion 
generator has been used tosend a current through the electrical circuit, in 
which an ammeter was enclosed. A voltmeter was connected over the wire. 
Hereby the current through and the voltage over the wire are measured. From 
these, the power and the resistance of the wire, Rr, can be determined. 
However an extra resistance, Re, is present, which is due to the connections 
on flex and circuit board holder. This resistance is calculated to be maximal 
2 Q and constant, whereas the resistance of the wire changes due to 
temperature changes. Therefore the total resistance R is equal to the added 
resistances Re and Rr. Moreover, it is known that the wires of the biosensor 
chip have a 0.2% increase in resistance from the original resistance, Rr,o, tor 
each Kelvin the temperature increases. With this information, the temperature 
of the wire can be determined. The accompanying equation is as follows 

R =Re+ RT =Re+ RT,O (1 + 0.002(T- T0 )). (4.6) 

The resistance, R, and the temperature increase are shown in Table 4.1. Here 
also the power is shown. lt can beseen that tor increasing current the power 
rapidly increases. This is expected since the power depends on F. 
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Table 4.1 The power and the temperature of a wire used in the crossing time experiments as 
a tunetion of the current. As a value for R0 , the resistance at I= 5 mA has been used. The 

f h . I 293 15K original tem :>erature o t e w1re was ec ua to room temperature, 

Vwire (V} lwire (mA) P (mW) R (Q) ~(T wire}(K) T wire(K} 
0.12 4.82 0.60 25.7 0.00 293.2 
0.25 9.63 2.39 25.8 0.53 293.7 
0.50 19.2 9.56 25.9 3.05 296.2 
0.75 28.8 21.6 26.1 7.35 300.5 
1.01 38.2 38.5 26.4 13.4 306.6 
1.27 47.5 60.4 26.8 21.2 314.4 
1.55 56.6 87.5 27.3 30.7 323.9 
1.83 65.6 120 27.9 42.1 335.2 
2.12 74.4 158 28.5 54.8 347.9 
2.43 82.8 201 29.3 70.0 363.2 
2.75 91 .0 250 30.2 87.5 380.7 
3.09 98.9 306 31.2 107 400.5 
3.45 106 367 32.4 130 422.8 

During the crossing time experiments, the wires are switching on and off, but 
such that one wireis on all times. Thus, during the experiment, heat is 
constantly dissipated to the environment. lt is unknown how much heat is 
dissipated to the water droplet, since it is uncertain what the heat conductivity 
of the silicon nitride layer between the wire and the water droplet is. 
The temperature of the water can be at the most equal to the temperature of 
the wire. Th is will affect the viscosity of the water. In literature nu me rous 
theoretica! models about the expected relation between temperature and 
viscosity are described.[26

1·[
27

1 Also experimental results can be found.[281 The 
models and the experimental data show that the viscosity decreases for 
increasing temperature. Table 4.1 shows that when the current increases, the 
temperature increases as welland thus the viscosity will decrease. Reflecting 
this onto the crossing time measurements, means that at higher currents the 
movement of the bead is less opposed by the drag force. The velocity of the 
bead will be largerand thus the crossing time smaller. This is consistent with 
the experimental data, the measured data points are positioned lower than 
expected trom the linear fit. By combining the data of Table 4.1 and reference 
[28] with the equation of the linear fits, it is possible to calculate the crossing 
time, tcross," tor the smaller viscosities. From the error in the linear fit also an 
error can be assigned to tcross,TJ· The results are shown in Table 4.2, where 
also the values of the measured data points are given. 
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Table 4.2 The calculated crossing times, fcross.1J , with respect to lower viscosities. Tagether 
with the measured crossing ttmes, fcross , rom t · f he experiments. 

300nm 
I (mA) tcross.n ( ms) tcross (ms) 
57 180 ± 12 266 ± 14 
66 116 ± 7 193 ± 16 
74 75± 5 157 ± 17 
1 J1fT1 

I (mA) tcross.n ( ms) tcross (ms) 
48 52.7±1 .1 72±2 
57 31.4 ± 0.6 48 ± 1 
66 19.7 ± 0.4 28 ± 1 

As seen trom the table above all the calculated fcross,11 are lower than the 
measured tcross· Thus for both beads the effect of the decrease in viscosity 
prediets the downwards deviation trom the linear fit of the data points at 
higher currents. However, tcross,11 is calculated with the maximal temperatures 
possible. In reality, the effect will be less for both beads. 

Non linear bead magnetization 
When the current increases, the field of the wire increases as well, si nee B 
depends linearly on/. In Figure 3.8 it was shown that a maximum field of 
approximately 6 mTwas present above a wire with 1=40 mA. lncreasing the 
current to 66 mA leadstoa 65% increase of field, thus 9.9 mT. Then the 
beads are on the outer edge of the linear region of the Langevin curve, which 
ranges trom -10 mT to 10 mT maximum. In Figure 4.7 a zoomed in image of 
the magnetization curves trom Figure 2.2A are shown again. The black line 
corresponds to the 1 J.Lm beads and the red line corresponds to the 300 nm 
beads. The dotted lines are the slope trom the curves in the Langevin region. 
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Figure 4.7 The magnetization curves tor the 300 nm beads (red line) and the 1 J1f11 beads 
(black line). The dotled lines are the slope trom the curves in the Langevin region (-10 mT to 
10 mT). The blue dashed lines appoints the magnatie moment at 9.9 mT of the linear fit tor 
the 1 J1f11 beads. 

lt is clearly visible that the magnetization curve of the 300 nm bead is not 
deviated from the linear fit at 9.9 mT. Therefore, no effect in crossing time of 
the 300 nm beads is expected. However, for the 1 f..iiTI beads a slight deviation 
can be seen. The intersection of the blue lines shows the position of the linear 
fit at 9.9 mT. Thus the curve is lower than the linear fit, which means that the 
actual susceptibility of the bead is also lower than the 1.42-10-18 m3 predicted 
from that linear fit. Furthermore, a lower susceptibility means a lower velocity 
and thus a higher crossing time. Some quantification can be made by 
evaluating the crossings of the dashed lines with the x and y axis. At 9.9 mT, 
the magnetic moment is 5.58 ·10-6 JIT. This results inxb =1.40-10-18 m3

, which 

is 99% of the bulk value. As mentioned earlier, tcross= X~1 , thus tcross will 
i ncrease with 1%. 

Finally, the increase in crossing time due to higherfieldsis only present for 
the data point at the highest current of the 1 f..iiTI beads. An increase of 1 % 
means approximately an 0.3 ms larger crossing time. This is within the range 
of the error bars. Moreover form Figure 4.68 it was observed that the data 
point lies lower than the linear fit. Thus the non linear bead magnetization 
affects the crossing time in the wrong direction. For the lower fields the beads 
are in the linear region of the Langevin curve. Furthermore, there is no 
deviation of the magnetization curve of the 300 nm beads from the linear fit 
until approximately 15 mT. 
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Bead dimensions 
In reality the bead has dimensions and a distribution of magnetic content 
throughout its volume. In the theoretica! description of tcross insection 4.3 the 
beads have been regarded as point sources. Then all its magnetic content is 
gathered in one point, which also implies that the magnetic force only acts in 
that point. In an improved description , the volume integral over the gradient of 
the magnetic field squared should be calculated. 

(4.7) 

Th is results in equation 2.13 if the integrand is constant over the volume of 
the bead. Wh i eh for example is true for a homogenous field or a field that 
linearly depends on x, y and z. However, the gradient of the field squared 
generated by a current wire is neither of the examples above, as shown in the 
tigure below. 

Magnetic Gradient in x-di reetion Magnetic gradient in z-direction 
40 100r---~========~ 
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Figure 4.8 The left graph shows the gradient of the magnatie flux density squared in the x
direction tor three different currents. The height is set to 0. 15 J..1fr1 above the chip surface. The 
right graph showns the gradient of the magnatie flux density squared in the z-direction tor 
three different currents. The x-coordinate is set to 0.5 J..1fr1 to the right of the centre of the wire . 
Note that the wire is placed as shown in Figure 4.2, with at (x,z)=(0,-0.675 J..lfr1) the centre of 
the wire. 

Both gradients show a predominantly parabalie curvature. Now let's evaluate 
the effect of this parabol ie curvature on a bead with non-zero size and on a 
point souree presentation of that same bead. In Figure 4.9 a 20 schematic 
representation of both beads are shown. lt is assumed that the bead contains 
three grains one positioned to the outer left, one in the centre and one at the 
outer right side of the bead. lf this would bedescribed as a point sou ree, the 
three grains are all positioned in the middle. For simplicity, only the 

x-component of !v(ä · ä l will be regarded. 
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Figure 4.9 Schematic drawing of two possible representations of a bead. A) Grains 
distributed throughout the volume. B) Point souree withall the grains in the middle. The red 

line is a representation of IV (ä · B tI· 
lf the total gradient of the magnetic flux density squared is calculated tor the 
point source, it will be equal to3V(ä · at.o with v(ä · at.o the value tor the 

gradient of the centre grain. For the 'real' bead the v(ä · B t per grain have to 

be added up to come to the total v(ä · ä t . As shown in Figure 4.9A, the left 
grain feels a much larger gradient than tor the grain in the centre position. 
However the grain to the right feels a gradient which is smaller with respect to 
the gradient of the centre grain. After summatien this results in a total v(ä · ä t 
larger than the3v(a .at.o tor the point source. For the z-direction, the same 

reasoning is valid. This results in a larger magnetic force tor the real bead, 
then tor the point souree description. Moreover, a larger magnetic force 
means a higher velocity and thus a smaller crossing time. Furthermore, the 
ditterenee between the magnetic force on the real bead and on the point 
souree representation becomes larger tor increasing currents. The v(ä · ä)is 
linearly related to P, thus increasing current will result in steeper slopes of 
the v(ä · ä) graphs, as shown tor both x and z-direction in Figure 4.8a and B. lt 
can be concluded that regarding non-zero bead dimensions results in taster 
crossing times, which is in line with the observations made trom Figure 4.6A 
and B. 

