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Abstract

Microfluidic pump based on arrays of rotating magnetic microspheres

We demonstrate a novel, flexible and biocompatible method to pump liquid through microchan-
nels without the use of an external pump. The pumping principle is based on the rotation
of superparamagnetic microspheres around permalloy disks, driven by an external in-plane
rotating magnetic field. By placing the permalloy disks close to the edge of the channel, a net
flow of 9 um/s was generated in the middle of the channel. A possible use of this pumping
principle could be to recirculate the medium of a cell culture chamber, which will create new
possibilities for closed cell culturing systems on chip with controllable flow rates [23].

The principle of controllable movement and positioning of magnetic particles using
permalloy patterns has been demonstrated by Gunnarsson et al [20]. We apply this technique
to rotate magnetic microspheres around an array of permalloy disks, positioned close to the
edge of a circular microfluidic channel. Due to their position near the edge of the channel, the
drag caused by the channel wall will cause an asymmetry in liquid displacement, resulting in a
net pumping motion (Figure 1). The effect is multiplied by using an array of magnetic disks.

Figure 1: The closed pumping channel with permalloy disks (gray) and magnetic microspheres
(black). The arrows indicate the direction of flow. Since the disks are placed closed to the edge
of the channel, the net flow is upwards.

To fabricate the structure a 480 nm permalloy film was sputtered on a silicon wafer and
patterned using conventional lithography and etching, yielding an array of disks with a diameter
of 25 µm. The 37 µm deep microchannels were wet etched in a borofloat glass wafer. To get
tightly sealed channels, both wafers are bonded anodically at 425 oC. The disadvantage of
this heating step is that it increases the coercivity of the permalloy (Figure 2). However the
hysteresis loop of the permalloy film after heating (Figure 2, left), shows that the increase in
coercivity is limited to 6 kA

m
, which can still be easily reached with conventional electromagnets.
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Figure 2: The magnetization curves of the permalloy disks (left) and the superparamagnetic
microspheres (middle and right). The remanent magnetization of the magnetic microspheres is
small.

Pumping experiments were performed using biocompatible, 30 µm superparamagnetic mi-
crospheres [33]. Their hysteresis loop (Figure 2, right) shows that the remanent magnetization
of the microspheres is very small, which will prevent permanent sticking of the particles to
the disk or each other. The external magnetic field was generated by a magnetic quadrupole
electromagnet, with a field of 95 kA

m
at rotating frequencies of up to 10 Hz. Red polystyrene

microspheres of 3 µm [38] were added to visualize the flow in a microscope.
The rotation frequency of the micropheres could be controlled well up to 6 Hz, resulting

in a maximum microsphere velocity of 470 µm
s

. Above this frequency the microspheres do
not perform exclusively a circular motion but also spin around their own axis or stop moving
completely. Even though coverage of the disks by beads was only partial in our setup, the
pumping principle works well. Figure 3 shows an analysis of the recorded paths of the indicator
micropheres. There is a net flow in the middle of the channel with an average velocity of 9 µm

s
.

We expect that further optimization of the geometry and microsphere coverage can lead to a
significant increase of the flow rate.

Figure 3: The observed movement of the indicator microspheres at magnetic field frequency of
5 Hz, indicating a net liquid flow in the channels. The maximum velocity of 40 m/s is limited
by the particle tracking algorithm.
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List of abbreviations and constants

Abbreviations

Abbreviations Description
BIOS Biomedical and Environmental Sensor systems
BSA Bovine serum albumin
IPA Iso-Propyl Alcohol
LOC Lab on a chip
MESA+ Nanotechnology Research institute of University of Twente
NOA Norland Optical Adhesives
PCR Polymerase chain reaction
TST Transducers Science and Technology
UV Ultraviolet
VSM Vibrating Sample Magnetometer

Constants

Constant Description Value Unit
ε0 Vacuum permittivity 8.85× 10−12 F/m
µ0 Vacuum permeability 4π × 10−7 N/A−2

c Speed of light 3× 108 m/s
ηw Viscosity of water 10−3 kg/m s
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Symbols

Symbol Description Unit
ε0 Vacuum permittivity F/m
µ0 Vacuum permeability N/A2

F Mechanical force N
B Magnetic induction T
H Magnetic field A/m
Hc Magnetic coercivity A/m
M Magnetization A/m
Ms Saturation magnetization A/m
µ Permeability of a medium -
µr Relative permeability of a medium -
χ Magnetic susceptibility -
I Electrical current A
ρm Magnetic field volume charge density A/m2

ρs Magnetic field surface charge density A/m2

qm Magnetic point charge A ·m
m Dipole moment A ·m2

r Displacement vector m
A Surface area m2

h Height m
l Length m
w Width m
N Number of turns -

Symbol Description Unit
Re Reynolds number -
ρf Fluid density kg/m3

u Fluid velocity m/s
η Viscosity kg/m · s
p Pressure Pa
R Radius m
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Chapter 1. Aim and thesis outline

Chapter 1

Aim and thesis outline

In this thesis a study is performed on the feasibility of pumping liquid in microchannels with
use of arrays of rotating magnetic beads. Magnetic microspheres (also called beads) are rotated
using an external in-plane rotating magnetic field. Fluid is pumped in a closed system without
the use of external tubing, which reduces the size of the microfluidic control drastically. This
new pumping method creates new opportunities for an easy to use and programmable pumping
operation as part of a new pumping platform.

1.1 New pumping platform

A microfluidic platform provides a set of fluidic operations, which are designed for easy
combination within a well-defined fabrication technology. A microfluidic platform creates a
generic and consistent way for miniaturization, integration, automation and parallelization
of (bio-)chemical processes like on-chip PCR. Microfluidic structures may be employed to
manipulate the cellular microenvironment in order to improve the understanding of cell biology
or to build and mimic cellular models and assays. A microfluidic unit operation is a basic
functionality in a fluidic system, for example pumping and mixing. A microfluidic platform
should offer a number of microfluidic unit operations that can be combined easily with existing
methods to enable quick implementation. The platform does not need to provide a complete set
of all the unit operations, it is far more important that the different elements are connectable
by a well-defined interconnection process. Automation and portability combined with a large
set of unit operations may create new opportunities for the implementation of analyses on chip.
[30, 32]

This thesis focuses on microfluidic pumping with rotating magnetic beads, and the unit
operation pumping of this novel fluidic pumping platform is studied. Applying a low flow
rate is useful for revealing cell or bacteria dynamics, which generate for example concentration
gradients. Cells depend on constant transport and exchange of oxygen and carbon dioxide [30].
In the system furthermore effective mixing is performed by the stirring action of the beads,
which is a more effective way than only diffusive mixing. The possibility of valving should
theoretically also be possible by creating locally a strong magnetic field which accumulates
magnetic beads. However this unit operation valving is not investigated in this thesis.

The fluidic pumping operation is based on the asymmetry in the volume displacement of
the forward and backward stroke of the magnetic beads, which causes a net pumping motion
as shown in Figure 1.1. The rotational frequency of the external magnetic field controls the
movement of the magnetic beads and therefore the generated net fluid flow. This principle
creates the possibility of an external programmable flow in a closed microfluidic system, which
could be integrated into an automated platform for biochemical analysis [32]. The advantage
of such a magnetic actuation is furthermore that it reduces the size of the microfluidic control
drastically, because during the pumping no tubing or syringe pump is required. The total
setup can be reduced to the chip in a chipholder and a magnetic control device, hence a small
portable programmable pumping system with an inexpensive driving setup is obtained. With
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1.1. New pumping platform

Figure 1.1: The asymmetric bead setup, the stroke in the middle of the channel displaces more
fluid than the stroke near the wall.

an external pump connected to a chip by tubing, problems with air bubbles and dead volume
are often experienced. These can be circumvented be using a closed fluidic pump on chip.

1.1.1 Previous studies

A number of studies in the field of pumping with rotating beads around their axis have
been performed. A possible method is where the bead is trapped and rotated optically or
magnetically, which causes a fluid flow. A method for generating flow within a microfluidic
channel using an optically driven pump is shown in ref. [26]. The pump consists of two counter
rotating particles trapped and driven by optical tweezers. The particles were 6 µm in diameter
and rotated with 9 Hz in a 15 µm deep channel. The traced path of a 1 µm silica particle is
shown in Figure 1.2, a net flow of 8 µm/s is generated.

Figure 1.2: The traced path of the particle is drawn, due to the pumping effect it first accelerates
and then decelerates through the channel. [26]

Also the controlled displacement of magnetic beads in microchannels (without explicit
pumping action) is investigated in different studies. Magnetic beads can be moved in a
microchannel using for example an external permanent magnet or coils on chip [37, 40]. Another
option is the use of magnetic elements which deform an external magnetic field. An example
of this method is programmable motion of single magnetic particles on patterned magnetic
surfaces [20].

Permalloy ellipses with a thickness of 0.1 µm are exposed to in-plane magnetic fields. The
net magnetization of the elements will rotate in-plane, following the external magnetic field.
The stray field of the nearly saturated ellipses attracts the magnetic particles, causing the beads
to move as shown in Figure 1.3.
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Chapter 1. Aim and thesis outline

Figure 1.3: The external in-plane magnetic field is rotated which magnetizes the ellipses,
attracting the magnetic particle (diameter of 2.8 µm). [20]

1.2 Objective and general approach

In this study both concepts are combined, magnetic beads are circulating around a soft magnetic
material controlled by an externally created rotating magnetic field causing a net fluid flow, as
shown in Figure 1.4. The soft magnetic disks are placed near the wall of the channel, causing
an asymmetry in the volume displacement of the rotating beads. In the middle of the channel
more liquid is displaced than near the wall, which generates a net fluid flow. A rendered image
of the magnetic bead in the microchannel is shown in Figure 1.5.

Figure 1.4: The pumping principle with the fluid flow and the rotational movement of the bead
around the disks indicated.

Figure 1.5: A magnetic bead (red) near a magnetic disk (yellow) in the microchannel.

The objective is to investigate whether it is possible to generate a significant net fluid flow
using an array of rotating magnetic beads. Using an external rotating in-plane magnetic field
the magnetic elements of the array are magnetized, causing a force on the magnetic beads.
Calculations and simulations are performed to give some predictions about the net fluid flow
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1.3. Brief overview

and pumping profile. Experiments with self-designed chips are performed to show whether it
is possible to generate a net fluid flow using this principle.

A literature research on the controlled movement of magnetic beads and pumping with the
use of rotating beads was performed. With the obtained knowledge a chip was designed to test
the feasibility of the pumping principle. With the manufactured chip some experiments were
carried out, first with a self-build controlling and amplification circuit. Later on larger setup
was used to have better control and a wider range for the magnetic field. Also the magnetic
properties of the used magnetic materials were studied using VSM measurements, to relate the
performance in the microfluidic channel to magnetization curves.

1.3 Brief overview

The theoretical analysis of the problem of this thesis is divided into two chapters, in Chapter
two the magnetic part is discussed. The properties of possible suitable magnetic materials are
investigated, the forces in the system are analyzed and the magnetic field control is calculated.
The fluidic part is discussed in Chapter three. The fluid flow and fluid displacement are analyzed
and the influences on the maximum achievable rotation frequency are listed.

With this theory a chip is designed and manufactured. The design choices and the
problems occuring during manufacturing are then discussed in the Chapter four. With this
chip experiments are performed, and photos of the used setups and used protocols are shown in
Chapter five. In Chapter six the results of the experiments are shown: the measured magnetic
properties, the optically observed motion of beads and fluid displacement. Chapter seven
gives the conclusion and recommendations of this thesis, including an outlook to optionally
implement extra features to the system. The appendix includes supplementary theory, mask
design, and additional fabrication information.
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Chapter 2. Magnetism

Chapter 2

Magnetism

In this chapter the magnetic phenomena relevant for this thesis are analyzed. Properties of
magnetism in different types of materials and the concept of a magnetization curve are discussed
according to definitions for the magnetic fields. The magnetic moments and forces of the system
are calculated to get an estimation for the force exerted on the bead by the magnetized disk.
The magnetic field control is studied in the last section.

Magnetic effects occur when electric charges are moving, this can be an electrical current
through a wire or circular currents in materials. These circular currents can be caused by
electrons which are orbiting around the atomic nucleus (orbital) or are rotating around their
own axes (spin). Whether a material feels an attractive or repulsive force is material dependent
[28]. The analysis on the atomic level is very complex and will not be done. As a basis
for the description of properties on macroscopic level Maxwell’s equations can be used, and
in Appendix A.1.3 the inductive force of a conduction ring in a changing magnetic field is
explained.

2.1 Definitions

In order to analyze magnetic fields the definitions of three fields are required. First the magnetic
field ~H is defined, which is the field applied externally to a material, with the unit ampere per
meter (A/m). In vacuum this field is equal to the magnetic induction ~B in tesla (T ) times the
magnetic permeability of free space µ0. The magnetic induction can directly be measured with
a Hall sensor. When the magnetic field ~H is applied to a certain object with certain magnetic
properties it becomes magnetized. In the material occurs a magnetization field ~M in ampere
per meter (A/m). This magnetization is a measure of the magnetic moment per volume of
material. Thus to describe the magnetization process of a piece of material three magnetic
vectors are required: the magnetic field ~H, the magnetization ~M , and the magnetic induction
~B.

The definition of ampere is the steady current that when flowing in straight parallel wires of
infinite length and negligible cross section, separated by a distance of one meter in free space,
produces a force between the wires of 2 · 10−7 newton per meter of length [42]. The equation
for this force is

F =
µ0 I

2

2 π r
=
µ0 12

2 π 1
= 2 · 10−7 (2.1)

Hence the value of µ0 is defined to be exactly 4 π 10−7 N/A2 and is called the magnetic
permeability of free space. Using Maxwell’s equations and the definition of the H-field the
relation between the speed of light, permittivity and the permeability of vacuum can be defined

c =
1

√
µ0 ε0

(2.2)

Depending on the properties of a material it feels a repulsive or an attractive force to
an applied magnetic field. The relative permeability describes this magnetic behavior of the
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2.2. Magnetic materials

material, and is defined by the relative permeability µr (dimensionless). The permeability of
free space µ0 multiplied by the relative permeability µr is the permeability µ of the medium:

µ = µ0 · µr (2.3)

There exist different definitions for the magnetic field ~H. For a discussion about this
definition and conversion ratios between the different systems see Appendix A.1. The definition
of the magnetic field ~H which will be used in this report is the SI-definition

~B = µ0( ~H + ~M) (2.4)

The resulting magnetic induction ~B depends on the applied magnetic field ~H added to
the material magnetization ~M times the free space permeability µ0. For most substances the
magnetization ~M is proportional to the applied magnetic field ~H. This holds on the condition
that the applied field is not too strong, else it could saturate and become independent of the
applied field. In most materials a proportionality constant between the magnetization ~M and
the applied field ~H can be defined, called the magnetic susceptibility χm. This is a dimensionless
quantity that varies from one substance to another. It is positive for paramagnets (attractive
force) and negative for diamagnets (repulsive force). For linear media holds

~M = χm ~H (2.5)

In linear media the magnetization ~M is proportional to the magnetic field ~H, therefore the
magnetic induction ~B is also proportional to the magnetic field ~H.

~B = µ0( ~H + ~M) = µ0(1 + χm) ~H = µ ~H (2.6)

Thus for the relation between the permeability and susceptibility holds

µ ≡ µ0(1 + χm) = µ0 µr (2.7)

In vacuum the susceptibility is zero, so the permeability µ is equal to the permeability of
free space µ0. The relative permeability µr is equal to the magnetic susceptibility χm plus one.

2.2 Magnetic materials

Figure 2.1: Three types of magnetic effects. [1]

There exist several types of magnetic effects. Which type is observed not only depends on
the properties of the material but also on the temperature. Three common magnetic effects are
shown in Figure 2.1.
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Chapter 2. Magnetism

� Diamagnetism. The material is repulsed by the magnetic field. This is a very weak
effect. It will not be observed when also other types of magnetic effects are involved.

� Paramagnetism. The material is attracted to the field. This is also a weak effect, but
stronger than diamagnetism. A special form is superparamagnetism, which has similar
properties but with a much higher relative permeability.

� Ferromagnetism. The material experiences a strong force. Certain materials can retain
magnetization in absence of an external field, these materials are suited for permanent
magnets. [15, 28]

2.2.1 Different types of magnetic effects

Figure 2.2: Periodic system of the elements with their magnetic properties at room temp-
erature. [11]

An overview of the elements and their magnetic behavior at room temperature can be
seen in Figure 2.2. The different types of magnetic effects are more elaborately discussed in
Appendix A.2. Dia- and paramagnetism are not suited for generating the required force for
the pumping action, because these magnetic effects are very weak. The two stronger magnetic
effects are superparamagnetism and ferromagnetism.

A superparamagnetic particle is so small that the thermal energy is larger than the
magnetic energy, therefore there is no remanent magnetization left when the external field
is removed. The advantage of superparamagnetism is the large susceptibility compared to
ordinary paramagnetism. An example is small magnetite Fe3O4 particles.

Ferromagnetic materials align (almost) all atomic moments causing a large susceptibility.
These materials have a hysteresis loop, meaning a minimum field is required to demagnetize
the materials. When the external field is removed still a remanent magnetization is present.
The saturation magnetization of a ferromagnetic material is usually very high. Ferromagnetic
materials are iron, cobalt and nickel. These materials behave ferromagnetic up till their Curie
temperature, and for higher temperature become paramagnetic, which is a reversible effect. The
lanthanides neodymium (Nd), samarium (Sm) and gadolinium (Gd) have a Curie temperature
below room temperature. However, in for example an alloy with a ferromagnetic material
with a high Curie temperature they could become a strong permanent magnetic at room
temperature. A magnetic effects with a similar atomic interaction force as ferromagnetism is
antiferromagnetism. However this exchange interaction between neighboring atoms leads to an
anti-parallel alignment of the magnetic moments. The net susceptibility of an antiferromagnetic
material is therefore of the same order as a paramagnetic material.
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2.2. Magnetic materials

2.2.2 Domains

The theory of ferromagnetism is based on electrical exchange forces as discussed in Ap-
pendix A.2. A piece of ferromagnetic material is magnetized due to the exchange forces, and
magnetization occurs gradually in domains as shown in Figure 2.3. These domains, called Weiss
domains, require a certain magnetic field in order to change their magnetization direction into
a certain direction, which is called the coercitive field Hc. When the magnetic field is removed
there is still a magnetization present, which is called the remanent magnetization Mr. The
existence of Weiss domains is hinted at by the observation that some magnetic properties, and
in particular coercivity and remanence vary greatly with grain size. The maximum coercivity
for a given material occurs within its single domain range (see Figure A.3). For large grain
sizes, coercivity decreases as the grain subdivides into domains. For very small grain sizes,
coercivity also decreases, but now due to the randomizing effects of thermal energy, which is
an explanation for superparamagnetism.

Figure 2.3: The formation of domains in a single crystal of iron. [15, p 37-4]

The maximum magnetization of a material is called the saturation magnetization Ms. The
magnitude of this saturation magnetization is known from theory, but the exchange force does
not relate to the direction of the saturation magnetization. For a homogeneous sample at
constant temperature, the magnitude of Ms is uniform, but the direction in general is not
uniform from one region to another, as shown in Figure 2.4. Uniformity of direction is achieved
only by applying a large enough field. We can define a magnetic energy in a piece of material.
This magnetic energy is the sum of the energy of the magnetization of the domains and the
energy of the walls between the different domains. These energies are both dependent on the
grain size and isotropy of the domains. This difference in required magnetization energy is
causing the steps in the magnetization curve shown on the right in Figure 2.4, which shows
that a piece of material is magnetized domain by domain. A uniform soft magnetic material
will have domains which are easy to magnetize and therefore have a low coercivity Hc. [15, 36]

Figure 2.4: On the left the microscopic structure of an unmagnetized ferromagnetic material is
shown. Each crystal grain has an easy direction of magnetization and is broken into domains.
On the right the magnetization curve for this piece of polycrystalline iron is shown. [15]

A study on the magnetization of thin permalloy disks, especially relevant for this thesis,
is shown in ref. [8]. In this study a layer of 40 nm permalloy (NiFe) was sputtered with an
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Chapter 2. Magnetism

in-plane magnetic field of 60 kA
m

, and subsequently small shapes were patterned using ion beam
milling, yielding disks with radii of 20, 25, and 50 µm. The basic state of the magnetization
in such a disk is a vortex. When a magnetic field is applied, magnetic domains are formed
depending on the anisotropy, domain wall, and pole energies. This will create magnetized
domains as shown in Figure 2.5. The exact domain structure depends also on the magnetic
history of the material. The disk is saturated when sufficient magnetic energy is applied to the
disk, in this case only one large magnetic domain is present in the disk. [8]

Figure 2.5: The domain energy landscape for different radii disks. [8]

2.2.3 Magnetization curve

Dia- and paramagnetic materials have a constant magnetic susceptibility χ, not reaching
saturation, and the magnetization curve of these materials is just a straight line though the
origin, see Figure 2.6. The magnetization curve of an antiferromagnetic material is similar to
that of a paramagnetic material. The susceptibility χ of a superparamagnetic material is much
higher, and with a large enough applied field H, the material reaches saturation.

Figure 2.6: The normalized magnetization curves for dia-, para- and superparamagnetic
materials [2].

If magnetic hysteresis is present in the material, a certain magnetic field is required to
demagnetize the material as shown in Figure 2.7. The required magnetic field to demagnetize
the material is called the coercivity Hc. The remanence or remanent magnetization Mr is the
magnetic field still present when the external magnetic field is removed. The surface closed by
the hysteresis loop is a measure for the energy required to flip the magnetization.

A permanent magnet has a large remanence and a very large coercivity, a large permanent
magnetization which is not easily altered. For transformers soft magnetic materials are required,
so the magnetization is easily reversed, and an enormous magnetization results from applying a
small applied field. To arrange this, a pure material is required, which has very few dislocations
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2.2. Magnetic materials

Figure 2.7: Concepts belonging to the hysteresis loop of a ferromagnetic material.

and impurities so that the domain walls can move easily. A small anisotropy would be profitable
for a soft magnetic material, since the hysteresis curve is the same for all angles. It turns out
that this occurs for an alloy of nickel and iron. Somewhere between 70 and 80 percent nickel a
soft magnetic material is obtained. These alloys are called permalloys. These permalloys are
used in this thesis as disk material, and their properties are therefore quite important.

Permalloys must be very carefully manufactured and handled. The magnetic properties of
a piece of permalloy are drastically changed if it is stressed beyond its elastic limit, so stress
in the material must be avoided. The permeability of a film of permalloy is reduced by the
dislocations and slip bands (very thin sheet grains lowering the internal stress). Grain formation
is the cause that the domain wall can no longer move easily. Thus mechanical deformations will
decrease the magnetic quality of permalloy. High permeability can be restored by annealing
the bulk material at high temperatures [15, p 37-11].

Figure 2.8: A hysteresis loop that does not reach saturation. [15]

When a ferromagnetic material is only used for relatively small magnitudes of applied field,
then the hysteresis curve can be approximated as a linear susceptibility, see Figure 2.8. This
effective susceptibility is dependent on the range of magnetic fields which are applied to the
material.
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2.2.4 Material requirements

A number of parameters can be modified in order to optimize the magnetic properties of the
materials used in this thesis. For the magnetic beads it is required to have a high susceptibility
to be able to apply a sufficiently large force on the bead. The second requirement is a low
remanent magnetization to prevent the beads from forming aggregates. The type of magnetic
material best suited, which is also available in the form of beads is superparamagnetic material.

For the disks it is important to make use of a soft magnetic material with a large saturation
magnetization. The required magnetic field to flip the magnetization must be small, and
the material must be isotropic. The type of magnetic material best suited for the disk is a
ferromagnetic material with a very low magnetic coercivity Hc, and a good option chosen in
this thesis is permalloy (NiFe).

2.3 Interaction force between disk and bead

In the previous section choices are made for the types of magnetic material which will be
used for the experiments. Based on the properties of these materials, mathematical models of
the physics can be made to obtain some insight in the working mechanisms. The concept of
magnetic charge and magnetic dipoles are used to get an estimation of strength of the forces
between the disk and bead.

2.3.1 Superparamagnetic bead

The beads which are used in the experiments constist of superparamagnetic material. The
manufacturers of the magnetic beads are not completely clear on the exact composition of
the beads. The most beads consist of a non-magnetic matrix with small trapped magnetite
particles. A possible structure is shown in Figure 2.9.

Figure 2.9: Structure of a superparamagnetic bead. [29]

In the experiments the magnetic beads have to circulate around the soft magnetic disks.
Therefore a torque on the bead is unwanted, since it will disturb the circular motion. On the
magnetic bead this unwanted torque can be exerted which could have different causes. The
beads can be magnetically anisotropic, caused by non-uniform distribution of the magnetic
material. Another option is that not all magnetic domains can follow the changing magnetic
field due to magnetic imperfections [16]. This torque is for our application unwanted, because
this prevents the beads from following the magnetization in the disk.

2.3.2 Magnetic charge

First of all it must be stated that physically there is no such thing as magnetic charge. The
source of magnetism is circulating currents within the atoms, either from the spinning electrons
or from the motion of electrons in atoms. The concept of magnetic charge however is used
to describe the macroscopic effect of magnetism with variables and techniques known from
electrostatic, which makes it more convenient to evaluate the fields. Together with this concept
comes magnetic poles, helping to understand the magnetic problems. An artificial analogy with
the electrical charges can be made, by defining a magnetic charge density ρm [15, page 36-2].
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2.3. Interaction force between disk and bead

The divergence of the magnetization field ~M is related to the magnetic charge density by the
following equation

~O · ~M = −ρm (2.8)

where the magnetic charge ρm is purely mathematical. In Appendix A.3 an example is
evaluated how a magnetic object can be approximated by two opposite magnetic charges. The
disadvantage of this method is that close to large surface poles the model can not be applied,
but further away it will be a good approximation (see Figure 2.14). Another option would be
to calculate the magnetic field by integrating over all the magnetic charge density using the
Coulomb law. The disadvantage of this method is that the differential equations to calculate
the charge distribution are complicated to solve and can only be determined numerically using
a Finite Element Method, which gives much less insight than a mathematical description.

2.3.3 Magnetic forces

Magnetism always occurs in dipoles, and there is no evidence for the existence of magnetic
monopoles or net magnetic charge. To keep calculations feasible and obtain some insight into
the forces which are playing a role, the magnetized disk and sphere employed in this thesis can
be approximated with magnetic dipoles to calculate the force between the disk and bead when
the distance is large. For smaller distances other assumptions are made.

Force and torque

The force on a magnetic charge in a magnetic field ~B is analog to the force of an electric charge
exerted by an electric field, which is the charge times the field.

~Fm = qm ~B (2.9)

A dipole in an object is bound to a certain distance d, and it contains two equal opposite
charges qm. Multiplying these two dipole properties leads to a dipole moment m.

~m = qm ~d (2.10)

+

-

B

d
F+

F-

Figure 2.10: Two opposite charges feel opposite forces in a uniform magnetic field.

The torque on such a dipole is the cross product between the displacement vector ~r and the
force ~F . Therefore the force on a dipole can be calculated by filling in Eq. 2.9 for the force, see
also Figure 2.10. This leads to the general expression for the torque on a magnetic dipole.

τm = r × F = 2 1
2
~d× ~B qm = d qm B sin(α) = m B sin(α) (2.11)

On the dipole a torque is exerted until it is aligned with the external field. Suppose the
magnetic dipole is placed in a non-uniform magnetic field, then the positive and negative charge
will experience a different force due to the magnetic field gradient, see Figure 2.11. When the
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+-

B

B

d F+F-

Figure 2.11: Two opposite charges feel different opposite forces in a non-uniform magnetic field,
resulting in a net force.

distance d between the two magnetic charges is small, the difference in magnetic field strength
is the gradient of the magnetic field O ~B times the distance d.

~Fmd = Σ ~Fm = qm ~d O ~B = qm ~d · O ~B = (~m · O) ~B (2.12)

If the magnetization ~m is not dependent of place, this expression for the force on a magnetic
dipole could also derived using the energy equation

~F = OUmag = O(~m · ~B) =̂ (~m · O) ~B (2.13)

This is the general expression for the force of a magnetic dipole [7, 41]. When the magnetic
field is not linear and the separation distance d is large, the forces on the two opposite charges
can be calculated separately to make a better estimation of the net force.