Bead-bead interactions 
A final point of discussion is bead-bead interaction. Earlier, the effect of 
increasing current and thus increasing 8 on the susceptibility of a bead was 
discussed. However, a bead does not only teel a field trom the wire, but also 
magnetic fields trom neighbouring beads. Because of higher fields, the 
response of a bead to that field increases. This response is called magnetic 
moment or magnetic dipole field. As an effect, the bead-bead interaction acts 
over a longer distance and becomes strenger, due to which beads can form 
clusters. Furthermore, when two beads form a cluster, they will align their 
magnetic moments with the field lines. So if a cluster crosses trom wire to 
wire, it effectively appears to be a bead with twice as high susceptibility, but 
with the same effective radius tor the drag. The crossing time of a cluster will 
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beshorter than tor a single bead. Even if the beads are not clustered, 
interaction can occur. lt is possible that a crossing becomes taster tor one 
bead, because another bead is pulling on the first bead. But visa versa, the 
first bead can also pull the second bead, resulting in an increased crossing 
time tor that bead. Therefore, it is difficult to quantify the influence of bead
bead interaction. 

An attempt has been made to investigate this effect by evaluating the movies 
of the crossing time experiments. The 1 f1IT1 beads had no interaction. The 
movements of those beads parallel to the wire were minimaL Furthermore, in 
that direction the beads repel each other, because the magnetic moments 
align with the magnetic field lines which are directed perpendicular to the wire. 
lf a cluster was formed, it was because a new bead arrived at the wire exactly 
at the position of another bead. The 300 nm beads were interacting when they 
were all constrained to one wire. These beads had a larger parallel movement 
and of course the repelling force is smaller. Still beads moved closer and 
further apart. Some clusters were made, but these were never permanent. 
When the current in the wire was switched off, clusters break up and the 
beads individually crossed to the second wire. Sametimes the clusters 
persisted, but those were leftout of the measurements as much as possible. 
In summary, large increase in interaction due to an increase in current was 
not noticed. So in total the contribution of bead-bead interaction is expected to 
be very small. 

In conclusion 
In the previous paragraph, a tew possible causes of the deviation of the data 
points at higher currents are discussed. Brownian motion and bead-bead 
interaction can not cause the deviation. In one crossing the dispersity in bead 
radius and bead susceptibility can be of influence. However, it is not expected 
to have a great effect and it is unknown in which direction. By averaging over 
many measurements the dispersity in these bead parameters will manifest 
themselves in the error of one data point. The decrease of viscosity due to 
temperature changes and the representation of the bead both resulted in a 
decrease of the crossing time as derived trom Figure 4.6A and 8. 
Quantification of both effects is difficult. For the viscosity it was possible to 
calculate a maximum effect when it was assumed that the droplet attains the 
same temperature as the wire. The results are shown in Table 4.2. From the 
results in this table, it can be concluded that smaller crossing times could 
easily be reached for both beads. Therefore, it is assumed that the decrease 
of viscosity is the ma in cause tor the smaller crossing times at higher currents. 
Tagether with the difference between a real bead and a point source, it is 
certain that the data points should lie beneath the linear fit. Finally, it was also 
discussed that a small increase of the crossing time of the 1 f1IT1 beads at 66 
mA is expected, because here the magnetic flux density was outside the 
linear region of the Langevin curve. 
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4.4.2 Theoretica! curves 
In Figure 4.6A and 8, a theoretica! fit of the crossing time is presented (purple 
line). This is done by evaluating the balance between magnetic force and drag 
force: 

(4.8) 

x-component of the velocity 
80~--------~--------~--------~ 
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Figure 4.10 The x-component of the velocityfora 300 nm bead at a height of 150 nm. 

Furthermore X b =3.13·10.20 m3 and 1=40 mA. The current wireis placed as shown in Figure 

4.2. 

In Figure 4.1 0 the calculated x-component of the velocity was plotled against 
the x-coordinate . At time fo the bead starts at -6 f..LIT1 and the first wire is 
switched off. The bead moves to the activated wire at 0 J.lm, where it arrives at 
time ft . With the velocity profile a theoretica! crossing time can be calculated. 
The velocity of a bead is defined as the time-derivative of the position of the 
bead , as shown in the following equation 

v(x)= dx. 
df 

This equation can be transformed to 

dx 
df = v(x)' 

(4.9) 

(4.1 0) 

lntegrating the left term in Equation (4.10) from foto ft or integrating the right 
term from the corresponding position x0 to Xt gives the crossing time of the 
bead 
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t, x, dx 
(cross = fdt = f-( ) · (4.11) 

t x V X 
0 0 

As discussed earlier the first integral of Equation (4.11) is used to measure 
the crossing time from the experimental data. The second integral is used to 
calculated the theoretica! crossing time. During such calculations, the 
parameters are set to one constant value for each current setting. This means 
rb=150 nm or 500 nm, xb =3.13·10-20 m3 or 1.48·10-18 m3

, 7]=1.00 ·10-3 and 

z=rb. 

With the theoretica! curve, it is possible to analyze the slope of the linear fit. 
From Figure 4.6A and B it can beseen that the slopes of the linear fit and the 
theoretica! curve do not match. For the 300 nm beads, the slope of the 
theoretica! curve is within the error of the slope of the linear fit. Thus the 
difference in slopes is not significant for the 300 nm beads. For the 1 Jlm 
beads, the slope of the theoretica I curve is much lower than the linear fit and 
is far outside the range of the error bars. Here it should be investigated what 
causes these deviations. 

As stated above the theoretica! curve was defined by evaluating the magnetic 
force and drag force on the beads. By combining Equations (4.9) and (4.11) it 
is shown that the slope of the theoretica! curve is defined by rb , x b , 17 and B(z). 

Moreover the assumptions mentioned below Equation (4.2) are again in 
effect. In the following paragraphs it is determined if these parameters and 
assumptions can cause the deviations between the linear fit and theoretica! 
curve of the 1 J1m beads. 

Height 
The crossing time indirectly depends on the height of the bead, because the 
magnetic field decreases with increasing height. This is shown in Figure 3.8A. 
To be able to calculate the theoretica! crossing time a specific height has to 
be set prior to the calculation. For the theoretica! curve it was assumed that 
the beads are situated directly on top of the chip surface, meaning a height 
equal to the bead radius. Perhaps this assumption is false . Therefore, the 
theoretica! curves have also been calculated for different heights, keeping the 
other parameters constant. lt was observed that the slope of the theoretica! 
curve shifted and it possible to define a height at which the slope of the 
theoretica! curve approaches the slope of the linear fit. For the 300 nm beads 
the height should be increased to 250 nm. Then the slope of the theoretica! 
curve becomes 1.13·106 which is very close to the slope of the linear fit. The 
height is reasanabie forthese beads, because of the low susceptibility, due to 
which they are not very strongly attached to the surface. For a good 
approximation for the 1 Jlm beads, the height should be increased to 1.9 Jlm. 
Th is is not logical. Because of the high bead susceptibility value it is expected 
that the 1 J1m beads are very close to or even at the surface. Thus for the 
1 J1m beads, the height does not explain the difference between the slopes of 
the linearand the theoretica! curves. 
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Viscosity 
As discussed in the subsection above, the viscosity decreases due to 
increasing temperatures. This resulted in smaller crossing times. This effect is 
true tor both bead sizes. Therefore, viscosity can not explain the deviation tor 
the 1 J.1fl1 beads, since the 300 nm beads do not have the same deviations, 
This implies that the explanation should be found by the bead properties. 

Boundary effects 
The 1 J.1fl1 beads are expected to move close over the surface, because due to 
their relatively large susceptibility these beads are pulled stronger to the 
surface by the magnetic field of the current wire. Th is means that these beads 
can be affected by the surface interactions. For example, friction can increase 
the crossing time, which could explain the tact that the theoretica! fit is lower 
than the data points. Moreover, if the bead is close to the surface, the 
viscosity should be adjusted. Because the standard value of the viscosity is 
defined as the bulk viscosity. The latter is valid tor a bead moving in an infinite 
medium where boundary effectscan be neglected. A two dimensional 
schematic drawing is shown in Figure 4.11A. At both sides, the fluid can 
easily flow around the bead. However, when a bead is closetoa wall, the fluid 
is opposed at one side, see Figure 4.11 B. lt is more ditticuit tor the fluid to 
move around the bead. In literature this effect can bedescribed with a wall 
correction factor, K.[291 Hereby the effective viscosity becomes larger than the 
bulk viscosity. And as an result the crossing time is increased. 

Figure 4.11 Schematic representation of the viscosity ditterenee due toa boundary. 

Bead radius, bead susceptibility 
The radius of the 1 pm bead used in the theoretica! curve was taken equal to 
the bead radius given by the bead manufacturer. The SEM and TEM images 
shown inSection 2.1.1 show that the data of the bead supplier is correct. 
Therefore the value tor the bead radius used to theoretically calculate the 
crossing time can not cause the deviation. The observed dispersity in the 
radius, will only be reflected in the error bars. This is more explained in 
subsection 4.4.3. The same is valid tor the dispersity in susceptibility. A last 
possible factor could be the susceptibility itself. Perhaps, the bulk 
measurement with the VSM did not give the right result. A VSM measurement 
on a nother batch of 1 J.1fl1 beads gave a 1.5 times lower susceptibility. 
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In conclusion 
lt has been shown that adjusting the height used for calculating the theoretica! 
curve gave a good approximation of the linear fit for the 300 nm beads. Then, 
the height of the centre of the beads should be 250 nm. However, height 
could not explain the deviation of the theoretica! and linear fit for the 1 J1177 
beads. There, the two most likely causes are friction and increasing viscosity 
due to the small distance between bead and surface. Dispersity in bead 
parameters could not have caused the differences. 

4.4.3 Error bars 
In Figure 4.6C, the measured data points of both beads are shown. First of all, 
it has been observed that the error bars of the 300 nm beads are larger than 
those of the 1 J1177 beads. Th is is attributed to the dispersity in rb and x b . The 
dispersity in these quantities is larger for the 300 nm beads. The crossing 
times have been calculated by averaging over 10 beads, so the dispersity is 
reflected in the error bars. 

Furthermore, the error bars tend to decrease for increasing current. This is 
attributed to Brownian motion. When the beads are released from the first 
wire and attracted by the second wire, the beads willat first have a random 
motion. In that region, the bead is slightly affected by the magnetic force, but 
the thermal energy is dominant. Closer to the second wire, the strength of the 
magnetic force increases and becomes the dominant factor. The bead will 
proceed in a straight line to the second wire. A schematic drawing is shown in 
Figure 4.12A. Figure 4.128 and C show the tracks of a 300 nm bead when 
respectively a 40mA and a 80 mA current is send through the second wire. 
These are obtained from experiments. 
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Figure 4.12 The pathof a bead trom wire 1 to wire 2. A) Schematic drawing B) and C) trom 
experiments with respectively 40 mAand 80 mA current through the second wire. The red 
I i nes represent the position of the centre of the wires. 