The far-field force

For calculating the far-field force of the disk on the bead, twice a dipole approximation is made.
First the field of the magnetized disk is evaluated using a standard expression for the far-field
of a dipole. Next the force on the bead placed in this field is calculated.

In Appendix A.4 the magnetic moment of an in-plane magnetized disk is calculated, the
result is

md = Msd h R
2 π = Msd Vd (2.14)

where Msd is the saturation magnetization of the disk, h is the disk thickness, R is the
disk radius, and Vd is the volume of the disk. Using this expression the magnetic field at large
distance of the magnetic dipole along the dipole axis can be calculated. The far-field expression
for the dipole magnetic field is

Bd =
µ0

4 π

md

r3
(2.15)

where r is the distance from the disk. The assumption is made that the magnetic bead is not
used in the saturation region, since this requires a very large magnetic field. The magnetization
of a superparamagnetic bead is ~Mb and the difference between the susceptibility of the magnetic
bead and water is 4χ. For this bead placed in a magnetic field ~Bext holds

~Mb =
1

µ0

4χ
(1 +4χ)

~Bext =
χeff
µ0

~Bext (2.16)

where χeff is the effective magnetic susceptibility of the bead. The dipole moment of the
bead is the magnetization times the volume of the bead

~mb = Mb Vb =
Vb χeff
µ0

~Bext (2.17)

The force on a magnetic dipole is dependent on the magnetization of the bead and the
gradient of the magnetic field (see Eq. 2.13). The magnetic field generated by the disk can be
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2.3. Interaction force between disk and bead

used for the external field of the bead magnetization equation. The force on the bead can be
calculated by

~Fb = ( ~mb · O) ~Bd =
Vb χeff
µ0

( ~Bd · O) ~Bd =
Vb χeff
µ0

(µ0 md

4 π

)2 1

r3

∂ 1
r3

∂r

=
Vb χeff µ0 m

2
d

16 π2

−3

r7
=

µ0

16 π2
(Vb V

2
d ) (χeff M

2
sd)
−3

r7
(2.18)

Despite of all the assumptions this is a quite large equation. The most interesting for our
application is the scaling of the force on the bead as a function of geometry, magnetic properties
and distance. The force is proportional with the volume of the bead Vb and to the square of the
volume of the disk Vd. The force on the bead has a squared dependence on the magnetization
of the disk Md, but a linear dependence on the susceptibility of the bead χeff . The force drops
very rapidly an increasing distance r, with one over the distance to the power seven. The force
is directed towards the disk. Hence the far-field bead force dependents quadratically on the
magnetic moment and volume of the disk and decreases inversely to the power seven with the
distance.

The near-field force

Because the magnetic charge of the disk is positioned at the border of the disk, the largest force
is exerted on the magnetic bead near this border. Therefore the force on the bead is calculated
near this border, since the bead is positioned here. The magnetized disk has a magnetic surface
charge on the border as shown in Figure A.7. The magnetic bead which is near this border will
try to mirror this magnetic charge, and as a consequence the two are attracted to each other.
To make a rough estimation for this force between this disk and sphere, some assumptions are
made. Assumed is that the disk is in saturation, because of the large external magnetic field.
Due to this uniform magnetization, there is a charge density on the side of the disk which is
uniform over the height of the disk. When a cross section is taken, there is a line of magnetic
charge, see the blue line in Figure 2.12. Hence the attraction force between two equally charged
sheets is calculated in this model.

Figure 2.12: Close-up of the edge of the magnetized disk, in blue the magnetic charge of the
disk and in red the magnetic counter charge on the sphere.

The surface charge ρs of the disk is uniform and equal to the saturation magnetization Ms

with a minus sign. The magnetic counter charge of the sphere will be equal to this charge,
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assuming that the relative permeability µr of the sphere is high. To simplify the calculations
the assumption is made that the distance over which this counter charge is spead is equal to
the height of the disk h (see Figure 2.12). The problem will be analyzed in two-dimensions, in
order to obtain a practical expression for the force between the disk and the sphere.

The approach of this problem is to first calculate the magnetic field ~H of the magnetic
charge of the disk, by integrating over the surface charge ρs. The second step is to integrate this
magnetic field ~H over the magnetic counter charge, this results in the attractive force between
the disk and the sphere. The derivation of these integrations can be found in Appendix A.5.
The resulting equation for the attraction force is the quite simple expression

Fb =
µ0

2 π
M2

sd (hd ld 1.73) (2.19)

Disk

Sphere

lb

Figure 2.13: Magnetized disk with sphere, on the right the interaction distance lb.

The saturation magnetization Msd is a property of the disk material, for permalloy
8 105 A/m [22]. The disk height hd is a geometric property, set during the manufacturing. The
distance lb is the interaction distance between the bead and the disk, as shown in Figure 2.13.
This distance can be set to one sixth of the disk radius Rd

6
.

The equation can be split into different parts: the (h ld 1.73) part is a geometry factor, a
larger interaction distance and a thicker disk will increase the magnetic force. The saturation
magnetization Ms is a material factor. The magnetization of the disk and bead must be as high
as possible to maximize the force, since the disk magnetic charge is mirrored by the sphere.
When the magnetization in the disk is rotating, the distance is approximately the same. So
when the bead is following the magnetization, the force will be in the same order of magnitude.

Possible model improvements

It is possible to improve the near-field model for the magnetic force on the bead. The bead is
filled with small (approximately 50 nm) superparamagnetic magnetite particles. These all get
separately magnetized, and the magnetic field H exerts a force on each magnetic particle in
the bead. The percentage of magnetite Fe3O4 in the polystyrene bead is about 3% [21]. The
force on the bead could be calculated by integrating the field, generated by the magnetized
disk, squared over the diameter of the bead

Fy =
∂Umag
∂y

=
∂
∫
V

1
2
~Hy · ~BdV

∂y
=
∂
∫ h2

h1

1
2
µ H2

y A(y)dy

∂y

=
1

2
µ

∫ h2

h1

∂H2
y A(y)

∂y
dy

=
1

4

ρs µ

2 π

∫ −s

−s−2 R

∂ ((ln (y2
1)− ln ((h− y1)2)))

2
(π (R2

b − (y + s+Rb)
2))

∂y
dy (2.20)
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which is hard to solve. It can be done numerically in order to get a better estimation of the
force on the bead. The disadvantage of this method is that it gives less insight into the working
mechanism and scaling, and all the geometric variables must be known to get a solution. Hence
this integral is not solved in this thesis.

2.3.4 Near-field simulations

To check whether the previous calculations are correct, a simulation is done in COMSOL1.
First of all the dipole approximation is checked by comparing the simulated near field of the
disk by the dipole approximation. Next the calculations on the two charged sheet model for
the near-field force are verified by simulating two charged sheets and evaluating the forces.

Two charge model

As can be seen in Figure 2.14, close to the disk the magnetic field of the analytical point charge
approximation is off with the simulated field. For larger distances the two charge model is a
good approximation compared to the simulated field.

Figure 2.14: In green the point charge approximation and in blue the COMSOL simulation
result, the height of the disk is 500 nm.

Near-field force

Previously the field of a charged sheet was calculated in order to calculate the near-field force.
To verify this field, also simulation is performed. In Figure 2.15 the resulting field is shown,
which has the same shape as the field earlier calculated. In simulation the force can easily be
evaluated by integrating the field over the line charge and multiplying it by the charge density.
The result of the analytic equation can then be evaluated by substituting the variables, which
are chosen in the simulation, in Eq. 2.19.

Calculation Simulation
h=0.5 3.89 · 1011 3.89 · 1011

h=1 7.78 · 1011 7.77 · 1011

Table 2.1: Results for the near field force evaluated by means of calculation and simulation.

1COMSOL Multiphysics 4.2a using the Magnetic Fields (mf) physics module, unless otherwise noted the
MUMPS solver is used.
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Figure 2.15: On the left the mesh is shown (boundary box is 50*h), and on the right the field
of one charged sheet is plotted.

The calculation and simulation are compared for two different values of height h, the result
can be seen in Table 2.1. It can be seen that both methods give the same results, the derivation
of the field (Eq. A.17) and integration done of this field (Eq. A.19) are correct.

Interesting is the decrease of the force as a function of the bead separation distance, which
could easily be evaluated using simulation. The horizontal charged sheet is moved down with
a certain distance, which is expressed normalized by the disk height hd.
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Figure 2.16: The normalized attraction force as a function of the distance.

The drop of the magnetic force as function of the distance can be seen in Figure 2.16. At
a distance of five times the disk height (5 h) the force is still about one tenth of the maximum
force close to the vertical sheet. The consequence for the experiment is that a large interaction
force can only be achieved when the distance very small.

2.3.5 Remarks on the bead force

Important material parameters which influence the force exerted on the bead are the disk
saturation magnetization squared M2

d and the susceptibility of the bead χb. These must be as
high as possible for a large force on the bead. When the disk is in saturation, the magnetization
will not increase with a larger magnetic field strength. The used beads are hard to saturate,
hence a larger magnetic field strength will increase the bead magnetization and therefore the
force on the bead.

The magnetic force is a volume force, a larger geometry gives a larger force. Therefore the
volume of the disk has a large influence on the force, however the radius of the disk is fixed
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2.3. Interaction force between disk and bead

by the chosen channel width. Hence the geometric parameter that could be maximized is the
thickness of the disk hd. The disk must be as high as possible to optimize the magnetic force.
Another parameter influencing the force is the distance between the disk and the bead, the
larger distance between the bead and the disk, the less force is exerted on the bead. When the
disk is not clean, the bead-disk distance is larger. Hence the disk must be clean, and a possible
coating layer of the disk or the bead must be as thin as possible.

In the previous analysis a high susceptibility of the beads (µr > 30) is assumed, causing
the magnetic charge of the disk to be mirrored by the bead. If the susceptibility is lower, the
analysis is more complex. The problem is not analytically solvable, because the bead creates
an internal field, making it difficult to determine where the magnetic charges are located. To
analyze this, a finite element method is required.

An option to increase the force is to apply the external magnetic field under a certain angle,
such that the magnetic charges of the bead generated by the external field are located closer
to the disk. Another possibility is to change the geometry such that more force is exerted on
the beads compared to the torque on the beads, with for example an array of pillars instead of
disks.

18 of 88



Chapter 2. Magnetism

2.4 Magnetic field control

In previous section the force on the bead is modeled when a certain external magnetic field is
applied. This magnetic field is the driving source of the system. Two main options exist to
locally generate a rotating in-plane magnetic field: with physically rotating permanent magnets
or with a set of solenoids. The latter, magnetic quadrupole setup, is chosen for the control of the
magnetic field. The advantages of such a setup are that the field is precisely controlled and can
simply be varied in strength and frequency by changing the current signals. The disadvantage is
the relatively low magnetic field strength and low achievable frequencies compared to rotating
magnets. Also the quadrupole setup requires a control circuit. In this section the magnetic
field generated by the quadrupole is studied. The basis for this analysis is the derivation of the
magnetic field of a wire and long solenoid, which can be found Appendix A.6.

2.4.1 Magnetic quadrupole

A quadrupole construction is used consisting of four solenoids in combination with a round
iron construction with four pole shoes to the middle, as shown in Figure 2.17. Such a setup is
relatively compact and can generate a rotating magnetic field between the poles by applying
current signals to the solenoid pairs which have 90o phase difference.

Figure 2.17: Top-view quadrupole setup with four solenoids shown for a possible field angle. [12]

The idea of the quadrupole setup is to generate a controllable rotating magnetic field. It is
assumed that the direction of the magnetic field in the center is known by the current direction
of the solenoids. The magnitude of the generated field can be analyzed with an equivalent
electronic circuit, this analysis can be found in Appendix A.7. For the magnetic field in the air
gap of the quadrupole holds

Bg =
4 ·N · I · µ0

lg
(2.21)

The magnetic field in the air gap depends on the number of turns N , the current through
the solenoid I and the gap size lg (see also Eq. A.33). In practice the magnetic field between
the poles is smaller than shown in Eq. 2.21, because a part of the field goes through the iron
next to the air gap instead of through the air gap. In the derivation the assumptions were
made that the permeability of the iron is very high (µr >> 1), soft magnetic, and not in the
saturation region. Under the pole surfaces the field will drop approximately inversely with the
distance squared

(
1
r2

)
, similar to the field of a point charge.
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2.4.2 Available quadrupole

Figure 2.18: A picture of the used quadrupole with the four pole shoes. [12]

From the TST-group a quadrupole was available, a picture is shown in Figure 2.18. The
properties of the quadrupole can be filled in Eq. 2.21 to make an estimation for the magnetic
field between the poles. The coils each have 600 turns (N), the current through the solenoids
(I) can be varied, which is set for the calculations and simulations on 1 ampere. The magnetic
field follows this current proportionally, until the magnetization of the iron saturates, which is
normally at very high fields. The gap between the poles (lg) is approximately 1 cm. This gives
a magnetic field in the gap of 0.3 tesla.

2.4.3 Simulation of the generated field

To simulate the quadrupole, it is drawn in COMSOL2, see Figure 2.19. The model of the
iron is simply a material with a large µr. Magnetic losses and other hysteresis effects are not
included in the model. It is possible to simulate such effects, but this will complicate the model
and simulating these second order effects is not the aim here. The solenoids are modeled as
a remanent flux density Br on the areas where the solenoids on the iron are located. The
expression for this Br is the expression for the magnetic field H of a solenoid (see Eq. A.33)
multiplied by the large permeability µ. The equation used in COMSOL is

Br =
N I

L
µr µ0 (2.22)

Parameter Value
Current through the solenoid I 1 A
Solenoid turns N 600
Solenoid length L 3 · 10−2m
Relative permeability µr 10000

Table 2.2: The parameters used for the simulation of the quadrupole.

2COMSOL Multiphysics 4.2a using the Magnetic Fields (mf) physics module
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The parameters which have been used for simulation are shown in Table 2.2. The result of
this simulation is shown in Figure 2.19. The maximum value of the magnetic field in the center
of the poles is about 225 mT . Only a x-component is present in the middle of the poles. The
maximum value of the simulation is about 225 mT , which is lower than the 300 mT earlier
calculated. This difference is mainly caused by the field lines going through the side poles,
shown in Figure 2.20.

Figure 2.19: The magnetic field in the middle of the quadrupole is plotted, see the red line on
the left. The figure is generated using COMSOL simulation.

Figure 2.20: The magnetic field for a 0o driving signal, generated using COMSOL. On the left
the direction of the magnetic field at a distance of z = 0.5 cm below poles, and on the right at
y = 0 cm is shown.

The shape of the magnetic field has also been investigated. The direction of the generated
magnetic field at 0.5 cm below the poles is simulated, since the chip is located at this distance.
This field should be in-plane, else it could influence the behavior of the magnetic elements in
the chip. The field angles of 0o and 45o to the x-axis are investigated, the other angles are
a combinations of these two field angles. The result of the simulation of these field angles is
shown in Figure 2.20 and Figure 2.21.

In the center of the quadrupole the generated field only has an in-plane component. When
the distance from the center is larger, the field has also an out-of-plane angle and the magnitude
of the field decreases. The effective in plane component will decrease rapidly. This process
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Figure 2.21: The magnetic field for a 45o driving signal, generated using COMSOL. On the left
the direction of the magnetic field at a distance of z = 0.5 cm below poles, and on the right at
y = 0 cm is shown.

occurs about the same for the two different angles. A small advantage of the simulation results
is that when the distance z is larger, the field will be more in plane. Therefore the shape of the
magnetic field is better when the chip is removed further from the poles, but the magnitude is
much smaller. The disadvantage is that only the stray field of the quadrupole is used for the
experiment, the strongest part of the generated magnetic field could not be reached, since the
gap is too small.

2.4.4 Conclusion on quadrupole

Based on theory and simulation it is important that the channels with the magnetic material
are located close to the center of the quadrupole. The magnetic field will drop quite rapidly
with the distance below the poles, therefore this distance must be as small as possible for a
large magnetic field. The shape of the magnetic field near the center of the poles is good, but
when this distance becomes too large, the in plane component will drop. Near the center of
the poles a large uniform field is present for all angles.
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Chapter 3

Fluidics

In the previous chapter the magnetic theory was discussed in order to estimate the motion of
the magnetic beads and the forces on these beads. How the fluid reacts to these moving beads,
is investigated in this chapter. The purpose of the moving beads is to directionally displace
liquid, creating a net pumping motion.

3.1 Fluid flow

The first step of the analysis of the beads moving in fluid is to investigate which fluidic effects
are dominant. The flow regime is derived on basis of the Reynolds number. Based on this the
flow can be determined.

3.1.1 Reynolds number

The fluid flow can be described using the Navier-Stokes equations. Different regimes can be
characterized using the Reynolds number, whereby for high Reynolds numbers (much larger
than 1) inertial forces are dominant. This flow is non-linear and may be turbulent, and complex
models are required to simulate this flow. On the other end of this scale is the flow for low
Reynolds numbers, in this regime the viscous forces dominate. This flow is laminar and time-
reversible. In Figure 3.1 some flow profiles are shown of a flow past a cylinder for low and
higher Reynolds numbers.

Figure 3.1: Flow past a cylinder for various Reynolds numbers [15]

The Navier-Stokes equation can be decomposed into different parts which contribute to
different elements of the fluid flow. From this scaling it follows that the ratio of inertia terms
to the viscous terms scales as the Reynolds number
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Re =
inertial forces

viscous forces
=
ρf u L

η
(3.1)

Here is ρf the density of the fluid, u is the speed of the fluid. L is the characteristic length
scale, which in case of a sphere is about its diameter and η is the dynamic viscosity. The
Reynolds number of our experiment can be estimated using this equation

Re =
ρf u L

ηw
=

103 kg
m3 10−3 m

s
10−5 m

10−3 kg
m s

= 10−2 (3.2)

The resulting Reynolds number is very low, so that the inertia terms of the Navier-Stokes
equation may be neglected. The resulting flow is called Stokes flow or creeping flow, where the
viscous forces dominate over the inertial forces. In case of an incompressible Newtonian fluid,
the Stokes equations can be written as

−5p+ η52 ~u = 0 (3.3)

5 · ~u = 0 (3.4)

The Stokes flow equations are a great simplification compared to the complete Navier-Stokes
equations, and the only variables are the pressure ~p, the viscosity η and the velocity ~u [5, 39].
The properties of Stokes flow are discussed in the next section.

3.1.2 Stokes flow

For low Reynolds numbers the fluid flow can be calculated using the Stokes equation, in which
viscous forces are dominant. This viscous or Stokes flow has the following properties:

� Instantaneous. The flow has no dependence on time. Given the boundary conditions the
flow can be found without knowledge of the flow at any other time.

� Linear. The equation is linear, so that the response of the flow will be proportional to
the applied forces. Linearity also means that the superposition principle can be applied,
individual solutions may be added to calculate their combined effect.

� Time-reversible. A time-reversed Stokes flow solves the same equations as the original
Stokes flow. If the same movement is performed in reversed direction, the original fluid
situation is achieved [5]. An example of this is shown in Figure 3.2

Figure 3.2: Stills of a video showing Stokes flow. Three different colors are inserted into a very
viscous fluid. The inner cylinder is turned clockwise and then it is turned anti-clockwise for
the same amount of turns. In the last still it is shown that the colors are separated as in the
original situation. [3]

3.1.3 Drag of moving bead

The magnetic force causes the bead to circle around the disks. The bead is moving through a
liquid (an aqueous solution), therefore it will feel some drag or resistive force. Ideally the bead
follows the rotation frequency until the drag force is larger than the magnetic driving force. In
this section an estimation is made of the drag force of a moving bead in water.
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Free space

A minimum value for the drag force can be obtained by calculating the drag of a sphere in
free liquid space. The drag force of Stokes flow along a sphere is algebraically solved, and the
following equation holds for this force

~Fd = −6 π ηw Rb ~u (3.5)

where ηw is the viscosity of water, Rb is the radius of the sphere and ~u is the velocity of
the sphere. The drag force is always directed such that it opposes the movement. The linear
property of Stokes flow is present, the drag force is linear with the velocity. [25, Page 289-291]

Figure 3.3: Stokes flow around sphere [15].

The flow lines of the Stokes flow around a sphere are shown in Figure 3.3. The drag force
scales proportionally to the velocity u and to the sphere radius Rb.

Close to wall

In the previous section the drag force of a sphere in free space is shown. Movement near a wall
increases the drag force, leading to a correction factor λ, which takes this extra wall drag into
account. This factor is a function of the distance to the wall δ, see Figure 3.4. The expression
for the drag force becomes

~Fd,wall = −6 π η R ~u λ(δ) (3.6)

Figure 3.4: Sketch of sphere with velocity ~ub at a wall distance δ.

There exist different models for this extra drag factor near a wall. The theory of Faxén
is chosen, since this theory models the drag force in the form of a rather simple polynomial
function [18]. The correction factor can be expanded to a fifth order polynomial function, but
here only the first order approximation will be used

λ(δ) =

[
1− 9

16

(
1

1 + δ
Rb

)]−1

(3.7)

where δ is the gap-width between the bead and the wall. The smaller the wall gap becomes,
the larger the drag force. The correction factor doubles the drag force when the gap-width δ is
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equal to 1
8
Rb. With a constant rotation frequency the velocity is constant, therefore the drag

force on the bead has the largest value near the side wall.

3.2 Fluid displacement

To make an estimation of the net fluid velocity in the channel, different models can be used. In
this section different models are presented and discussed, including their pumping speed and
scaling properties. Also some simulations have been performed to make a better prediction of
the flow profile in the channel.

3.2.1 Pressure approximation

Figure 3.5: A series of spheres moving with separation distance ∆x.

First the average channel velocity is calculated by assuming a flat channel where the
moving spheres create a pressure difference along the channel. Consider a sphere moving in a
microchannel with a velocity ~ub parallel to the wall, see Figure 3.4. The magnitude of the drag
force on the sphere is equal to the force exerted on the fluid. If the friction with the walls is
neglected, the drag force is equal to a moving sphere in free space as shown in Eq. 3.5. The
average pressure difference ∆p in the channel is the force Fd divided by the cross-sectional area
of the channel Ac.

∆p =
Fd
Ac

=
Fd
h w

(3.8)

where the height of the channel is h and the width of the channel is w. Suppose a series
of beads separated by a distance ∆x generate a flow in the channel, see Figure 3.5. In flat
microchannels the average fluid flow uc is dependent on the pressure gradient, the viscosity η
and the channel height h [13]

uc =
h2

12 η

∆p

∆x
(3.9)

With Eq. 3.5, Eq. 3.8, and Eq. 3.9 the ratio between the average channel liquid speed uc
and the speed of the bead ub can be calculated.

uc
ub

=
h2

12 η

6 π η Rb

∆x h w
=

6 π

12

h

w

Rb

∆x
(3.10)

This rough approximation gives some insight in the magnitude and scaling of the pumping
motion. The channel velocity is not dependent on the viscosity. A wider channel will decrease
the flow rate, since there is more volume to displace. A higher channel will increase the flow
rate (less resistance), however under the condition that the flat channel approximation still is
valid. Larger beads will displace more fluid, especially when they are placed close to each other
(small ∆x).
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3.2.2 Asymmetry

Figure 3.6: A symmetric bacterium will not swim (red), since the forward stoke (black) is equal
to the backward stoke (gray). However an asymmetric bacterium will swim (green), because
the backward stroke is different from the forward stoke. [5]

To create a net fluid displacement by a pumping or swimming motion, some asymmetry
must be present in the performed motion. An example is the bacteria shown in Figure 3.6.
The red bacterium has the same forward as backward stroke, it does not generate a net fluid
displacement. The green bacterium has a different backward stroke, so it will create a net fluid
displacement in one direction, the bacterium is swimming.

The same principle holds for the pumping motion of a rotating sphere in a microchannel,
asymmetry is required to pump fluid into one direction. In other words, the volume
displacement during the forward stroke, must be different from the volume displacement during
the backward stroke.

Figure 3.7: A symmetric bead setup will not have a net fluid displacement (red), but an
asymmetric bead setup will displace fluid (green).

A solution not affecting the pumping motion, is to place the moving sphere near the side wall
of the channel. A schematic picture of pumping is shown in Figure 3.7, and the idea is analog
to the swimming of the bacterium. The red bead does not produce a net volume displacement,
since the forward stoke produces the same displacement as the backward stroke. The green
bead does however produce a net volume displacement, since the forward stoke is approximately
the same as the red bead, but the volume displacement of the backward stroke is much smaller.
The ratio between these two volume displacements mainly depends on the distance to the wall,
therefore this factor mainly influences the pumping efficiency. The magnitude of the volume
displacement depends on the size and the path of the bead. The position and the path are
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determined by the place and the size of the magnetic disks in the channel. The pumping speed
is the volume displacement multiplied by the rotating frequency of the bead. To investigate
the pumping efficiency, a pumping efficiency ηp is defined

ηp =
Vf − Vb
Vf

(3.11)

Here Vf is the volume displacement during the forward stroke and Vb is the volume
displacement during the backward stoke. To optimize the efficiency, the volume displacement
during the backward stroke Vb has to be minimized. If the two strokes take the same amount
of time and have the same pumping curve, the efficiency can be written as a fraction of fluid
velocities

ηp =
|uf | − |ub|
|uf |

(3.12)

Here |uf | is the fluid pumping velocity during the forward stroke and |ub| is the fluid pumping
velocity during the backward stroke. From this it follows that the fluid velocity caused by the
backward stroke must be as small as possible compared to the forward stroke.

3.2.3 Flow profile integration

An approximation of the relative difference between the forward and backward stoke can be
obtained by integrating the velocity profile of a moving sphere in liquid, over two different
surfaces. As integration boundaries for these surfaces the edges of the channel are chosen,
whereby in one situation the bead is located in the middle of the channel and in the other
situation the bead is located near the edge of the channel. The no-slip condition of the wall is
completely neglected, nevertheless it will give an estimation for the asymmetry between the two
situations as shown in Figure 3.7. The result will give an indication for the pumping efficiency
of the system. The Stokes flow for a moving sphere in the Cartesian coordinate system is
derived in Appendix A.8. For the velocity component in the direction of the moving bead holds

ux = ub − ub cos2(θ)

(
1− 3R

2r
+
R3

2r3

)
+ ub sin

2(θ)

(
1− 3R

4r
− R3

4r3

)
(3.13)

Stokes flow of a sphere

Figure 3.8: A schematic of the flow profile around a sphere calculated using Eq. A.44 and
Eq. A.45, the integration boundary of Eq. 3.14 is displayed as a green line.
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The ratio between the average channel velocity and the bead velocity can be calculated
by integrating the flow profile ux (Eq. 3.13) over the channel boundaries, and dividing by the
channel surface. A schematic of this integration can be seen in Figure 3.8.

uc
ub

=

∫∫
ux(x, y, z)dA

Ac ub
=

1

h w ub

∫ −h/2

h/2

∫ z

z−w
ux(x, y, z) dz dy

]
x=x0

(3.14)
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Figure 3.9: The flow velocity ratio of Eq. 3.14 as a function of the distance from the wall
(left-hand side), and the relative decrease of flow near the wall compared to the middle of the
channel (right-hand side).

This integral was evaluated numerically1, since it was not possible to find an algebraic
solution. The result of the numerical evaluation is shown on the left in Figure 3.9. The z-
coordinate is the position of the center of the microsphere. A channel width w of 100 µm was
chosen, so z = 50 µm is in the middle of the channel and z = 0 µm is on the edge of the
channel. The other parameters used are: channel height h of 15 µm, bead radius Rb of 6 µm,
the integration distance x0 is chosen as 11

2
Rb = 9 µm.

The average channel flow rate in the middle of the channel is 0.55 times the bead velocity ub,
this is a large flow rate, caused by neglecting the slip of the walls. The pressure approximation
of the previous section gave an average channel flow rate of 0.01 ub with the same parameters
and a sphere spacing ∆x of 100 µm. Calculating the exact flow profile with the wall slip
condition taken into account is beyond the scope of this assignment. In simulations the flow
profiles for the different situations are further evaluated, see next section.