Fora higher current, the boundary shifts upwards, since the magnetic field 
strength increases also at larger distances. This will reduce the effect of the 
Brownian motion on the measured crossing time and thus the error bars 
become smaller. 
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4.5 Separation onxb 
In the two previous subsections, the results of the crossing time for the 
300 nm and 1 J1fTI bead experiments were discussed. The goal is to separate 
those two beads. The results are combined into one graph, which is again 
shown in Figure 4.13. 

1200 

1100 

1000 

900 

800 I 

700 
en 

600 .s 
~ 500 I I - 400 

300 
I 

200 r= 
100 

0+-~-.--~-.~--~~-.--~-r~~ 
0.0000 0.0005 0.0010 0.0015 0.0020 0.0025 0.0030 

1/12 (1/(mA)2
) 

Figure 4.13 The results ofthe crossing time measurements for both the 300 nm and 1 11m 
beads. The crossing time, fcross• is plotted against 1/P. 

For each current a clear ditterenee in the crossing time can be observed. lt 
was not possible toperfarm experiments with the 1 J.lm beads at 74 mA, 
because at that current the beads stuck to the surface. This is attributed to the 
strong magnetic torces on the beads. With the 300 nm beads experiments 
were not possible at 19 mAand 29 mA, because it was not possible to attract 
and capture these beads during the experiments. For 38 mA to 66 mA, it was 
possible to measure the crossing times for both beads. Moreover, the results 
show that for each of these currents it should be possible to appoint a 
separation time, fsep· 

As discussed earlier (see section 4.3), the crossing time is the average of 
many measurements performed with ten different beads. The error bar 
represents the standard deviation of the averag ing. Therefore, the possible 
crossing times can be indicated by a Gaussian statistics with centre equal to 
the average value and a standard deviation equal to the size of the error bar. 
In Table 4.3 the measured crossing times are shown tagether with the 
standard deviations. Here fcross ,3oo and fcross , 1 are the measured crossing times 
for the 300 nm and 1 J.lm respectively. Furthermore L1(tcross,3oo) and L1(tcross, t) 
are the corresponding standard deviations. 
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Table 4.3 The measured crossing times and their standard deviations for both beads at 
different currents 
I (mA) lcross,300 ( ms) ~(tcross3oo) (ms) tcross,1 (ms) ~(tcross 1) (ms) 

38 848 28 119 4 
48 499 33 72 2 
57 266 14 48 1 
66 193 16 28 1 

In Figure 4.14A, the Gaussian statistics is depicted for the crossing time 
measurements at 57 mA. LJ(tcross.Û is nat shown in the image, since it is toa 
small. In Figure 4.148 and C the distribution of all the experimentally obtained 
crossing times at /=57 mA are shown for the 1 J1IT1 and 300 nm beads 
respectively. lt is observed that the averages of the histograms agree with the 
averages of the peaks in Figure 4.14A. The width of the histograms are larger, 
which is expected. Because the width of the histogram is defined by all the 
individual crossing time measurements, whereas the standard deviations 
L1(tcross,3oo) and LJ(tcross, t) are the standard deviation in the average of the 
average crossing time of ten different beads. 

~ 

70 

60 

50 

f 40 

î 30 

20 

10 

0 

~ 

Probable crossingtimes 

1cross,300 -tcross,1 

0.8 

.-11J.m beads 

0.6 

0.4 

Dom"'''~) ~ 0.2 

50 100 150 200 250 

t(ms) 

Distribution 1 11m beads 

\ 
Dl 350 400 

Distribution 300 nm beads 

35 ,-------------------------

30 

25 

10 

5 

0 ~~~~~~~~~~~~~ 

Figure 4.14 A) Probability tunetion of the crossing time at 57 mA. Each peak is normalized on 
its own maximum. B) crossing time distri bution of the 300 nm beads obtained from 
experiments. C) crossing time distribution of the 1 J.1ITI beads obtained from experiments. 

lndeed in Figure 4.14 it is seen that the Gaussian peaks for bath beads do nat 
have mutual crossing times. Thus it should be possible to separate the beads 
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and a probable separation time, fsep , should be found in the region between 
the peaks of Figure 4.14. To calculate fsep , the following equation can be used. 

Ç = fcross,300 - fcross,1 . 

öfcross,300 + öfcross,1 
(4.12) 

The value Ç is equal to the difference of the measured crossing times divided 
by the cumulative standard deviation of both measurements. The larger Ç is, 
the better the separation will be. The ideal separation time is then defined by 
either 

fsep = fcross,300 - Çöfcross,300' (4.13) 

or 

fsep = fcross ,1 + Çöfcross,1 · (4.14) 

Both equations result in the same value for fsep· In Table 4.4 Ç and fsep are 
given for currents from 38 mA to 66 mA. 

Table 4.4 Ç and fseo are given for different currents 
I (mA) ç tsep (ms) tcross,300 ( ms) tcross,1 (ms) 
38 22.8 210 848 119 
48 12.2 96.4 499 72 
57 14.5 62.5 266 48 
66 9.71 37.7 193 28 

Apparently, a fsep can be found for each current. The best results are expected 
for 38 mAand decreases with increasing current. 

For 57 mA, a new experiment is done with a mixture of 300 nm and 1 f.1I11 
beads. The two wires are switched according to the following actuation 
scheme. 

1 
0 

300 ms 

~ ---'ïïïïïïïÎÎÎÏ._ .. __ 1_2o_m_s _ __,~-

Wire 1 

Wire2 

Figure 4.15 Actuation scheme for two wires used during the separation experiment. 

In Figure 4.15 it is shown that the wire 1 is switched on and wire 2 is switched 
off at the start of the experiment. This ensures that the beads will be 
accumulated at the first wire. When there are enough 300 nm and 1 f.1I11 beads 
present the actual separation starts. Wire 1 is switched off for 60 ms and the 
beads will , if possible, travel to the second wire. After that both wires are 
switched on. This is done fora longer period of time, to be certain that the 
separation is well defined. Next wire 2 is switched off and the beads will travel 
back to wire 1. The time period for this step is also larger then fsep to be 
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certain that all the beads will reach wire 1 again. After this the cycle will start 
over. Thus the actual separation occurs when the beads move from wire 1 to 
wire 2. An overview of one such crossing is shown in Figure 4.16. 

lndeed, it is impossible for the 300 nm bead to reach the second wire at these 
short time scales. From Figure 4.16A to 0 it is seen that the larger 300 nm 
bead is trying to move towards the second wire. However in the time interval 
between Figure 4.160 and E the second wire is switched on again, and the 
300 nm beads are pulled back to the centre of that wire. The 1 f.1In beads do 
reach the second wire and within the time scale of fsep · In the complete movie, 
the same results are observed. Thus it can be concluded that the separation 
method is successful for separating these beads. 

Figure 4.16 Overview of one crossing with switching time equal to 60 ms, which corresponds 
to tsep tor I= 57 mA. A) t=O ms, B) t=16.7 ms, C) t=43.3 ms, d) t=53.3 ms, E) t=70 ms. 
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In Figure 4.16 it was shown, for /=57 mA, that the 300 nm and 1 J.lm beads 
could be separated within 60 ms. Th is means that the period of the actuation 
scheme shown in Figure 4.14 can be decreased. The extra time, to be certain 
that the separation was well-defined, can now be removed . Then the period of 
the actuation scheme becomes approximately 150 ms. With a continuous 
input of particles every 150 ms one 1 J.lm bead crosses to the second wire. 
Thus per minute 400 1 J.lm beads can be separated trom the 300 nm beads. 
With respect to the number of beads used in the biosensor, tor example 4·1 08 

1 J.lm beads, this value is still very small. Such amount of beads can be 
separated autonomously, but a large time period is necessary. In can be 
concluded that for practical use this separation is nottast enough, however it 
proves the feasibility of separation basedon susceptibility. 

Last, the question of which ditterenee in x b can still be discriminated with this 

separation methad needs to be answered. The distributions shown in 
Figure 4.14A arebasedon ten different 1 J.lm or 300 nm beads. The standard 
deviation of those distributions are defined by systematic errors but also on 
the dispersity in rb and x bof a population of these beads. To be a bie to answer 

the question, distributions without contributions of the dispersity in rb and x b 

have to be evaluated , meaning crossing time distributions of one bead. In the 
tigure below the histograms of one 1 J.lm and one bead 300 nm are shown. 
The calculated crossing times are respectively (45 J: 1) ms and (215 J: 12) ms. 
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Figure 4.17 The crossing time distributions of A) one 1f.11YI bead and B) one 300 nm bead . 
The calculated average crossing times are respectively 45 ms and 215 ms with 
accompanying standard deviations of 1 ms and 12 ms. 

Two factors are important, the width of the distri bution and the permitled loss 
of efficiency. A 5% loss of efficiency is assumed to be reasonable. Thus for 
one bead the crossing times within a range of two times the standard 
deviation trom average should be possible to discriminate trom the crossing 
times of another bead. This is schematically shown in Figure 4.18, tor two 
beads with the same standard deviation in the distribution, but a different 
average crossing time. 
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Figure 4.18 The normalized distributions of two beads with the sa me standard deviation but 
different average crossing times. The distributions are located such that the maximum 
permitled lossof efficiency is obtained. 

In the tigure above it is seen that the two beads (bead 1 and bead 2) indeed 
have a region with the same crossing times. This region is the maximum 
allowed lossin efficiency, due to which the difference in average crossing 
times of bath beads should be equal to four times the standard deviation, a: 

When it is assumed that the beads have the same radius, the average 
crossing time is defined by the bead susceptibility, 

t - 1 d t - 1 
1 oe x b 1 an 2 oe x b 2 • . . 