The asymmetry in the average channel velocity was obtained by the integration of the flow
profile and is shown in Figure 3.9 on the right. The relative decrease in flow velocity of a sphere
near the wall is 82% compared to the flow velocity in the middle of the channel. This means
that the pumping efficiency, as defined in Eq. 3.12 is 18%. This efficiency can be optimized by
performing the forward stoke in the middle of the channel and the backward stoke as close to the
wall as possible. The risk is that the drag force near the wall can become too large, disturbing
the rotational motion of the bead around the disk (see Section 3.1.3). The flow ratios for other
channel heights were also evaluated, but virtually no dependence on the channel height was
found.

3.2.4 Simulation of flow profile

In order to investigate the flow profile, simulations of moving beads were done. First straight
moving spheres were simulated in 3D, to obtain the flow profile of the sphere moving in the

1Matlab R2011b was used to evaluate the integral with a number of parameters, it was performed in a
parallel for-loop (parfor) to profit from the multicore processor computing power minimizing the computing
time.
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channel. Next a simulation in 2D is performed to get an estimation of the time dependent flow
profile of a rotating bead.

Sphere moving straight in channel

A stationary simulation of a sphere with a velocity parallel to the channel wall is performed
in COMSOL2. For this three dimensional simulation a channel with a length of 200 µm and a
sphere radius of 6 µm are chosen. The boundary condition for the outlets is 1 bar (105 Pa).
The resistance of the channel is influenced by the channel length and therefore also the flow
rate magnitude at the end of the channel. The simulation results of a sphere moving in the
middle and near the wall of the channel are shown in Figure 3.10 and Figure 3.11.

Figure 3.10: Stokes flow of a sphere moving parallel to the wall in the middle of the microchannel
(top view). The color indicates the magnitude of the flow in the horizontal direction, the arrows
indicate the direction of the flow.

Figure 3.11: Stokes flow of a sphere moving parallel to the wall close to the side wall of the
microchannel (top view). The color indicates the magnitude of the flow in the horizontal
direction, the arrows indicate the direction of the flow.

A net fluid flow in the direction of the sphere of 0.02 times the bead velocity ub was generated.
For the flow profile of the sphere moving in the middle of the channel two vortices are formed.
These vortices decrease the net flow, since they have a negative contribution to the flow. The
flow profile of the sphere moving close to the wall has one vortice. The sphere moving closer
to the wall, feels a larger drag force, tut this force acts on less volume, so in total less volume
is displaced. The flow profile of two moving spheres in opposite direction is also simulated,
see Figure 3.12. The largest part of the flow at the end of the channel is canceled out. The
time-dependent pumping motion is investigated in the next section.

2COMSOL Multiphysics 4.2a using the Creeping flow (spf) physics module, incompressible flow and
neglecting inertial terms.
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Figure 3.12: Stokes flow of two spheres moving in opposite direction (top view). The color
indicates the magnitude of the flow in the horizontal direction, the arrows indicate the direction
of the flow.

Rotating sphere

A time-dependent simulation of the pumping motion of a rotating sphere was done in
COMSOL3. To simulate the bead fluid interaction the fluid-solid module was used, and a
force was applied to the bead causing the fluid to move. The simulation was performed in two
dimensions, since the situation is symmetric in the z-direction (depth). The moving sphere
makes the simulation quite challenging, nevertheless the 2D simulation was successful. A 3D
simulation however was too complex, mainly because of meshing issues. A channel length of
250 µm and a width of 100 µm were chosen, and the outlet pressures were 1 bar (105 Pa).
The sphere was modeled as a solid material, on which a very strong force in a circular motion
was exerted. Since the sphere is moving, autoremeshing was required during solving. The
simulation result of the flow on 8 moments of one period is shown in Figure 3.13.

During the forward stroke a fluid flow with some small vortices is generated. During the
backward stroke a smaller fluid flow in the other direction is generated. When the bead is
moving perpendicular, there is no flow at the end of the channel. To investigate the net pumping
motion, the velocity in the horizontal direction is averaged over the end of the channel. The
result of this averaged flow as a function of time can be seen in Figure 3.14.

There is a clear asymmetry in the fluid displacement of the forward and backward stoke.
The flow rate during the forward stoke is −16.9 µm/s, and the flow rate during the backward
stoke is 11.3 µm/s. This gives an average simulated pumping efficiency of 33%.

3COMSOL Multiphysics 4.2a using the Fluid-Structure Interaction (fsi) physics module, incompressible flow
and neglecting inertial terms. Solver settings: Fully coupled, direct MUMPS solver and automatic remeshing
with a minimal mesh quality condition.
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Figure 3.13: Stokes flow of a circle making a circular motion in the microchannel (2d simulation).
The color indicates the magnitude of the flow in the horizontal direction, the arrows indicate
the direction of the flow.
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Figure 3.14: The average output flow of the moving circle (2D simulation) at the end of the
channel as a function of time, the average flow is −5.6 µm/s.
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3.2.5 Summary on fluid displacement

The parameters determining the pumping speed have been derived by analyzing the flow in the
channel. A very low Reynolds number was calculated, so the flow regime is laminar or Stokes
flow: viscosity dominates inertia effects. In Stokes flow it is important to have an asymmetry
in the moved volume to generate a net pumping effect, since no asymmetry is present due
to turbulence effects. In the chosen pumping system the pumping speed is depending on the
distance from the wall, the size of the bead and the rotation frequency.

To maximize the net pumping flow it is essential to optimize the pumping efficiency. The
efficiency per stroke is dependent on the distance between the sphere and the side wall. The
forward stoke of the sphere should occur in the middle of the channel and the backward stoke
as close to the wall as possible. When the bead is closer to the wall more force is required to
move it with the same velocity, which may disturb the circular motion. A theoretical pumping
efficiency of about 18 % was calculated, whereas the simulated pumping efficiency was 33%.
A cause for this difference in efficiency is the neglect of the slip of the wall in the calculation,
they are however in the same order of magnitude.

3.3 Maximum rotation frequency

Figure 3.15: In the top the situation a paramagnetic isotropic bead and below the situation of
a ferromagnetic or anisotropic bead is behaving as a permanent magnet.

As described earlier, the magnetic microspheres follow the rotating magnetization of the
permalloy disk. When the magnetic field is very strong, the beads can follow the magnetization.
However starting from a certain frequency the circular motion of the bead is disturbed. This
is mainly caused by three components:

� With an anisotropy in the magnetic microsphere (an easy axis) or a remanent magnetiza-
tion, a torque on the sphere arises [24]. When this torque starts to dominate the magnetic
force exerted by the poles of the magnetized disk, it disturbs the motion, as shown in
Figure 3.15. The result is that the microspheres circle around the disk and spin around
their axis, leading to a hypotrochoidial path4 as shown in Figure 3.16.

� When the magnetic material of the disk is of bad quality, it is possibly that the disk can
not follow the rotation of a magnetic field for higher actuation frequencies. The magnetic
domains or their magnetization can be disturbed such that near the edge no strong poles
are present. The result is a lower magnetic force on the sphere. A lower force can also be
caused by bad magnetic properties of the magnetic microsphere.

� When the sphere is moving close to the wall, the drag force of the liquid is larger for
a constant frequency. Therefore more likely is that the movement of the sphere will be
disturbed near the wall.
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Figure 3.16: A drawing of a hypotrochoid (a=3 b=0.3 h=0.5).[43]

It is difficult to find an exact expression for the maximum rotation frequency, since it
will depend on very specific material parameters. And even if all these parameters would be
known, this should be simulated with a finite element method because of the complexity, which
is beyond the scope of this assignment. Nevertheless with the given relations it is possible
to optimize the maximum rotation frequency. In practice also the cleanness of the permalloy
disks is important, since a larger distance between disk and sphere causes a smaller force on
the sphere and roughness causes extra friction for the rotation motion. In theory it is possible
that a small phase delay is present between the external magnetic field and the movement of
the sphere, but in practice this is difficult to measure and a too large phase delay disturbs the
circular motion.

4A hypotrochoid is a roulette traced by a point attached to a circle of radius b rolling around the inside of a
fixed circle of radius a, where the point is at a distance h from the center of the interior circle. The parametric
equations are: x(t) = (a− b)cos(t) + h cos(a−b

b t) and y(t) = (a− b)sin(t)− h sin(a−b
b t).[43]
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Chapter 4

Chip design and fabrication

In order to do experiments a microfluidic chip is designed and fabricated. The theory of Chapter
2 and Chapter 3 has been the basis for the design of the chip. Based on a set of requirements
the design choices are explained. Next the fabrication methods are explained, including the
problems encountered with manufacturing with the permalloy.

4.1 Design choices

The channel and disk geometry must be tuned to the bead size. The chip can be designed
freely, whereas the choice in the sizes and properties of magnetic beads is limited. Many of the
available magnetic microbeads have a diameter below 5 µm, for example the Dynabeads are
only available in 4, 2 and 1 µm. For this reason the beads are chosen first and based on their
size the chip is designed [21].

4.1.1 Chosen magnetic microspheres

The magnetic beads have to be large, since the magnetic force scales with their volume. Another
requirement is that the remanent magnetization must be as small as possible, to achieve a high
maximum rotation frequency of the circular motion (see Section 3.3), and therefore the beads
must be superparamagnetic. A beneficial property would be if the beads are isotropic, since
this improves the ability to follow the disk magnetization. The beads can then roll over the
surface instead of being dragged over the disk surface. Another advantage would be if the beads
are biocompatible, since a possible use of the system is the pumping of biological fluids.

Already available magnetic microspheres were the 12 µm Micromer beads1, spherical
magnetic polystyrene matrix particles. According to their datasheet they have a mass
magnetization of 0.5 Am2

kg
in a magnetic field H of 80 kA

m
. They are coated with carboxylic acid

(-COOH), the number of particles per ml is 5.1 ·107. The density of the beads is 1.1 g/cm3 [34].
Later in the project 30 µm magnetic microspheres2 were used for experiments. According

to their datasheet they have different properties, a higher mass magnetization M of 4.3 Am2

kg

in a magnetic field H of 80 kA
m

. They are consisting of magnetic polylactic acid particles,
which dissolves in water at higher temperatures. Their coating is also carboxylic acid (-
COOH), the number of particles per ml is 5.5 · 105 and their density is 1.3 g/cm3. Based
on these specifications, it seemed that these beads have a higher density magnetic material
in their matrix. These beads were chosen, since they possessed a good magnetization and a
large diameter. The disadvantage of the large beads is that they are not very monodisperse,
some beads were small (about 15 µm), and some beads were aggregated (sticking together)
permanently. Also in the magnetic bead solution some debris was present. Another problem
of these beads is that the matrix consists of polylactic acid, which dissolves in water at higher
temperatures. They must therefore be stored at 8 oC to prevent dissolving the beads [33].

1Micromer-M particles (product-no: 08-02-124) produced by the German company Micromod Partikel-
technologie GmbH, http://www.micromod.de

2PLA-Particles -M particles (product-no: 12-02-304) produced by the German company Micromod Partikel-
technologie GmbH, http://www.micromod.de
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4.1.2 Requirements for chip

The most critical part to get a functional pumping system is the array consisting of permalloy
disks. The permalloy disks have to be thick enough to generate sufficient deformation of the
magnetic field, creating a strong enough attracting force on the beads. For this reason the
quality of the permalloy has to be good. A large saturation magnetization (strong magnetic
poles) exerts more force on the beads. A large force on the beads has the effect that the
beads can follow the rotation magnetic field up to a higher frequency, a higher bead velocity
gives proportionally a larger pumping velocity. The permalloy disks must be as thick as
possible, however there is a practical limit due to stress in the layer and other deposition
limitations. Stress in the permalloy will deteriorate the magnetic properties, but may also
cause delamination.

Beads are placed close to each other to optimize the pumping action. However if the beads
are placed too close, the magnetic field of the neighboring beads is disturbing the circulating
motion around the permalloy disk.

4.1.3 Chosen design

Figure 4.1: The closed pumping channel with permalloy disks (gray) and magnetic microspheres
(black). The arrows indicate the direction of expected flow.

The design consists of three masks for lithography:

� Channel mask: on this mask the channel design is drawn. In case of anisotropic etching
(DRIE) the drawn channel width on this mask is equal to the etched channel width. In
case of isotropic etching the etched channel width is the drawn channel including round
underetched sidewalls. If there are no significant surface etching effects, the width of the
etched round sidewall is equal to the channel depth.

� Permalloy mask: this mask determines the position and the shape of the permalloy
patterns. When lift-off is used, the patterns are equal to the drawn patterns. In case
of wet etching, there is some underetching of the patterns. This causes the patterns to
be smaller than drawn, on the edges of the patterns round isotropic underetching occurs.
When the same mask is used for wet etching, the disk radius is reduced by the thickness
of the permalloy layer.

� Powderblasting mask: on this mask the loading in- and outlets are drawn. It is
determining the positions of the holes, to fill the chip with liquid and beads.

The first design was based on the 12 µm microspheres, and drawn in CleWin3. The complete
mask design can be found in Appendix B, a schematic of the design can be seen in Figure 4.1.

3CleWin 4.3, layout editor for mask designs
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No. Set Wafer type Channel depth Permalloy thickness Permalloy side
1 - glass - 500nm -
2 - glass - 132nm -
3 1 glass 15 µm 100nm bottom
4 1 glass - silicon 15 µm 120nm bottom
5 1 glass - silicon 15 µm 90nm bottom
6 2 glass - silicon 40 µm 480nm top
7 2 glass - silicon 40 µm 460nm top
8 2 glass - silicon 40 µm 295nm top

Table 4.1: Summary of wafer manufacturing information.

The depth of the channels of the first design was 15 µm and the width was 100 µm, etched
anisotropically with straight walls. The distance between two disks was set to 45 µm, the
distance between the disk and the side wall of the channel was 15 µm. The outside diameter
of the circular channel was 2.5 mm. The drawn disk diameters were 25 µm, 15 µm and 5 µm,
placed in separate channels near the in- or outside side wall of the channel. On a second chip
other permalloy patterns were placed, rings with a diameter of 30 µm and a hole of 10 µm
spaced 60 µm from each other. Furthermore, strips were drawn with a width of 8 µm spaced
10 µm.

Based on the 30 µm beads a new design was made. For this second set only a new channel
mask was made. The channel depth was increased to 40 µm. The drawn wall-disk distance was
increased to 20 µm. The space to move for the magnetic bead is this drawn distance added by
the round sidewall.