(4.15) 

(4.16) 

By combining Equations (4.15) and (4.16) the minimum ratio between the 
susceptibilities of bead 1 and bead 2 can be found: 

Xb ,1 f1 + 4a 
= 

For 1 JllT1 beads with the same standard deviation and bead radius, the 
minimum difference in susceptibility needs to be approximately 9%. For 

(4.17) 

300 nm beads the minimum difference is approximately 22 %. These values 
are calculated from the histogramsof the beads shown in Figure 4.17. 
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5 Curved wire bead separation 

In Subsection 3.3.2, the principle behind the curved wire bead separation 
method was explained. A rectangular channel with an aspect ratio equal to 
0.1 and a curved current wire located under the channel are the main 
componentsof this separation method. Moreover, the curved wireis placed 
completely in the uniform flow region, to ensure that each bead is exposed to 
the sameflow velocity in the y-direction see (Figure 5.1 ). In the z-direction a 
parabalie flow profile is present, which could effect the separation method, 
especially combined with Brownian motion. Although the movement of the 
bead is confined due to the magnetic potential well, the bead can still move a 
little in the potential well due to its thermal energy. So, it is also possible that 
the bead moves in the z-direction and perceives different flow veloeities due 
to the parabalie flow profile. Therefore, the effect of both the Brownian motion 
and the flow profile in the z-direction on the separation method should be 
thoroughly investigated. However, this could not be done with experiments, 
because first a new device needed to be fabricated (see Section 5.3). 
Unfortunately, the device was finished at the end of this graduation project 
and therefore there was no time left for experiments. 

In order to be able to evaluate the curved wire bead separation method, a 
model was designed. With this model, it was investigated whether the 300 nm 
Ademtech beads and the 1 f.1Ir1 Dynabeads Myone could be separated. From 
Section 2.1.1 it is known that the 300 nm beads have a large dispersity in 
bead radius and bead susceptibility. The model has also been used to 
investigate whether a separation on susceptibility can be toreed between the 
300 nm beads themselves. For clarity, the top view of the separation method 
is shown again in Figure 5.1. 

Flow profile 

Figure 5.1 Top view of the curved wire bead se pa ration methad. A curved wire is placed at 
the bottam of a rectangular channel. 
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5.1 Theoretica! model 
During this graduation project a theoretica! model has been developed to 
calculate at which y-position a bead leaves the curved wire. This model was 
built in the software program MATLAB and it works for one bead, thus one 
combination of rb and x b , at a time. 

The two torces that are responsible for the separation are the perpendicular 
drag force and the x-component of the magnetic force, see Figure 5.1. The 
corresponding equations are again shown here, respectively: 

(5.1) 

and 

_ xb (- -) Fm x ---V B ·B x. 
, 2J.1o 

(5.2) 

These equations show that Fd,per directly depends on the velocity of the flow 
and that Fm,x depends on the current, /, through the wire, because of the linear 
relation between the magnetic flux density and current. However, when an 
experiment would be performed, both flow velocity and current would be set 
prior to the experiment. During the experiment, these parameters are 
constant, otherwise a comparison between beads can not be made. In the 
case of the flow velocity, one camment is in place. The velocity component of 
Equation 5.1 is the flow velocity at the position of the bead. This velocity can 
change due to movement of the bead. However, by setting the mean flow 
velocity, Um, as a constant it is certain that over the length of the channel a 
cross section of the flow profile is constant. 

The model has been designed in such a way that per y-position, the balance 
Fd,per and Fm,x is calculated. This will be done for the whole range in y, which 
is from 0.0 mm to 0.8 mm, as shown in Figure 5.1. The exact reason forthese 
values was explained in Subsection 3.3.2. 

Now let's zoom in at point P. In Section 2.3, it was explained that although a 
bead was captured in a potential well, it could still move a little due to 
Brownian motion. With the probability function, the chance that a bead has a 
certain position in the well could be calculated. In the model, the probability is 
calculated over a large area defined by the perpendicular coordinate and z. 
When the probability is larger then 0.05. the coordinate point will be used for 
further calculations. Via a Boolean expression, the area of movement of the 
bead can be visualized as shown in Figure 5.2 for the 300 nm bead and 
1=40 mA. The red area shows the positions where the probability is larger than 
0.05. 

The probability is normalized on its own maximum value. So the maximum probability is 
equal to 1. 

66 



0.19 

0.185 

0.18 

0.175 

'[ 0.17 -N 
0.165 

0.16 

0.155 

Freedom of movement 

-0.6 -0.4 -0 .2 0 0.2 0.4 0.6 

x Ó1Jl1) 
Figure 5.2 Visualization of the area of movementfora 300 nm bead in its magnetic potential 
well. The potential well is generated by a current of 40 mA running through a wire with a 
height of 0.35 JIIT1 and a width of 3 JIIT1. The wireis placed 0.5 JIIT1 under the chip surface. 

From Figure 5.2, it is seen that the probability tunetion also gives the 
maximum range in perpendicular and z-coordinate of where the bead can be. 
So at one y-position, the bead can move between rb and Zmax in the z-direction 
and between Xmin and Xmax in the perpendicular direction. This range in zand 
Xper is constant over the width of the channel. Furthermore, Equations 5.1 and 
5.2 show that Fd,per and Fm,x depend on z, via the flow velocity and the 
magnetic flux density respectively. However, Fm,x also depends on the 
perpendicular coordinate. This means that in the model the balance between 
Fd,per and Fm,x has to be calculated for each possible coordinate combination. 

However, one simplification can be made, which will be explained with the 
help of Figure 5.3. Here Fm,x is set against Xper for different heights. The 
graphs are made fora 300 nm bead under the assumption that the wire has a 
width of 3 J.Lrr7 and a height of 0.35 J.lm (see subsectien 5.3.1 ). Moreover, the 
centre of the wire is placed 0.675 Jlm below the chip surface. 
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Figure 5.3 The x-component of the magnetic force in the perpendicular direction set against 
the perpendicular coordinate. This is done fora 300 nm bead and at different heights. The 
centre of the current wire is placed at (0,-0.675 f.11T1) and the wire has a width of 3 f.1lT1 and a 
height of 0.35 f.11T1. The dashed line represents the placing of the maximum in the graphs. 

In Figure 5.3 it is shown that Fm,x has a maximum. To be able to push the 
bead trom the wire, Fd,per has to evereome this maximum magnetic force. 
From the graphs at different heights it can be concluded that the position of 
the maximum does notshift much, as depicted with the dashed line. 
Therefore, only the balance between Fd,per and Fm,x has to be calculated at 
that perpendicular coordinate, which is set at 1. 7 Jllrl. This value is expected 
since the outer edge of the current wireis at 1.5 f.llrl, and here the largest 
gradients are present. However, because the wireis placed 0.5 pm under the 
surface, the maximum is shifted to the right. 

Now at one y-position the force balance has to be evaluated at x= 1. 7 J1lrl and 
tor a z-coordinate between rb and Zmax- lt was already discussed that Fm,x 

decreases tor increasing height. From Figure 5.3 this can also be observed. 
The maximum in the graphs decreases when the height increases. However, 
due to the parabalie flow profile: 

(5.4) 

Both torces are set against the z-coordinate in Figure 5.4, tor a 300 nm bead. 
The mean flow velocity was set at 0.02 mis and y=0.2 mm. 
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Figure 5.4 The perpendicular drag force and the x-component of the magnetic force set 
against z. A 300 nm bead and an Um equal to 0.02 mis was used to calculate the graphs. 
Furthermore y=0.2 mm. The coordinate Z;m is defined as the z-coordinate where Fd,per=Fm.x· 

lt is directly observed that the torces have a point of intersection, Zint· lf Zint is 
larger then Zmax the bead will not leave the wire at that specific y-coordinate. 
However when Zint is smaller than Zmax. two situations can occur. When the 
bead is travelling lower than Zint the magnetic force will be stronger than Fd,per. 

due to which the bead stays on the wire . However, at the same y- and 
x-position, but at a height Zint<z<zmax. the bead willleave the wire. Because 
now the perpend icular drag force is larger than the magnetic force. Apparently 
at one y-position there is a chance that the bead will leave or stay on the wire. 
This will result in a spread in y-coordinate where one specific bead can leave 
the wire. 

The minimum and maximum y-coordinate, Ymin and Ymax . where one specific 
bead can leave the wire can be calculated . From Figure 5.4 it is seen that Fm,x 

is maximum at z=rb, thus when the bead is situated on the surface. 
Furthermore, the drag force is minimal at the same height. Therefore, if it is 
assumed that the bead travels at a constant height of z=rb along the wire it will 
take the longest tor the drag force to overcome the magnetic force. And thus 
Ymax is calculated. On the other hand, if a height equal to Zmax is assumed , Ymin 

is calculated. Because at this height the drag force is maximaland the 
magnetic force mini mal. At this height, the bead will leave the wire the 
soonest. 
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5.2 Results 
In the previous section, it was described how the y-coordinate, where one 
specific bead willleave the wire, can be calculated. This model is tested on 
two types of bead populations, first a mixture of 300 nm Ademtech beads 
(X b = 3. 13 ·1 o-20 m3

) and 1 f.1I17 Dynabeads Myone (X b = 1. 42 ·1 o-18 m3
) is 

used. The second population consists of only the 300 nm Ademtech beads. 
The dispersity in x b was larger tor these beads and therefore perhaps a lso a 

separation between these beads themselves can be forced. The results tor 
bath populations are described in the next subsections. 

5.2.1 Mixture of 300 nm and 1 JLm beads 
For bath beads Ymin and Ymax are calculated in the case that the current was 
set to 40 mA. The mean velocity is varied . In Figure 5.5, the results are 
shown. 
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Figure 5.5 The y-coordinate where the bead leaves the wire against the mean flow velocity. 
For the 300 nm and the 1 J.L!17 beads bath Ymin and Ymax are depicted . The fat solid lines 
reprasent Ymax. the dashed lines reprasent Ymin· 

What first draws the attention is the tact that three graphs are shown, where 
tour are expected. The Ymin graphof the 1 f.1I17 beads appears not to be 
present. With the probability tunetion it was calculated tor this bead and at 
40 mA the maximum possible height of the bead is equal to its minimum 
height. Thus Zmax=rb and therefore Ymin=Ymax· Theymin and Ymax graphs 
completely coincide. 

For the 1 f.1I17 beads, it is seen that tor mean flow veloeities smaller than 
18 mm/s, the graph is horizontaL The corresponding y-coordinate is the 
maximum y-coordinate possible on the curved wire. At that position, the angle 
e =90 o degrees and thus Fd,per=Fd. The perpendicular drag force is at its 
maximum, but it is still too weak to overcome the magnetic force. The bead 
will not leave the wire. Moreover, it will stay at that position, since now also 
Fd,par=O. This means that the bead is not pushed along the wire anymore. 
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To be able to push the 1 J1I17 beads off the wire, the mean flow velocity can be 
increased. lt is also possible to decrease the current, which will be discussed 
further on. When the mean flow velocity is increased, the drag force will 
increase in strength and it becomes easier to evereome the magnetic force. 
So Ymin and Ymax will decrease for increasing flow velocity, si nee the magnetic 
force is constant over the width of the channel. lndeed the graphs of Ymin and 
Ymax satisfy the 1/um-dependence as shown in Figure 5.5 for both beads. 

Finally it is also seen that all graphs tend to converge to one point. This is 
logica!. At very high mean flow velocities, the perpendicular drag force will 
immediately evereome the magnetic force of any bead. So for very high mean 
flow veloeities all beads will leave the wire at y=O. 

When the principle and the model of the curved wire bead se pa ration methad 
were described (Subsection 3.3.2 and Section 5.1) it was stated that both 
Brownian motion ànd the flow profile in the z-direction will influence the 
efficiency of the separation. Due to the Brownian motion, the bead is able to 
move a little in the z-direction, despite its confinement in the magnetic 
potential well. Then, the bead will experience different flow veloeities and thus 
different perpendicular drag farces. The combination of these factors is the 
reason for the existence of Ymin and Ymax and thus result in the spread of the 
300 nm beads. however, trom Figure 5.5 it is seen that the effect can be 
regulated by the mean flow velocity. The difference between Ymax and Ymin 

decreases for increasing Um. lncreasing the current through the wire will give a 
further reduction of the influence of Brownian motion and the flow profile. 
When the current increases, the pulling force on the bead increases and thus 
the bead is located closer to the surface. Therefore, the possible movement of 
the bead in the z-direction decreases and the range in Fd,per decreases as 
well. So Ymax and Ymin will come closer toeach other. Now it is also understood 
why it is not beneficia! to decrease the current through the wire. Although it is 
easier to push the beads of the wire, the difference in ymin and ymax 
increases. 

Finally, it can be concluded that it should be possible to separate the 300 nm 
and 1 J1I17 beads. The difference between beads is larger than the spread 
amongst the 300 nm beads. At lower mean flow veloeities the separation 
should be best. 

5.2.2 Other factors 
The model was designed with the assumption that only the magnetic force 
and the drag force act on the bead. However, when discussing the results of 
the magnetophoresis based separation, it was explained that especially for 
the 1 J1I17 beads friction and surface interactions influence the motion of these 
beads. What are the effects of these extra torces on the drag force se pa ration 
method? Furthermore, does the difference in rb and x bof both beads, the 
viscosity, the bead dimensions, bead-bead interactions, or the dispersity in rb 
and x bof either the 300 nm beads or the 1 J1I17 beads influence the efficiency 
of this method? All these aspects will be discussed in the next paragraphs. 
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Friction and surface interactions 
Friction and surface interaction will oppose the parallel drag force. As long as 
Fd,par is larger than the combined effects of friction and surface interactions, 
the bead will still travelalong the wire. The velocity of the bead will be 
decreased. This will not influence the y-position where a 1 J.1fT1 bead will leave 
the wire. The balance between Fd,per and Fm,x does not change, thus the 
perpendicular drag force will overcome the magnetic force at the exact same 
y-position. But Carolien Lamers showed that the 1 J.1fT1 Dynabeads sametimes 
temporary sticktoa certain position on the wire. Even more these beads 
appear to experience energy barriers in the direction parallel to the wire, due 
to which their motion is confined. 1301 From theory the beads are expected to 
move freely in this direction. lt is uncertain what causes this confinement, 
therefore it is unknown if the sa me effects appear on the curved wire. 
However there is one large difference between the experiments done by 
Carolien Lamers and the curved wire bead separation. In the first beads are 
confined in a magnetic potential well without additional force, whereas in the 
curved wire bead separation the beads are pushed along the wire by the 
parallel drag force. Due to this the beads are expected to overcome the 
energy barriers and travel along the wire. lf this is not the case the separation 
efficiency becomes less. Sticking beads will perhaps not reach the y-position 
where Fd,per > Fm,x or block the pathof other beads. 

rb andxb 
When the curved wire bead separation method is used to separate the 
300 nm beads from the 1 J.1fT1 beads, it is separating two types of beads with a 
distinctively different rb and x b . Due to the relatively large susceptibility of the 

1 J.Lm beads, these beads will move over the surface. The resulting friction and 
surface interactions do noteffect the separation method, as seen in the 
previous paragraph. However, when the bead radii differ, the drag force per 
type of bead differs as well. This effect is two-fold, the drag force directly 
depends on rb, but beads with different radii will also be able to move in 
different velocity regions of the parabol ie flow profile. Due to the small length 
scales the last effect can be scaled linearly with rb, as shown in 
Figure 5.4. Here it is also shown that the magnetic force decreases with 
increasing height. From the graph of the magnetic force in Figure 5.4. lt can 
be concluded that for beads with different radii the separation method is not 
purely basedon susceptibility. To investigate what the effect of different radii 
is on the resolution of the separation method, two beads are compared. 
These beads have the same susceptibility, but different radii. Then the bead 
with the smaller radius will undergo the smallest drag force and largest 
magnetic force. Then this bead willleave the wire at a higher position. So the 
differences in bead radius decreases the resolution of the separation between 
the 300 nm and 1 J.1fT1 beads. The 300 nm bead has an approximately 3 times 
smaller radius and an approximately 47 times smaller susceptibility compared 
to the 1 J.1fT1 bead. Therefore the drag force on the 300 nm beads is 9 times 
smaller (due to radius and flow velocity), leading toa 9 times higher 
y-position. The magnetic force is 47 times smaller, due to the susceptibility. 
But increases two times due to the height, as calculated trom Figure 5.4. In 
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total the magnetic force leads to an approximately 24 times lower y-position. 
Therefore, it can be concluded that the separation method is affected by the 
difference in bead radii, but it mainly separates on susceptibility. 

Temperature dependenee of the viscosity 
From Table 4.1 it is seen that tor a current of 40 mA, the temperature of the 
wire increases with approximately 13 K, which results in a factor 1. 34 
decrease in viscosity of the fluid. Aftera certain period of time the whole set
up will be inthermal equilibrium. lf the separation starts when this equilibrium 
is reached, the circumstances are again equal tor all the beads. Therefore the 
resolution of the separation will stay the same. But due to a lower viscosity, 
Fd,per becomes weaker and the beads stay on the wire longer. The graphs 
trom Figure 5.5 will shift upwards. The effect of the temperature dependenee 
of the viscosity will besmaller in the curved wire bead separation. In contrast 
to the stationary measurements discussed in Chapter 4 now a fluid flow is 
present, which cools the chip. 

Bead-bead interaction 
When two beads are positioned next toeach other they will exert a repelling 
force on each other. This can be explained easiest via Figure 5.6A. Here, a 
top view of two beads on the wire is shown. 

Figure 5.6 A) Top view of two beads positioned above a wire. Due totheir magnetic 
moments, the beads repel each other. B) A cluster of two beads can only be formed when the 
beads can position themselves sides by side on the wire. 

A bead, which is placed in a magnetic field, will align its magnetic moment to 
this field. This means that the magnetic moment of a bead placed above the 
wire is directed perpendicular to the wire, therefore the beads repel each 
other in the parallel direction. Furthermore, to form clusters, beads want to 
make a head-to-toe connection, as shown in Figure 5.68. For this the 
dimensions of the beads, dt and d2, with respect to the width, w, of the wire 
become important. There should be enough space and the bead should have 
enough energy to hop trom the situation sketched in Figure 5.6A to the cluster 
in Figure 5.68. The wire used in the model has a width of 3 J1I17. From 
previous experiments it was known that two 1 JLm beads can not form a 
cluster, however the 300 nm beads or a 300 nm bead and a 1 J1I17 bead can. 
Off course, the total susceptibility of a cluster is larger than tor one single 
bead. The effective radius could be increased, but still the clusters will leave 
the wire at a higher y-position. Hereby, the separation efficiency is disturbed. 
To minimize the distortion, the separation method can still be used 
continuously, however with high dilutions. As mentioned above the beads 
need enough space to be able to forma head-to-toe connection. Thus 
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decreasing the width of the wire will a lso decrease the chance on cluster 
forming. However a smaller wire will dissipate more heat to the surroundings 
which could increase the temperature of the fluid. This last effect is not 
expected to be of importance due to the fluid flow which will cool the chip. 

Bead dimension 
In Subsection 4.4.1 it was explained that a real bead experiences a larger 
magnetic force than a theoretica! point souree representation of the sa me 
bead. So all the graphs of Figure 5.5 will in reality be positioned higher. 
However, trom Figure 4.9 it can be understood that the ditterenee between a 
real bead and a point souree becomes larger for a bead with larger 
dimensions. Therefore, the graphs of the 1 pm bead will shift higher up than 
the graphs of the 300 nm beads. So by regarding the bead dimensions, the 
resolution of the separation in increased. 

Dispersity in rb and X b 

In the paragraph a bout rb and x bis was seen that mainly ditterences in bead 

radius can cause shifting of the Ymin and Ymax coordinates of where beads 
leave the wire. Furthermore, it is known that a population of 300 nm beads 
has a large dispersity in rb and x b . Experiments showed that the bead 

diameter could range trom 150 nm to 450 nm. Therefore, the model is used to 
simulate what the spread in Ymin and Ymax is for a subpopulation of 300 nm 
beads. As a first approximation, it is assumed that the theoretica! linear 
relation between bead volume and x b (Equation 2.2) can be super-imposed 

on the population of 300 nm beads. For the ideal 300 nm bead 
x b = 3. 13 ·1 o-20 m3 is assumed. Th en x v = 2. 214 . With this value it is possible 

to calculate the accompanying X b,min and X b,max of the population, namely 

0.39·1 o-
20 m3 and 1 0.56·1 o-

20 m3 respectively. So three different beads 
represent the dispersity of the 300 nm bead population. These are shown in 
Table 5.1. 

Table 5.1 Th ree beads representing the dispersity in rb and x b of the 300 nm bead 

lt" popu a 1on. 