4.2 Fabrication

Wafers have been processed using the mask design in Appendix B. Two sets of wafers were
made, because the maximum rotation frequency achieved with the first design achieved had
to be increased in a second. The first set was produced in October and November 2011,
the second set was produced in January and February 2012. The produced wafers and their
manufacturing process are shortly discussed. Drawings of the used fabrication process can
be found in Appendix C. An overview of the fabricated wafers with their different fabrication
parameters is given in Table C.1. A summary of the wafer information can be found in Table 4.1.

Improvements made in the design and process of the second set with respect to the first set
are:

� The thicker permalloy film, leading to much more force on the bead and therefore a higher
pumping rate.

� A new channel design to accommodate larger magnetic beads resulting in a larger
magnetic force.

� The permalloy was placed on the top wafer, this way the magnetic force due to the
quadrupole is in the same direction as the magnetic force due to the permalloy disk. For
an image with the two force vectors, see Figure 4.2 and Figure 4.3.

4.2.1 Fabrication processes

To fabricate the chips several steps were performed: the channels were etched, inlets were
created and permalloy patterns were placed. To make a closed reliable system, the system then
was bonded. Next the wafers were diced into separate chips.

To produce the channels and holes in the glass or silicon wafer three options were used:
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� The channels of the first set of wafers were created by an anisotropic etching method.
Deep Reactive-Ion Etching was used to create channels with a high aspect ratio, see
Figure 4.2. The disadvantage of this method was that the channel depth is limited to
approximately 20 µm and the bottom of the created channels was not very smooth.

Figure 4.2: The cross-section of the channel of the first set design.

� The channels of the second set of wafers were created by wet etching, this is an isotropic
etching method. The etchant removed the substrate in all the directions with the same
speed, creating round sidewalls. The advantages are that the channels are smooth and it
is a well controllable process. The disadvantage is the low aspect ratio, steep walls can
not be produced using this method. An attempt was made to design the chip such that
the beads placed as close to the wall as possible, with a safety margin. The problem of
the isotropic etched wall is that there is some leakage of liquid through the upper corner
of the round side wall, reducing the pumping efficiency.

Figure 4.3: The cross-section of the channel of the second set design.

� The holes for the in- and outlets were created using powder blasting. With this method
the surface is bombarded with aluminum oxide particles, creating a hole in the wafer. The
advantage of this is the potentially large depth and high aspect ratio. The disadvantage
is the roughness of the surface near the hole, which is a possible cause for the stiction of
beads.

The permalloy patterns were created by modifying the applied permalloy film with two
methods:

� Lift-off was used for the patterning of the permalloy film of the first set of wafers. With
this method first a layer of photoresist is spun on the wafer, the mask design is transferred
by exposing the photoresist. A permalloy film is sputtered on the wafer, partly on the
open areas the and partly on the photoresist. The exposed resist is then removed leaving
the patterns of the design open. The drawback of this method is the limitation that it
only works well using thin films.
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� For thicker films of the second set a standard wet etching process and lithography was
used. First an adhesive layer and then a film of permalloy are sputtered on the wafer,
then the photoresist is spinned. The patterns are transferred to the resist using the same
mask as used for the lift-off patterning, and the patterns are etched into the film. The
disadvantage is that due to the underetching of the patterns, the resulting patterns are
smaller than the drawn patterns.

After the channels were created and the permalloy patterns were placed, the top and bottom
wafer were bonded to create a closed system with a non-oxidated permalloy layer. For this three
different methods were investigated:

� For Wafer 3 the two glass wafers were attached to each other using fusion bonding. For
this bonding method, the surfaces have to be very smooth for good bonding. A large
force was exerted to force the wafers close to each other, and create a prebond by van
der Waals forces. They were heated to high temperature (around 600 oC) to form a solid
bond between the two interfacing surfaces. The high annealing temperature caused the
hydrogen on the interfaces to diffuse away. Another effect of this high temperature is the
softening of the glass, creating a better seal. The advantage of this method is a strong
bond, the disadvantage is a marked quality deterioration of the permalloy due to this
annealing step.

� For Wafer 4 up to 6, a glass wafer and a silicon wafer were bonded using anodic bonding.
A picture of a bonded chip of Wafer 5 can be seen in Figure 4.4. For this method the
two wafers are clamped together with electrodes and heated to about 400 oC. Next a
high DC voltage (> 1kV ) is applied between the electrodes, creating a high electric field
in the wafers. The sodium ions in the glass wafer are displaced from the bonding surface
by the electric field and high temperature. The depletion of ions near the surface of the
glass makes the surface highly reactive with the silicon surface forming a solid chemical
covalent bond. The two surfaces have to be smooth (Ra < 0.7 nm) to create a good
bond [31]. Fusion and anodic bonding result in a nearly equivalent bonding strength.
The quality of the permalloy is less affected by this lower annealing temperature.

� Wafer 7 and 8 were bonded using glue, for which a thin film of glue (photocurable NOA)
was applied and then the wafers were aligned. This method was performed at room
temperature, which was beneficial for the quality of the permalloy. The drawback was the
difficulty of alignment and the (partly) filling the channels with glue. Another drawback
is that a glued bond is less robust than a bond using the previous bonding methods.
Pictures for this chip assembly can be found in Appendix C.4.

4.2.2 Permalloy

During the fabrication of the permalloy patterns, some problems were experienced. The
magnetic material was sensitive to annealing steps and the adhesion of the film was bad.
Permalloy was chosen because of the large magnetization, however most magnetic materials
are difficult to handle. Heating steps increases the magnetic coercivity (see Section 2.2.3).
Internal stress can have a large influence on the magnetic properties. Also irregularities in the
permalloy layer can lead to anisotropy in the material.

Wafer 1 was a test wafer to investigate the adhesion of the permalloy film to the glass
substrate. A layer of approximately 500 nm was deposited, the result can be seen in Figure 4.5.
The permalloy was released from the glass due to stress. Another problem was that the thick
permalloy layer caused rapid contamination of the manufacturing systems.

To reduce the stress, a permalloy layer of only 132 nm was sputtered on a glass wafer
(Wafer 2). During the sputtering was the wafer rotated, which should lead to a isotropic
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Figure 4.4: The bonded chip (Wafer 5).

Figure 4.5: Release of permalloy film due to stress.

Figure 4.6: Strong oxidation of the permalloy patterns after bonding Wafer 3, the yellow color
indicates oxidized metal.
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uniform film of permalloy. The result was an isotropic layer of permalloy of good quality.
Based on this result Wafer 3 was produced, whereby the patterns were created using lift-off.
This was possible, since the permalloy layer was thin. For the pumping principle it is the
most profitable to have steep walls, and anisotropic etching was therefore used to create steep
channels with a depth of 15 µm. The two glass wafers were bonded together at 625 oC in an
air atmosphere. This step caused the permalloy layer to oxidize (almost) entirely, and almost
no magnetic effect was measured, see Figure 4.6.

To prevent the permalloy from oxidizing completely, subsequently the channels were etched
in a silicon wafer. The advantage of the silicon to glass bonding is the lower process temperature
of 425 oC. This bonding was performed in a vacuum, to reduce oxidation by reducing the
influence of oxygen in air. The oxygen in the glass can still oxidize a certain depth of the
permalloy layer, but the expectation is that this is only an surface effect with a depth of at
maximum tens of nanometers. The resulting permalloy layer of Wafer 4 was of good quality.

Another option to prevent the permalloy from oxidating is adding a platinum covering
layer on top, which was performed on Wafer 5. This procedure allowed the preservation
of the magnetic quality of the permalloy. Beneficial is furthermore that the chip becomes
biocompatible, since the biologically toxic nickel-iron alloy is shielded. The covering process
was successful, but the permalloy layer was thin, so that the force on the magnetic beads was
small.

Experiments showed that the maximum rotation frequency of the first set of wafers was too
low. To improve this, the permalloy layer had to be thicker (see Section 3.3). A permalloy
thickness of 480 nm was sputtered. The disadvantage of this thicker layer is that lift-off cannot
be used, hence the patterns were created by wet etching. The disadvantage of wet etching is
that the magnetic structure on the edges of the patterns can deteriorate, since the existing
crystal is modified. Since the external magnetic field was applied from the top, the permalloy
patterns were also placed on the top side of the channel to increase the magnetic force. Between
the silicon wafer and the permalloy an adhesive layer was added. The goal of this layer was to
improve the adhesion of the permalloy and to reduce the stress. The adhesion layer of chromium
was etched using a standard etching step. However tantalum was difficult to remove, and
an ion bundle bombardment etching method was required, which could possibly damage the
permalloy layer. An adhesion layer of 10 nm should be sufficient4. In practice large surfaces of
permalloy were released, see Figure 4.7. However the permalloy disks showed a good magnetic
performance, see Chapter 6.

Figure 4.7: Sample partly covered by permalloy film (Wafer 6).

The permalloy film delaminated mainly during the cleaning process required for fusion or
anodic bonding of the wafers. To circumvent this problem an attempt to bond the wafers with
NOA-glue was carried out. Wafer 7 and Wafer 8 were thus not bonded at a high temperature,
but glued5 with NOA 81. This glue cures by exposing to strong UV-light. To get an uniform

4advice of Johnny Sanderink of the NE-group, who has experience with handling permalloy
5Verena Stimberg introduced me to the method of gluing chips with NOA.
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layer, the NOA was spinned on an objective glass with spin coater: first 30 sec on 500rpm,
then 30sec on 5000rpm. It was precured for 10 seconds with low UV intensity. After alignment
the NOA was fully cured using high UV intensity [4]. The NOA had a too low viscosity, so
that after placing the two parts on each other, the channels were almost completely filled with
the glue. This was caused by the vacuum chuck in combination with the silicon chip with the
powder-blasted holes, creating a low pressure in the channels. Because of this low pressure in
the channels, the glue filled the channels. No convenient method was found to circumvent this
problem.

Another attempt on Wafer 7 and Wafer 8 was carried out with a more viscous glue, Loctite
415. The silicon chip was placed on the vacuum chuck of the chip aligner shown in Appendix C.4.
Under the chip plastic foil was placed, to avoid glue contaminating the chuck. After this the
chips were aligned, placed onto each other, and a small drop of glue was placed along the edge
of the chip. During the chip design it was not taken into account that individual chips had to
be aligned, no alignment marks were drawn on the design of the chips. Therefore it was difficult
and time consuming to align the chips correctly, whereby it was critical to place the magnetic
patterns exactly in the right position in the channel. Also the problem of glue in the channels
was still present, however less problems were experienced with the Loctite glue. An overview
of the fabricated wafers with their different fabrication parameters is shown in Table C.1.
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Chapter 5

Experimental

In this chapter the setup for the experiments is discussed. With the chosen quadrupole and
amplifier a rotating magnetic field is generated, causing the magnetization in the permalloy
disks to rotate. When magnetic beads were loaded into the chip, they could therefore be
moved by placing the quadrupole on the microscope stage. The movement of the beads then
displaces the fluid with indicator beads. With a camera images of the moving indicator particles
were recorded. Samples were furthermore made to study the magnetization properties of the
permalloy films and the magnetic beads.

5.1 Magnetization measurements

Figure 5.1: The VSM analyzing the magnetization of sample.

The magnetization of the materials was investigated using a Vibrating Sample Magnetome-
ter or VSM1, see Figure 5.1. This is a computer-controlled measurement system which is capable
of characterizing the widest variety in magnetic samples [35]. The sample is vibrating in a strong
electromagnet, and around the sample four pick-up coils are located. The signals of these coils
are amplified using a lock-in amplifier. For more pictures of the VSM see Appendix D.

To measure the magnetic properties ofthe magnetic films in the VSM, samples of 5x5 mm
were made. Some test structures were present on the side of the wafer. Of the first generation
of wafers VSM samples were fabricated by cutting the samples into pieces with a carbon fiber
cutting pen2. Samples of the second generation were made by mechanically dicing the test
structures. The test structures on the wafer were used for this measurement to ensure the same

1Vector Magnetometer Model 10 VSM, introduction by Thijs Bolhuis, TST-group
2PROSKIT INDUSTRIES - DK-2026N - SCRIBE, CARBIDE FIBRE
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Figure 5.2: Pictures of the permalloy film samples for VSM measurement.

treatment for the permalloy film of the samples as the permalloy in the channels. Pictures of
permalloy samples can be seen in Figure 5.2. In some cases a problem was the bad adhesion of
the permalloy to the substrate, so that only partly coverage was achieved. This made it hard
to determine the exact volume of the film, and as a result the saturation magnetization could
not be determined precisely.

Figure 5.3: Beads drying on a glass sample.

For the preparation of the samples with magnetic beads, a microscope cover slip3 was cut
into 5x5 mm pieces. On these pieces 12 µm and 30 µm magnetic beads were dried. One set was
dried without an external magnetic field. A second set was dried with an external magnetic
field as shown in Figure 5.3.

5.2 Magnetic field control

For controlling the applied magnetic field a quadrupole was chosen, which is a set of four
solenoids on an iron core with four pole shoes. It has a well controllable magnetic field, for
the analysis of the quadrupole one is referred to Section 2.4. The four solenoids are driven in
pairs of two, so that two individual electrical power amplifiers are required. First a self-built
construction was used to drive the solenoids, consisting of two H-bridges and a microcontroller.
Later in the project two kepcos were used as current sources, mainly because the kepcos can
deliver a higher controlled current up to a higher frequency.

5.2.1 Double H-bridge

To deliver a large current for the two pairs of solenoids, first a circuit was chosen with a
microcontroller and two H-bridges. The microcontroller generated the control signals, amplified
by the H-bridges. To obtain a simple circuit able to deliver a large current, a class D amplifier
was chosen. This is a switching amplifier, amplifying an on/off-signal with a set of inverters. The
double H-bridge is able to output two voltage signals in two directions over a certain electrical
load, required for the positive and negative half. Each H-bridge drives a pair of solenoids, and
in this way a sinusoidal signal and a phase shifted control signal can be generated for each pair.

3Menzel-Gl aser, 24x40 mm #1. Thickness: 0,13 - 0,16 mm
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Figure 5.4: The double H-bridge circuit for driving the quadrupole current.