Be ad rb (nm) x b (1 o-20 m3) 

Minimum 75 0.39 
Average 150 3.13 

Maximum 225 10.56 

The sametype of graphs as shown in Figure 5.5 are made. Again, the current 
is set to 40 mAand the mean flow velocity is varied. The results are shown 
below. The results for the 1 pm beads are also presented. 
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Figure 5.7 The minimum and maximum y-coordinate where a specific bead can leave the 
wire set against the mean flow velocity. The beads used are the 1 f.1IT1 beads (green), the 
ideal 300 nm bead (black), the lower limit of a 300 nm bead population (blue) and the upper 
limit of a 300 nm bead population (red) . The fat solid lines represent Ymax. the dashed lines 
represent Ymin· 

From Figure 5.7 is can be concluded that a popuiatien of 300 nm beads can 
be split into subpopulations. All 300 nm beads and 1 J..Lm beads can still be 
separated into different outlets, since there is no overlap in probable y
coordinates where these beads leave the wire. Furthermore, it is seen that the 
ditterenee between Ymin and Ymax increases tor the smaller beads. Due to 
smaller x b the potential well will become broader and the range of movement 

of the bead in the z-direction becomes larger. So the increasing ditterenee in 
Ymin and Ymax can directly be ascribed to the Brownian motion. 

Finally, all graphs have the same expected relation between y and Um and will 
converge to y=O mm tor very large mean flow velocities. 

5.3 Production of curved wire bead separator 
In Sectien 5.2 it was proven that it should be possible to separate the 300 nm 
beads trom the 1 J..Lm beads. Even the 300 nm beads could be separated 
amongst themselves, due to their dispersity in rb and x b . However these 
results were obtained via a theoretica! model. Of course experiments should 
be performed to validate the outcome of the model. To be able to do that first 
a new device, the curved wire bead separator, had to be developed and 
produced. The development fase and the device will be discussed. For this 
two questions had to be answered: How should the curved wire be fabricated 
and how must the fluidics tor the rectangular channel be designed? The most 
important factor during the development and design fase was to reduce the 
production time as much as possible. Because there was relative little time left 
tor this graduation project. 
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5.3.1 Current wire 
InSection 3.1 it was explained that a large v{ä2 )is needed to exert enough 
magnetic force on the beads. These gradients can be obtained with a current 
wire. The most common technology tor fabricating current wires is chip
technology, which uses either glass or silicon substrates. An advantage of 
glass substrates is the tact that microscopy trom above and below the 
substrate is possible, which is of importance tor the placement of the fluid i niet 
and outlets, as discussed in subsection 5.3.2. For inverse microscopy ITO 
current wires need to be used, to be able to visualize beads which are 
positioned above the wire. From ITO it is known that it can only handle small 
currents (± 20 mA), whereas larger currents are desired. lt is also possible to 
fabricate Md-Au-Md wires on glass. Then inverse microscopy is not possible 
anymore, since these wires are not transparent When using these wires the 
advantage of glass substrates is cancelled and a silicon substrate could be 
used as well. Moreover the production process of Md-Au-Md wires on silicon 
substrates is a well-known technology. The planarization step can be added 
to this production process, to prevent influences of the height step in the 
surface. Furthermore it is easier to make small well-defined gaps in a silicon 
substrate then in a glass substrate. The necessity of these gaps is explained 
in the next subsection. 

Due to the discussion above it was decided to produce Md-Au-Md wires on a 
silicon water. The exact procedure is shown in Figure 5.8. 

c g c 

Figure 5.8 The production process of the silicon wafer with current wires. A) The starting 
product, a silicon layer with at both sides a small (:t50 nm) Si02 1ayer due to oxidation. B) 
The current wires are fabricated via the production process depicted in Figure 4.1. C) 
Deposition of silicon nitride. The thickness of this layer is chosen such that after planarization 
an approximately 0.5 f..IIT1 silicon nitride layer is lefton top of the wires . D) Planarization of 
silicon nitride layer. E) Via a mask, specificareasof the silicon nitride layer are removed . 
Hereby some wires are revealed to ensure a better conneetion to a flex foil. 

In Figure 5.8A, the bare silicon layer is shown. However, due to oxidation 
there will be an approximately 50 nm Si02 layer, on both sides of the silicon 
layer. Next step is the production of the Molybdenum-gold-Molybdenum wires. 
This is done in several sub-steps as shown in Figure 4.1. Further, the silicon 
nitride layer is deposited as shown in Figure 5.8C. The thickness of the layer 
is such that after the planarization step an approximately 0.5 J.1f71 silicon nitride 
layer is lefton top of the current wire, as shown in Figure 5.80. lndeed, 
without a planarization step, there would be height ditterences in the chip 
surface. Finally, it is necessary that the wires on the chip surface can be 
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connected to external electranic devices, as discussed in Sectien 4.2 for the 
BioWire chip. To obtain this, again a flex foil is used, but the conneetion 
between the wires on the chip and the wires ontheflex foil is constructed 
differently. The interconnection bumps and Au stud bumps are not used. The 
wires of the chip and flex are aligned and then glued together. Th is is a 
special type of glue (ACF, Anisatrapie Conductive Film), which only transmits 
electrical current in the vertical direction. Hereby, a one on one conneetion is 
created between the wires. However, the silicon nitride layer is a poor 
conductor, which means that the silicon nitride on top of the wires used for the 
conneetion with the flex has to be removed. Via a mask, the specific areas are 
defined and there the silicon nitride is removed with Reactive Ion Etching 
(RIE). A top view of the final chip is shown in Figure 5.9. Here, also two 
zoomed in images are shown. 

Figure 5.9 Overview of the silicon chip. A) Schematic drawing of the wires . B) Microscopie 
image (zoom factor 5) of only the curved wire. C) Microscopie image (zoom factor 20) of a 
part of the curved wire. 

In Figure 5.9A, the curves wire is denoted by the dark line. lt is also shown 
how the ends of the curved wire are directed towards an area of parallel 
wires. Th is is done with much braader wires, since after a bead will leave the 
curved wire, it will travel over this braader wire. By making the wire braader, 
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the magnetic force decreases and not too much interaction with the bead is 
expected. 

The dimensions of the curved wire are chosen equal to the dimensions of the 
wires in the magnetic biosensor. Soa width of 3 f1I71 and a height of 0.35 f1I71. 
lncreasing the height is ditticuit with the production processes discussed in 
Figure 4.1 and Figure 5.8. Decreasing either the height or width of the wires, 
means that the resistance increases as well. To obtain the same currents, 
larger voltages are needed. Th is leads to more power dissipated to the 
environment and an increase of the temperature of the fluid. Then the 
viscosity of the fluid decreases. Thus, the mean flow velocity has to be 
increased to get a sufficient drag force. Finally if the width of the wireis 
increased, the potential well becomes braader and the beads are less 
confined. This will increase the spread in Ymin and Ymax because the Brownian 
motion becomes more dominant. By evaluating all possibilities, the 
dimensions of the biosensor wire appeared to be good. 

In Figure 5.98 and C, two zoomed in images of the curved wire are shown. 
Now it is seen that the curved part trom Figure 5.9A is the actual curved wire 
(the thin line running through the middle) surrounded by a matrix tilled with 
two numbers. Th is matrix will serve as a ruler. Without the ruler it is unknown 
what part of the wireis observed. Ou ring the execution of the experiments, a 
large lens is needed to visualize the beads. Using a 100 times zoom lens, the 
viewing area is approximately 60 x 60 f1I71. This is equal toa 2 x 2 matrix 
element of the ruler, as shown by the red square in Figure 5.9C. So via the 
numbers in these tour elements, it is possible to give a reasanabie definition 
of the y-coordinate where a bead leaves the wire. 

In Figure 5.9A, a few more features are shown. First of all, the parallel wires. 
These wires will be used to make the conneetion with the wires ontheflex foil. 
The yellowish rectangular shape shows where the silicon nitride layer is 
removed to establish the connection. Furthermore, three green squares and 
an extra wire with a sharp tip are depicted. What these are and where they 
are used for is explained in the Subsectien 5.3.3. 

5.3.2 Fluidics 
For designing the fluidic part of the device different options were compared. 
The main requirements were, first of all, that microscopy trom above should 
be possible. Therefore, the inlet and outlet should not be placed on top of the 
device. Or at least far enough trom each other that it is possible to place the 
lens in between. Furthermore, it should be possible for the lens to come close 
enough to the chip surface to get the beads in focus. Another requirement 
was that the produced channel has dimensions as close as possible to the 
desired channel dimensions. Off course, chances on leakage arealso not 
wanted. Finally, it should be possible to implement the silicon chip with the 
curved wire. 

A cross section of the chosen design of the curved wire bead separator is 
shown in Figure 5.1 0. 
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Fluid flow ____... _. -·----+ 
Figure 5.10 Cross section of the curved wire bead separator. The drawing is not on scale. 

The lower layer of the device is a 0. 7 mm thick glass slide. In this slide, 
grooves are made via powder blasting. Two glass fiber tubes, with inner and 
outer diameter equal to 360 f.1n7 and 420 f.1n7 respectively, are inserted in the 
grooves. On top of this slide the silicon chip is placed. Bothare glued tagether 
with a capillary glue. Th is glue will not enter the graves and the glueing 
process can be stopped with UV-light. The cavities around the fibers in the 
graves are also closed with a glue, shown by the bright blue areas in Figure 
5.10. 

A 0.1 f.1n7 thick glass slide is fastened on top of the silicon chip via a double 
sticking tape. With laser opties, the channel is fabricated in this tape. The 
dimensions of the channel are 10x1x0.1 mm (length x width x height). lt has 
been proven that the tape can make a good fixture with silicon nitride and 
glass, due to which no leakage is expected. The top glass slide is merely 
used to close the channel from above. However, in order to still be able to 
focus on the beads such a small thickness was chosen. 

The fluid enters the device under the silicon chip, but the rectangular channel 
is placed above the chip. So gaps had to bemadein the silicon. From the 
three options, KOH-edging, RIE-etching and powder blasting, the first was 
chosen as the best option to produce gaps. With KOH-etching , the shape of 
the gap and the procedure were well defined. lt is also a standard procedure 
within Philips. But then a double polished water of 400 f.1n7 thick should be 
used and a 100 nm high quality silicon nitride layer on top of the Si02 layer 
should be added at both sides of the water. Th is means that an extra 
production step for depositing the 100 nm silicon nitride should be placed in 
between the production steps shown in Figure 5.8A and B. On the bottorn 
side of the silicon chip, two squared areas are treed of this silicon nitride layer. 
During KOH-etching also from the bottorn side, the etch will stop either on 
silicon nitride or on the <1, 1, 1> crystal axis of the silicon water. Therefore, the 
gap has a trapezium shape and it is smaller at the top of the silicon water. At 
the top the KOH-gap is approximately 200x200 Jln7. The production step in 
Figure 5.8E is then not only used for exposing specific wires, but also to open 
the gap from above. Holes should still be made in the silicon nitride layers on 
top of the silicon water. This could not be done with the KOH-etching. The 
green squares in Figure 5.9 are the dimensions of the gaps at the bottorn and 
top of the silicon chip. 

Finally, in Subsection 5.3.1, it was mentioned that a flex was placed on top of 
the silicon chip. With a side view of the device it is shown how this is done 
with respect to the tape and glass slide on top of the chip. These two upper 
layers are smaller such that the flex and the tape can be placed next to each 
other. 
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1 
Flex foil 

Figure 5.11 Side view (trom the left in Figure 5.1 0) of the curved wire bead separator. The 
drawingis not on scale. 

lt is seen that there are two glass fiber tubes going into the device. Tagether 
with the extra features on top of the silicon chip, the beads will be focussed to 
the beginning of the curved wire. Th is will be more elaborately explained in 
the following subsection. 

5.3.3 Defining starting point beads 
Fora good separation, the beads should all start at the beginning of the 
curved wire. To obtain this, an extra channel inlet is included in the device. 
Therefore, an extra grove is made in the lower glass slide and also an extra 
KOH-gap is made in the silicon chip. That gap is smaller than the other gaps 
used tor the main flow. At the top, the dimensions are 50x50 f..U17 and it is 
placed approximately 500 f..U17 to the leftof the beginning of the cured wire. Via 
the extra grove and KOH-gap, the beads will be injected into the channel. In 
this way, the height of the beads is limited, since the main flow will flatten the 
sample flow when it enters the channel.l311 Off course, the beads arealso 
confined in the y-direction of the channel, here they have a treedom of space 
approximately equal to the width of the KOH-gap plus some extra due to 
Brownian motion. Eventually the beads should reach the beginning of the 
3 f..U17 wide curved wire. So some extra confinement could be useful. This will 
be obtained with an extra current wire, the focus wire, placed around the gap, 
as shown in Figure 5.12. 

Curved wire 

Figure 5.12 The extra KOH-gap and the focus wire for directing the beads to the beginning of 
the curved wire. 

The tapering part of this focus wire will act as focusing tor the beads. The 
tilted lines will capture the beads in their magnetic potential wells. Here again 
the balance between Fd,per and Fm,x decides whether the bead leaves or stays 
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on the wire. As long as the magnetic force is stronger, the beads will stay on 
the tilted wires and will be guided tothesharp tip at the right side. To enhance 
the workings of the focus wire the current through this wire is set to twice the 
current through the curved wire. But at sharp edges, the gradient will be 
larger, therefore the wire is widened at the tip to ensure that the beads are 
able to leave the focus and move to the beginning of the curved wire 10 f.1IT1 
further. The curved wire is also widened at the beginning to even more 
enhance the change on guiding the beads to the curved wire. 

The tilted wires are placed under a 12 oangle with the horizontal , as shown in 
Figure 5.12. So a bead that will not stay on the focus wire will also leave the 
curved wire within the range of 0 °to 4 o of the angle e. 

5.4 Different curvatures 
When the device tor the curved wire was developed, it was also chosen to 
introducesome wires withother curvature. By changing the curvature , it is 
possible to shift the emphasis on which susceptibilities are separated best. 
Th is is explained best via Figure 5.13. Here, the re lation between sin( e) and y 
is shown tor three wires. First of all , the normal curved wire with a linear 
relation between these parameters, and two wires of which sin( 6?) depends on 
I and VS. 

Sin(e 
1 

0 .8 

0.6 

0. 4 

0 . 2 

I 
--14---.==t, ~-~ -....--~~~--.-----~~~ ~~-~~ y 
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Figure 5.13 The relation between sin( e ) and y for three wires. In black the normal curved 

wire wheresin(e ) oe y and in blue and red , sin(e) oe y 2 and sin(e) oe JY is valid respectively. 

lf one bead with susceptibility of x b,t is considered , the magnetic force will be 
equal on all three wires. Thus the same force in perpendicular drag force is 
needed to push the bead trom each wire. Due to the different relations 
between sin( e) and y of the wires, the y-position where Fd,per>Fm,x will be 
different. When a second bead with x b,2 is evaluated , it is seen how the 

distance, Lly, between Yt and Y2 (the y-positions where bead 1 and bead 2 
leave the wire) will change tor the three wires. For larger susceptibilities, the 
Lly is largest tor the VS-wire, but tor smaller susceptibilities Lly, is largest tor 
the 1 -wire. For the small susceptibilities this is shown in Figure 5.13. So 
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indeed it is possible to put an emphasis on different areas in the susceptibility 
spectrum. 

A device with a normal curved wire ( sin(e) oe y) is also produced. But now the 
width of the wire is 6 JU71. Then the beads are less confined (tor the same 
current) and it is possible tor Fd,per to push the beads trom the wire at lower 
y-positions. Moreover, tor the same current and same flow velocities, beads 
with larger susceptibilities than the 1 JLfT1 beads can be used in this separation 
device. So by changing the relation between sin( e) and y or by changing the 
width of the wire , a large range in susceptibility can be separated. 

Finally, the array of wires tor the magnetophoresis based separation was the 
last wire contiguration made with this device. Then the experiments tor that 
separation method can be done withafluid flow. 
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6 Conclusion and recommendations 

The goal of this graduation project was to develop a separation methad for 
se pa rating magnetic beads on their individual va lues for x b . The methad 

should work for very small x b , which means that large gradients of the 

magnetic field are needed to exert enough force on these beads. However the 
magnetic field itself should stay below 10 mT, to stayin the linear region of 
the magnetization curve. Both demands can be satisfied by using current 
wires to generate the magnetic field. With these wires a separation methad 
implementable on a chip can be designed, due to which it becomes possible 
to combine the separation methad and the magnetic biosensor into one 
device. Owing to this other requirements, like fast, easy to handle and 
autonomous become more important. lt is shown that these requirements lead 
to a continuous and spatial separation. A fluid flow is needed for a continuous 
transport of the beads into and through the separation method. The actual 
spatial separation is obtained with the magnetic field of the current wire. The 
magnetic force needs to be directed perpendicular to the fluid flow to obtain a 
spatial separation. When developing a susceptibility based separation methad 
with the help of a fluid flow and a magnetic field, two factors have to be 
guarded; the parabalie flow profile and Brownian motion. Both could decrease 
the efficiency of the separation method. 

During this project two new methods were developed and tested. The first is 
'Magnetophoresis based separation' and thesecondis 'Curved wire bead 
se pa ration '. 

6.1 Magnetophoresis based separation 
In this separation method, beads are crossing between parallel wires. The 
complete device will consist of an array of wires placed below a fluid channel. 
A small fluid flow parallel to the wires will transport the beads into different 
outlets. However, to proof the principle behind the magnetophoresis based 
separation method, the fluid flow has beenleftout of the experiments and 
only two wires have been used. The most important parameter is the crossing 
time, which is the time a beads needs to complete one crossing. The crossing 
time depends on the current through the wires and is therefore measured for 
different currents. Furthermore, the crossing time is calculated over many 
measurements, to effectively reduce the influence of Brownian motion. 
Experiments demonstraled that 300 nm Ademtech beads 
(x b = 3. 13 ·1 o-20 m3

) and 1 Jlm Dynabeads Myone (x b = 1.42 ·1 o-ta m3
) can 

be separated at currents ranging from 38 mA to 66 mA. For a 57 mA current, 
the separation time is approximately 60 ms. With these settings, the beads 
were successfully separated. 

Although a separation can be obtained, some deviations from theory were 
observed. A linear relation between crossing time and 1/12 was expected, but 
the measured crossing times did not follow this relations completely. The two 
most likely causes are the temperature dependenee of the viscosity and the 
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tact that a bead has non-zero dimensions. The influence of both causes 
increases with current. To obtain a quantitative insight in the effect of these 
causes, experiments should be performed. For example, the temperature of 
the fluid could be measured during experiments to define the influence of the 
temperature dependenee of the viscosity. The bead dimensions can be 
included in the theoretica! curve, by calculating the magnetic force via a 
volume integral over the magnetic field. 

Furthermore, the slope of the linear fit through the measured crossing times is 
compared to the slope of a theoretica! curve, purely basedon drag force and 
magnetic force. lt is shown that the 300 nm beads are likely to travel a little 
above the surface. Due to the value of the bead susceptibility of the 1 J1fr1 
beads, these beads will travel over the surface. Then surface interactions 
oppose the motion of the 1 J1fr1 beads, resulting in the ditterenee in slope of 
both fits. When it is possible to quantify the height of a bead during a crossing, 
better estimations of surface interactions can be made. 

The experiments performed during this project should be extended to the 
array of wires and with the presence of the fluid flow. Then, it can be tested 
whether beads with large x b will be a bie to travel over the complete width of 

the array. But it becomes also possible to force a separation between more 
than two types of beads. To be able to perform these experiments, a new 
device has been created that includes the fluid flow and the array. With this 
device it is possible to balance the movement of the beads over the array with 
the movement of the beads parallel to the array. This should be done such 
that different types of beads will have different maximum reaches over the 
array width and will thus leave the channel via different outlets. 

6.2 Curved wire bead separation 
The main components of this method are a reetang u larfluid channel with 
aspect ratio 0. 1 and a curved wire placed below the channel. The balance 
between the components of drag force and magnetic force perpendicular to 
the wireis used for separation. lt was proven with a theoretica! model that the 
300 nm and 1 J1fr1 beads can be separated. Brownian motion and the 
parabol ie flow profile over the height of the channel are important factors in 
this method. Due tothese factors one specific bead can leave the curved wire 
at different y-positions. By adjusting the mean flow velocity or the current the 
distance in these y-positions can be controlled and decreased. 