The circuit used for one H-bridge can be seen in Figure E.2, the two H-bridges are identical.
A picture of the total circuit of the double H-bridge is shown in Figure 5.4. See for more
information about the circuit and the amplification principle Appendix E.

The solenoids are modeled as an inductor with a resistor of a few ohms in series. For low
frequencies the resistive part is dominant. For higher frequencies the inductive part is more
dominant, and the impedance is large. With a constant sinusoidal voltage, the current will
therefore drop rapidly with the frequency. The circuit is able to deliver this higher frequency
signal, but not the required voltage for a solenoid current of a few ampere. As a result for
higher frequencies the current drops and with this the magnetic field strength. The magnetic
field dropped to half of its DC value for a frequency of about 3 Hz.

A possibility to generate a rotating magnetic field with a higher frequency, is by adding a
capacitance in series. This way it can be driven with a high resonance frequency. The resonance
frequency for a resistor RL, inductor L and a capacitance C in series is

fr =
1

2 π

1√
L C

(5.1)

With a capacitor of 100 µF 4 a resonance frequency of 42 Hz was achieved. The disadvantage
was that such a high frequency could not be set very precisely with the self-built circuit.
Therefore the current was not optimal, only 0.4 A.

The H bridge could deliver a current of up to about 1.5 A per solenoid, but when a higher
supply voltage was connected to the circuit, it suffered from the peak generated by the PWM
signal of the solenoids. The low voltage part of the microcontroller was uncoupled electrically
from the driving circuit using opto-couplers. However large peaks were generated in the output
signals for supply voltages above about 13 V , disturbing the generation of the control signals.

5.2.2 Kepcos

A problem of the self-built solution was the low current, low controllability and low frequency
range of the output signal. These problems were solved by using a control and amplification
setup consisting of two function generators and two current amplification kepcos, a picture of
which can be seen in Figure 5.5. A drawback of this solution is the large size, the produced
noise and the weight, considering one kepco weighs about 30 kg.

The used kepcos were the BOP 50-8M5 and BOP 75-6M6. The first has a voltage range of
±50 V with a current of ±8 A and the latter is able to output voltages up to ±75 V and a
current of ±6 A. The function generators created sinusoidal signals of the same frequency, and

4MKP 500V capacitor VISHAY ROEDERSTEIN (MKP1848 710 454Y5)
5Borrowed from Thijs Bolhuis - TST group
6Borrowed from Marcel Schwirtz - CE group
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Figure 5.5: The pair function generators and kepcos for driving the quadrupole current.

the 90o phase shift was ensured by connecting the ’Sync output’ of the top function generator
to the ’External Trigger input’ of the lower one. The function generators were connected to
the current programming input of the kepcos. The two kepcos have a different current gain,
so to generate the same current the control signals had different amplitudes. The output of
the kepcos was connected to the two pairs of solenoids of the quadrupole. The result was a
controllable solenoid current, giving a well-defined magnetic field.

The control signals for the quadrupole were verified using an oscilloscope, whereby a phase
shift of 90o was required. Assumed was that the solenoids were identical, hence if the amplitude
voltages of the signals were equal also the magnetic field components were equal in magnitude.
The magnetic field was measured using two identical Hall-sensors7 with the same supply voltage.
With these sensors the magnetic field of the quadrupole was determined.

5.3 Setup

To study the movement of the magnetic beads and the indicator beads, the beads were loaded
into the chip (see Section 5.3.2). This chip was then placed in a chip holder. The chip holder
was placed on the microscope stage and the quadrupole was positioned above the holder. For
a picture of the setup see Figure 5.6.

The quadrupole core consists of iron, which could potentially damage the microscope
stage. Therefore the iron was covered by standard lab cleaning paper to prevent damaging
the microscope stage, see Figure 5.7. The drawback was the extra distance between the pole
shoes and the chip.

The quadrupole was placed on the microscope stage, above the chip and the chip holder, as
shown in Figure 5.8. The distance between the pole shoes and the chip was about 0.5 cm, so
that as a result the strong magnetic field between the poles is not used.

5.3.1 Indicator beads

To visualize the flow polystyrene beads were added, which were small compared to the magnetic
beads. The polystyrene beads give a good indication of the flow speed and direction. Depending
on their density compared to water, the indicator beads will be mostly on the top or the bottom

7Honeywell SS94A1 - General purpose linear magnetic hall effect Sensor
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Figure 5.6: The microscope with quadrupole on top of the microscope stage.

Figure 5.7: On the quadrupole cleaning paper is taped to avoid damaging the microscope stage.

Figure 5.8: Top view of the microscope setup with quadrupole (left), and a close-up of the pole
shoes of the quadrupole above the chip (right).
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of the channel. The disadvantage of this is that near the top and bottom of the channel the
fluid velocity is very small due to the flow boundary layer. To feel a significant force of the
fluid flow, the indicator beads therefore must not be too small.

In the first set of wafers 1 µm microparticles8 were added and in the second set red
polystyrene microspheres of 3 µm9 were added to visualize the flow.

5.3.2 Filling of the chip

The chip can be filled in two ways, by using an external pressure source or by capillary action.
In the beginning of the experiment it was tried to fill the chip with a syringe pump. The
syringe was connected to the chip holder by capillary connections. The idea was to stop the
pump when the beads were in the right spot in the channel of the chip. This did not function
well due to trapped air in the loading in- and outlets and dead volume in the system. It was
difficult to apply no pressure difference over the channel. A small pressure difference can cause
a flow, influencing the measuring result. Because of these problems, the filling was performed
by capillary action.

Figure 5.9: Placing the beads on the right locations.

Before using or diluting a solution with beads, the beads were shaken with the minishaker,
to ensure a uniform distribution of the beads in the solution. This is required since the beads
sink due to gravity. The loading of the beads in the chip was performed in a number of steps
to ensure the correct positioning of beads. The protocol followed was:

� A droplet was applied to the loading inlet of the chip, and the channels fill by capillary
action. This initial liquid was a channel cleaning liquid (IPA and KOH) or a solution
with magnetic beads.

� The end of a syringe was inserted in the inlet, filled with a solution containing magnetic
beads. The beads were mixed with Milli-Q water in a ratio of 1 : 10. By pumping
or sucking with the syringe beads were placed near the permalloy disk, see step 3 in
Figure 5.9. Most of the sticking beads could be released by applying a high flow with the
syringe. The 30 µm magnetic beads were filtered using a 40 µm filter to remove large
aggregates, see Figure 5.10 and Section 4.1.1.

� If a sufficient number of beads was placed correctly, one pair of solenoids was switched
on to apply a constant magnetic field. The magnetic beads moved to a permalloy disk,
see step 4 in Figure 5.9.

� The indicator beads were mixed with Milli-Q water in a ratio of 1 : 50. The concentration
of both indicator beads was high. They were introduced into the chip with the syringe.
The magnetic beads stayed in place due to the magnetic field, however they detached if

81 µm beads chemika 90518 microparticles with sd <= 0.1µm
9Polybead Polystyrene Red Dyed Microsphere 3.00µm [38]
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Figure 5.10: The filter used for the filtering the 30 µm magnetic beads.

the applied flow rate was too high. The 3 µm indicator beads were mixed with a sodium
chloride (NaCl) solution. The salt increased the density of the liquid, preventing the
beads from sinking permanently to the bottom of the channel. For the sinking of beads
as function of density see Figure 5.11. Beads which sunk to the bottom of the channel,
stayed there due to the flow boundary layer.

Figure 5.11: Higher liquid density reduces the sinking of the indicator beads, the highest fluid
density was in the right glass. Picture was made after 2 hours.

� To eliminate the pressure difference over the channel, a large droplet was placed over the
channel in- and outlets as can be seen in Figure 5.12. The working mechanism is that
the droplet has approximately the same pressure everywhere inside. This works fine until
too much water is evaporated, when a pressure difference occurs again.

Figure 5.12: A droplet is placed over the holes to eliminate pressure differences.

� Applying a rotating magnetic field with a certain frequency, caused the magnetic beads
to start rotating. Pictures and videos of the bead movement were made by using the
camera10 attached to the microscope, which can be seen in Figure 5.6.

Bead sticking problems

A problem was the sticking of the beads, with the 12 µm beads sticking in the loading in-
and outlet. The explanation is the roughness near the hole due to powderblasting. Almost no

10CC-12, high-sensitive, soft imaging system - digital CCD color camera
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sticking of the 12 µm beads occurred in the channels. Not much sticking problems with the
1 µm indicator beads were experienced.

In the second set of measurements many more problems with sticking beads were
experienced, since the 30 µm magnetic beads stick to each other and to the channel walls. In
some experiments the magnetic beads were rotating, but stopped suddenly and were sticking
to the channel wall or to the permalloy. The 3 µm indicator beads stick to the glass and the
permalloy. In a number of cases this disturbed the circular movement of the magnetic beads,
however the indicator beads were required to visualize the flow. Using ink for the visualization
was not practical, because of the mixing caused by the rotating beads and the low flow velocities.

An option to reduce the sticking of the beads is to apply a coating on the channel walls,
for example BSA, to minimize sticking problems. Another option is to clean the chips with a
mixture of KOH and IPA to ensure the wall surfaces are negative charged11. Experiments to
investigate this were performed, however no noticeable improvement through the microscope
was observed. Another option to reduce sticking problems is to make the channels smoother
by apply a post-etchant in the bonded chip.

11Advice of Nicole Pamme, Department of Chemistry, The University of Hull.
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Chapter 6

Results and discussion

With the manufactured chips experiments were performed, and the results are shown in this
chapter. First the measured magnetic properties of the permalloy and the magnetic beads
are discussed. Next the movement of the magnetic beads is analyzed. In the last section the
resulting fluid displacement is shown, determined by using indicator beads.

6.1 Magnetic properties

In the VSM the magnetization of prepared samples was measured as shown in Section 5.1.
First the results of the permalloy are shown and next the magnetization measurements on the
magnetic beads.

In the manufacturing process problems were encountered with the adhesion of the permalloy
film. In Figure 5.2 the partial coverage of permalloy on the samples is displayed. To make an
estimation of the saturation magnetization (for permalloy 8 105 A/m [22]) a coverage factor is
introduced. The measured dipole moment mvsm is divided by the volume Vd and the coverage
factor CF to calculate the volume magnetization M .

M =
mvsm

Vd CF
(6.1)

In this way the shape of the hysteresis curve is investigated. The coercivity Hc is not
dependent on the volume, hence this is measured correctly for a partly covered sample.
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Figure 6.1: The magnetization of the good permalloy layer (Wafer 2, CF = 0.9) and the fully
oxidized permalloy layer (Wafer 3, CF = 0.9).

In Figure 6.1 the hysteresis curves are shown of the good permalloy layer of Wafer 2 and the
hysteresis curve of the oxidized permalloy layer of Wafer 3 (see for the overview of the wafer
information Table C.1). The coercivity Hc of the unheated good permalloy layer is 0.7 kA

m

(Wafer 2). As an indication which field is required to almost fully saturate the material, the
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applied field is determined where the magnetization was 90 % of the maximum magnetization.
For the unheated permalloy layer this is 1.6 kA

m
, which is very low. The oxidized layer had a

very low magnetization, the with a magnetization of only 30 kA
m

instead of the 800 kA
m

of the
good permalloy layer. This shows that the magnetic material can not withstand the anneal
step of 600 oC required for fusion bonding.
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Figure 6.2: The magnetization of the permalloy of the untreated film and of the first set of
wafers: Wafer 2 (132nm, CF = 0.9), Wafer 4 (120nm, CF = 0.9) and Wafer 5 (90nm, CF = 0.75)

The magnetization of the first set of wafers was good, see Figure 6.2. The coercivity was
small and the material was saturated by applying a small magnetic field.
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Figure 6.3: The magnetization of the permalloy of the second set: Wafer 6 (480nm, CF = 0.55),
Wafer 7 (460nm, CF = 0.13), Wafer 8 (295nm, CF = 0.63)
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No. Set Hc H(M=0.9Ms) Permalloy thickness Permalloy side
1 - - - 500nm -
2 - 0.7 1.6 132nm -
3 1 32.4 - 100nm bottom
4 1 1.7 4.5 120nm bottom
5 1 0.6 3.7 90nm bottom
6 2 5.9 64 480nm top
7 2 4.9 28 460nm top
8 2 2.2 5.6 295nm top

Table 6.1: Summary of the magnetic properties of the permalloy for each wafer.

The coercivity Hc of the second set of wafers was higher, but still low enough to reach a
large magnetization by applying a small field. The magnetic properties were deteriorated, the
hysteresis curves were not steep anymore. There was a relatively large field required to saturate
the magnetic material of Wafer 6. A part of the slope in the curve is caused by the adhesion
material, consisting of chromium or thallium. Chromium is an antiferromagnetic material, some
magnetic interface effects could occur between the permalloy and the chromium. A summary
of the coercivity and the 90 % saturation field can be found in Table 6.1.
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Figure 6.4: The magnetization of the magnetic beads for different angles. The beads dried with
a magnet showed a higher magnetization.

Also the magnetization of magnetic beads was measured, and the hysteresis curve can be
found in Figure 6.4. The magnetization of the magnetic beads was approximately as specified
in the datasheet. The volume is determined by dividing the weight by the density. The
magnetization of the magnetic beads dried with a magnet was a little higher, so there was little
anisotropy present in the beads. This anisotropy can be a cause for the torque on the beads.
The measured permanent magnetization of the beads was low, about 0.12 kA/m for the 30 µm
beads and 0.03 kA/m for the 12 µm beads. The measured average susceptibility χ of the beads
was low, in the order of 0.1. This is caused by the low percentage of the magnetic material in
the beads.
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Amplitude current Measured magnetic field

4 A 95 kA
m

2 A 41 kA
m

1 A 20 kA
m

0.5 A 10 kA
m

Table 6.2: The measured magnetic field strength of the quadrupole magnet used for driving
the beads for different currents.

The magnetic field of the quadrupole was also measured. The distance between the pole
shoes and the chip was 0.5 cm. The magnetic field which was measured at this distance is
shown in Table 6.2. An explanation for the non-linear relation is the coercivity of the iron. The
measured magnetic field as a function of distance corresponded well with the simulated field.