Further the model was used to test if a subpopulation of 300 nm beads could 
be separated amongst themselves. From prior experiments it was known that 
a population of these beads have a large dispersity in rb and x b . Th ree 
different 300 nm beads were defined, which represent the polydispersity of 
the population. This was done with the help of the theoretica! relation between 
rb and x b . The model showed that these beads can be separated from each 
other. There was no overlap between the y-positions where the beads can 
leave the curved wire. 
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Although the model shows that beads can be separated it should be tested 
with experiments. Via experiments it can be investigated if any of the causes 
observed for the magnetophoresis based separation, will become of 
importance in the curved wire bead separation. Qualitatively it was concluded 
that clusters and very small bead radii should be avoided. On the other hand 
taking bead dimensions into account is beneficia! for the separation method. 
Four different versions of a curved wire were designed. The ditterences were 
either due to the width of the wire or due to the relation between sin(~ and y. 
Because of these ditterences the emphasis can be shifted to smaller or 
larger xb. Both the modeland experiments should be used totest this theory. 

To be able toperfarm the necessary experiments the curved wire bead 
separator is designed and fabricated during this project. Besides some minor 
difficulties the production of the device proceeded well, but was not finished in 
time for experimental studies. 
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9 Appendix 

Appendix A 
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Appendix 8 

Data sheet of the 1 JLm Dynabeads Myone 
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Appendix C 

Calculation X b of the 300 nm Ademtech bead 

Table C 1 Constants used in the calculations 
Sample weight (g) 4.75-10-2 

Concentration (mass-%} 0.57 
rb (m) 1.50-10-7 

vb (mJ) 1.41·1 o-20 

Pb (kg/m3} 1.80-103 

~ Slope (J/T2) 0.01-10-7 

In the calculations the bead radius given by the bead manufacturer and the 
density obtained from [32] are used. 

Table C. 2 Calculation of X bof the 300 nm Ademtech beads. 

Slope (J/TL) Slope (emu/Oe) X sample (m;,/g) x beads (m;,/g) 

2.65-10-7 2.65·10-5 7.01·10-9 1.230-10-6 

Bead weight (g) Beads/gram Beads/sample Xb(m3) 

2.54-10-14 3.93·1013 1.06·1010 3.13·1 o-20 

Table C. 3 Calculation of the error in X bof the 300 nm Ademtech beads. 

Slope + Slope + x sample+ x beads + 
~ Slope (J/T2) ~ Slope (emu/Oe) ~X sample (m3/g) ~X beads (m3/g) 

2.66-10-7 2.66·10-5 7.04-10-9 1.234-10-6 

Bead weight (g) Beads/gram Beads/sample Xb + ~Xb(m3) 
2.54·1 o-14 3.93·1 013 1.06-1010 3.14-10-20 

~Xb(m3) (3.14- 3.13) ·10-20 = 0.01·10-20 
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Appendix D 

Calculating X b of the 1 Jlm Dynabead Myone 

Table D. 1 Constants used in the calculations 
Sample weight (g) 4.75·10-2 

Concentration (mass-%) 1 
rb (m) 5.00·10-7 

vb (m~) 5.24·1 o-19 

Pb (kg/m3) 1.80·103 

~ Slope (JIT2) 0.08·10-7 

In the calculations the bead radius given by the bead manufacturer and the 
density obtained from [32] are used. 

Table D. 2 Calculation of X b of the 1 J1111 Dynabeads. 

Slope (JIT~) Slope (emu/Oe) x sample (m~/g) x beads (m~/g) 

5.68·10-7 5.68·10-5 1.50·10-8 1.50·10-6 

Bead weight (g) Beads/gram Beads/sample Xb(m3) 

9.43-10-13 1.06·1012 5.04·108 1.42·1 o-18 

Table D. 3 Calculation of the error in X b of the 1 JIIT1 Dynabeads. 

Slope + Slope + x sample+ x beads + 
~ Slope (J/T2) ~ Slope (emu/Oe) ~X sample (m3/g) ~X beads (m3/g) 

5.76·10-7 5.76·10-5 1.52·10-8 1.52·10-6 

Bead weight (g) Beads/gram Beads/sample ~Xb(m3) 

9.43·10-13 1.06·1012 5.04·108 1.44·1 o-18 

~Xb(m3) (1.44 -1.42) ·10-18 = 0.02·10-18 
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Appendix E 

Magnetic field of a reetang u lar current wire[81 
The magnetic induction and gradient around an infinitely long, rectangular 
wire, through which a current flows, can be calculated using the Biot-Savart 
law. A detailed explanation of this calculation can be found in [6). In this 
section only the resulting equations are given. 

Fora infinitely long wire with left low corner (Xt,Zt} and upper right corner 
(x2,z2) and a current density Jy flowing in the positive y-direction, the x
component of the magnetic induction at the origin is given by: 

I (
x/ +z/J- 1 (x/ +z/J X1 n 2 2 X2 n 2 2 
x1 + z1 x2 + z1 

Bx0 {x1,z,.x2 ,z2 ) = 
11;~ -2 ·lz,l ( arctan ~~: 1 -arctan 1;;1J (E.1) 

+ 2 ·lz I· (arctan x2 
- arcfan x1 J 1 !z1l !z1l 

The x-component of the magnetic induction at a position (x,z) is given by: 

(E.2) 

By rotating the coordinate axis the z-component can be found: 

(E.3) 

. ~ ~ ~ ~ 
The grad1ent of 8 2 can be calculated when _x , _z , __ x and _z are ax ax i)z i)z 

known. These are again derived from (aax) and (aax) by coordinate 
ax 0 i)z 0 

transformation and rotation: 
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(J
8

x = (a8 x) (x1 - x,z1 - z,x2 - x,z2 - z) 
öx öx 0 

(E.6) 

èJ8z ((J8x) ( -= - z1 -z,x-x1 ,z2 -z,x-x2 ) 

öz öx 0 

(E.7) 

(J
8

x =((J8x) (x
1
-x,z

1
-z,x

2 
-x,z

2 
-z) 

öz öz 0 

(E.8) 

a8 z =(a8 x) (z1 -z,x-x1 ,z2 -z,x-x2 ) 

öx öz 0 

(E.9) 

()82 = 2(8 èJ8x + 8 (J8z) and ()82 = 2(8 èJ8x + 8 (J8z). 
dX x dX z dX dZ x dZ z dZ 

(E.1 0) 

The field of multiple wires can be calculated by superposition. 
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Appendix F 

Calculating crossing time 300 nm bead at 1=57. 7 mA 
Per bead the average of 23 crossings is calculated. The crossing time, fcross, is 
defined by the time ditterenee between the moment the first wireis switched 
off and the moment the bead arrives at the middle of the second wire. Each 
fcross and the average value for one 300 nm bead at current of 57.7 mA is 
shown in the table below. 

T bi F 1 t f 11 f a e cross or a crossmgs 0 one 300 b d at 1=57. 7 mA nm ea 
crossing tcross (ms) crossing tcross (ms) 

1 0.170 13 0.270 
2 0.217 14 0.213 
3 0.200 15 0.157 
4 0.173 16 0.280 
5 0.323 17 0.137 
6 0.247 18 0.480 
7 0.513 19 0.203 
8 0.213 20 0.217 
9 0.197 21 0.260 

10 0.250 22 0.400 
11 0.363 23 0.320 
12 0.223 

average: 0.262 ms 

This averaging is done forten beads. Then a total average is calculated 
tagether with the belonging standard deviation as shown in Table F.2 The 
tunetion used for calculating the standard deviation is given by: 

(F.1) 

Here N is the number of measurements, fav is the average of these N 
measurements and ti is the crossing time value of the fh measurement. 

T bi F 2 A a e f t 300 b d t I 57 7 A verage cross1ng 1mes or en nm ea sa = . m 
bead Average tcross (ms) (tav -t,) (ms) (tav -t,):l (ms):l 

1 0.262 0.00412 0.00002 
2 0.310 0.04400 0.00194 
3 0.279 0.01342 0.00018 
4 0.290 0.02400 0.00058 
5 0.209 0.05716 0.00327 
6 0.290 0.02429 0.00059 
7 0.234 0.03194 0.00102 
8 0.215 0.05064 0.00256 
9 0.343 0.07733 0.00598 

10 0.227 0.03919 0.00154 
Total average 0.266 0.01767 
Standard deviation 0.014 
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Appendix G 

Calculating crossing time 1 JLm bead at 1=57. 03 mA 
Per bead the average over 23 crossings is calculated. The crossing time, 
tcross. is defined by the time difference between the moment the first wire is 
switched off and the moment the bead arrives at the middle of the second 
wire. Each tcross and the average value for one 1 J.1ff1 bead at current of 57.03 
mA is shown in the table below. 

T bi G 1 a e • tcross or a crossmgs o one fliTI ea at = f 11 f 1 b d I 57 03 mA 
crossing tcross (ms) crossing tcross (ms) 

1 0.053 13 0.063 
2 0.053 14 0.057 
3 0.060 15 0.057 
4 0.060 16 0.050 
5 0.063 17 0.060 
6 0.060 18 0.063 
7 0.053 19 0.060 
8 0.053 20 0.057 
9 0.057 21 0.057 

10 0.067 22 0.047 
11 0.063 23 0.053 
12 0.057 

ave rage: 0.058 

This averaging is done forten beads. Then a total average is calculated 
tagether with the belonging standard deviation as shown in Table G.2 The 
tunetion used for calculating the standard deviation is given by Equation F.1. 

T bi G 2A a e f verage crossmg t1mes orten 1 b d I 57 03 A m ea s at = m 
Be ad Average tcross (ms) (tav -ti) (ms) (tav -ti)2 (ms)2 

1 0.058 -9.61 E-03 9.23 E-05 
2 0.054 -6.56 E-03 4.31 E-05 
3 0.045 3.29 E-03 1.08 E-05 
4 0.048 0.10 E-03 1.08 E-08 
5 0.049 -1.35 E-03 1.81 E-06 
6 0.045 3.29 E-03 1.08 E-05 
7 0.047 1.12 E-03 1.25 E-06 
8 0.044 3.58 E-03 1.28 E-05 
9 0.047 1.26 E-03 1.60 E-06 

10 0.043 4.89 E-03 2.39 E-05 
T otal average 0.048 1.98 E-04 
Standard deviation 0.001 
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