6.2 Motion of beads

The beads were loaded into the channel and placed near the magnetic disks, as explained in
Section 5.3.2. The small 12 µm magnetic beads were loaded and positioned without many
sticking problems, hence a good array coverage was achieved. The larger 30 µm magnetic
beads however experienced a lot of sticking problems, which made it hard to achieve a good
array coverage. More information on the sticking problems of the magnetic beads can be found
in Section 5.3.2.
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Figure 6.5: Rotating bead with a constant rotation speed (Wafer 4).

The motion of the small 12 µm beads was studied for a range of frequencies. This motion
can be categorized into different regimes. The goal of the moving bead is creating a fluid flow
in the channel. To achieve this a purely circulating bead movement is required, so the focus
was on finding the highest actuation frequency where this is the case. A bead with a constant
rotation speed is shown in Figure 6.5. There is no phase delay measured near the wall, where
it could be expected, and the rotating speed is constant.

If the applied magnetic field frequency is increased, the torque on the bead becomes
dominant compared to the magnetic force due to the disk. The result is that the bead makes
a hypotrochoidial-like movement, as shown in Figure 6.6. The spinning part takes place at
approximately the same locations. One theory to explain this is that at these spots the magnetic
quality of the permalloy is less. The permalloy could be contaminated so the magnetic force
is weaker. When the bead made the spinning part of the hypotrochoidial-like motion it must
have been at some distance from the disk, since it was unsharp in the microscope image. This
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Figure 6.6: Rotating bead which makes a hypotrochoidal-like movement (Wafer 4).

behavior was an indication that the bead was on the top of the channel instead of the bottom,
due to direct quadrupole force on the bead. This is not observed for the second set of wafers,
since the permalloy is on the top of the channel (see Section 4.2).

When the frequency was increased further, the magnetic beads started spinning around
their axis. This occurred near the permalloy disk, since there was still an attractive force
between the bead and the disk. In channels with thin permalloy disks the force was so small
that the beads were spinning freely through the channel. When the magnetic beads are close
to each other they start forming clumps due to the mutual magnetic attraction force. To avoid
the forming of a permanent magnetic superstructure the remanent magnetization of the beads
must be small [16].
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Figure 6.7: The percentage rotating magnetic beads with a quadrupole current of 4A (N ≥ 10).
The plotted percentage is the part of beads placed near a disk, which rotates at the frequency
of 0.1 Hz, and still was rotating for increasing frequencies.

To measure when the beads stop with the purely circular motion, the number of circulating
beads is counted visually by applying increasing actuation frequencies. The result is shown in
Figure 6.7, the measurements were performed with the 12 µm magnetic beads. This counting
estimates the maximum rotation frequency of the beads. The maximum rotation frequency for
the first set of wafers was low, the most beads stopped spinning below 1 Hz. For the second
set of wafers much higher rotating frequencies were achieved, caused by the larger disk volume.
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Figure 6.8: The percentage rotating magnetic beads around a 25 µm permalloy disk (N ≥ 8).
The plotted percentage is the part of beads placed near a disk, which rotates at the frequency
of 0.1 Hz, and still was rotating for increasing frequencies.

The same measurement was performed for different solenoid currents, the result is shown
in Figure 6.8. The maximum rotation frequency for Wafer 6 was higher than that of Wafer 8,
however the percentage rotating beads of Wafer 6 decreases faster with the solenoid current
than Wafer 8 . This results from the higher required magnetic field to saturate the permalloy of
Wafer 6 compared to Wafer 8 (see Figure 6.3). From this it is clear that not only the coercivity
field Hc is an important material parameter, but also the required field strength to saturate the
material. Both must be as low as possible to still achieve a high maximum rotation frequency
with a small magnetic field. The same holds for the magnetization of the magnetic beads.

On the rotating behavior of the 30 µm beads less analyses are performed, due to the small
percentage of rotating beads. The maximum rotation frequency of the 30 µm beads was
approximately 6 Hz.

6.3 Fluid displacement

To visualize the flow caused by the beads rotating around the disks, non-magnetic indicator
beads are added. Assumed is that the beads are small enough to not influence the fluid flow.
The video recordings made with the microscope camera are analyzed using a particle tracking
script. The fluid displacement in the experiments performed with the 12 µm beads is not
shown, because the liquid flow was too low to do a meaningful particle analysis. The results of
the experiments performed with the 30 µm beads are more useful, since a frequency of 5 Hz
could be achieved in the solution with indicator beads. The velocity of the magnetic bead is
the circumference of the disk multiplied by the rotation frequency. The presented results are
performed using 25 µm disks. Therefore the bead velocity is

ub = 2 π Rd fm = π 25 µm 5 Hz = 393
µm

s
(6.2)

According to Section 3.2 the average fluid velocity is expected to be 1 % of the velocity of
the bead in one direction. The pumping efficiency is theoretically about 20 %, so the average
channel velocity caused by a circulating bead would then be about 0.2 %. According to theory
discussed in Chapter 3 the average channel velocity therefore is about 0.8 µm/s.
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Figure 6.9: The observed motion of the indicator beads caused by one rotating magnetic bead
at a magnetic field frequency of 5 Hz, indicating a net liquid flow in the channels.

In MATLAB a particle tracking script was written1, see Appendix F. The result of the
analysis on the video of one rotating bead is shown in Figure 6.9. The maximum velocity of
40 µm/s, found for some indicator beads near the rotating magnetic beads, is limited by the
particle tracking algorithm and the frame rate of the microscope camera. There is some net
displacement of fluid, but the asymmetry is very small.

Figure 6.10: The observed motion of the indicator beads caused by two rotating magnetic beads
at a magnetic field frequency of 5 Hz, indicating a net liquid flow in the channels.

A better result is obtained with two rotating magnetic beads. In Figure 6.10 the analysis of
two beads can be seen, on the left two spaced beads and on the right two beads directly next
to each other. The net fluid was much larger, the pumping effect was increased. A part of the
non-magnetic indicator beads followed this pumping motion.

1For the particle location and tracking an existing script was used [10].
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There was a net flow in the middle of the channel with an average velocity of 9 µm/s.
This net flow was observed in about one sixth of the channel width. Based on this the average
channel velocity would be 1.5 µm/s, however this velocity is only based on the moving indicator
beads. If a pipe flow with parabolic velocity profile (pressure driven flow) is assumed for the
part where the net flow takes place, the average flow is half the maximum flow. So if is assumed
that the indicator beads are following the maximum flow, the average channel velocity is the
half of their velocity: about 0.75 µm/s. This is close to the theoretical value of 0.8 µm/s.

Figure 6.11: The zoomed image of the observed motion of the indicator beads caused by two
rotating magnetic bead next to each other, fully showed in Figure 6.10 on left.

The rotating beads performed a pushing and pulling effect on the fluid, this is seen on the
motion of the indicator beads in Figure 6.11. The non-magnetic indicator beads performed a
hypotrochoidial-like pumping movement. The indicator bead analysis shows some similarity
with the simulation result of Figure 3.13. Close to the magnetic beads the highest fluid velocities
are achieved. In the middle of the channel, the largest net fluid flow is generated. Close to the
opposite wall almost no flow is detected, similar to the flow in the simulation result.
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Chapter 7

Conclusion and recommendations

7.1 Conclusion

The purpose of the assignment was to investigate whether it would be possible to pump liquid
in a microchannel, using rotating magnetic beads around an array of magnetic disks. The
experiments showed that it is possible to create a net flow using an array of permalloy disks.
The smaller beads with a diameter of 12 µm showed good array coverage and little sticking
problems, but only low rotation frequencies could be achieved. This is due to a low saturation
magnetization of the beads. With the larger beads of 30 µm a much higher range of rotation
frequencies could be reached, however only partial coverage of the disk array could be obtained
due to sticking problems. With a rotation frequency of 5 Hz of the larger magnetic beads a
net flow of 9 µm/s in the middle of the channel was measured, by following indicator beads.
This gives an average channel velocity of approximately 0.75 µm/s, which fits well with theory.
The expectation is that further optimization of the geometry and magnetic bead coverage will
lead to a significant increase in flow rate.

Permalloy proved to be a difficult material to handle, the magnetic coercivity is very sensitive
to heating steps. The adhesion of the permalloy film to silicon and glass was poor, even when
an adhesion layer was applied. Nevertheless it was possible to saturate most of the fabricated
magnetic disk arrays by using a relatively small magnetic field of 95 kA/m.

The pumping efficiency is strongly dependent on the distance between the rotating bead
and the wall. The highest efficiency could be achieved by minimizing the gap between the
rotating bead and the wall. The highest pumping rate is obtained at the maximum rotation
frequency, where the movement was still purely circular and not hypotrochoidal-like. Larger
beads not only experience more force in the magnetic field generated by the disks, but they
also displace more liquid per cycle.

The maximum achievable rotation frequency depents on the magnetic force between the
disk and the magnetic beads. To maximize this force, the permalloy disk must be as thick as
possible and the magnetization of the disk and the bead must be as high as possible. To achieve
a constant rotational movement the beads must be as ‘superparamagnetic’ as possible.

7.2 Contribution

The principle of the pumping investigated in this work is new and may give rise to a novel
microfluidic pumping platform. It has been shown that the pumping principle works, it is
possible to create a net flow by rotating magnetic beads around permalloy disks. Earlier
studies showed the possibility of pumping, using trapped beads rotating around their axis by
optical means. The disadvantage of the complex trapping system used there has been solved by
using magnetic disks in the channel. Possible manufacturing methods as well as the magnetic
properties of the system are investigated, giving good insight into the operating principle. The
abstract of this thesis has been submitted to the MicroTas 2012 conference in Japan, and
possibly the results will be presented there too.
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7.3 Outlook

The used quadrupole is large and its magnetic field is not used efficiently, the strong magnetic
field between the poles could not be fully used since the chip was too large. For further
experiments it would be practical to design and build a magnetic quadrupole generating a
magnetic field which could be used more efficiently. In this new design the structure of an
existing magnetic stirrer actuator for stir bars could be investigated. For better array coverage
the beads have to be loaded uniformly into the pumping channel. This could be achieved by
placing a spiral channel before the pumping channel, distributing the beads more uniformly
using Dean force [6]. Also an improved permalloy array design is required, since the larger
beads need more separation distance.

A disadvantage of the quadrupole setup used in this study, is that the generated field can
not be applied locally to specific parts of the chip, but instead is present everywhere. An idea
is to make the rotating field more local by applying magnetic material on the chip such that
only a rotating magnetic field is generated where the local pumping is required. A possible way
to generate a more local magnetic field, is by a quadrupole design with very small pole shoes.
This would enable the possibility to pump liquid by selecting certain parts of the arrays, giving
a controlled programmable way of pumping. This is useful for various biological microfluidic
applications. It is also possible to generate magnetic fields using small coils on chip [40]. A
useful follow up study would be to investigate how locally the actuating rotating magnetic fields
could be generated and controlled on chip.

To improve the magnetization of the magnetic array patterns, the actual magnetization in
the disk material can be studied. A possibility is to use magnetooptical microscopy which could
be performed in Dresden [27]. The shape of the magnetic array components can be optimized,
by investigating the internal magnetization of the disks compared to the ring.

When only pumping into one direction is required, it is possible to bring an asymmetry into
the channel walls. One way is to fabricate a sawtooth shape in the channel wall, such that the
pumping efficiency is increased. An interesting extra functionality of the microfluidic pumping
system as presented here, would be the ability to select individual channels. If magnetic beads
could also be used as valves, the programmable selection of channels would be possible. Locally
a very concentrated magnetic field could be created to accumulate beads, such that the channel
is closed. With this functionality added, all required unit functions for a basic microfluidic
platform would be available: pumping, valving and mixing.

7.4 Recommendations

The net flow created by the beads has to be optimized and the sticking problems have to be
reduced in order to get a reasonable flow. Therefore magnetic beads with a higher saturation
magnetization and less sticking are required. The used magnetic beads mainly consist of a
non-magnetic matrix. A larger magnetic force could be achieved by using a bead which
consists of a magnetic core with a large saturation magnetization without a significant remanent
magnetization. Proper coating could make such a bead biocompatible and prevent sticking.

The magnetic array has to be redesigned such that the distance between the disks is optimal
for the chosen beads. The maximum rotation frequency is increased by exerting more force on
the beads compared to the torque, which could be achieved by changing the geometry. Therefore
a larger disk volume in combination with a large saturation magnetization is required. This
could be realized by using permalloy pillars instead of disks. The magnetic quadrupole setup
could be made smaller and the generated magnetic field could be used more efficiently. This
will also demonstrate that the complete setup could be reduced to a table top system.

It is expected that the most improvement in rotation frequency could be achieved by using
beads with better magnetic properties. Therefore the properties of the magnetic bead should
be optimized first, and next extra functionalities could be added.
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Appendix A

Supplementary theory

A.1 The H-field

To calculate fields in materials the magnetic field H is used, however there exist different
definitions. These definitions and their conversion factors are discussed in this section.

A.1.1 Definition

There exist different definitions for the relation between these fields, which makes comparing
literature quite confusing. In principle there are three definitions with different systems of
units:

� The SI, adopted by the National Bureau of Standards, based on the mks unit system,
is commonly used by engineering and beginning physics. This system is based on the
following definition of the H-field: ~H = ~B/µ0 − ~M . The unit of ~B is tesla (T ) or weber

per meter (Wb/m2), the unit of ~M is ampere per meter (A/m) and corresponding to the

definition ~H also has the unit of ampere per meter (A/m). The book of Griffiths uses
this definition. [19, Page 269]

� The cgs system is mostly used in theoretical physics. The defining relation here is H =
B − 4πM . The unit of ~B is gauss (G) and the unit of ~H is oersted (Oe) which have the

same size. The magnetization ~M has the unit of emu per cubic cm (emu/cm3).

� Feynman uses his own definition of the magnetic field: ~H = ~B− ~M 1
εc2

. In his definition ~H

and ~B both have the unit weber per square meter (Wb/m2) and ~M has the unit ampere
per meter (A/m). This is the definition which is not recognized under SI and is based
on the definition B = µ0H + J , where J is the magnetic polarization or intensity of
magnetization. [15, Page 36-5] [17, 44]

The first definition is approved by the SI, therefore this definition is used in this report.

A.1.2 Conversion factors

Quantity Symbol Gaussian and cgs emu Conversion factor SI

Magnetic induction B gauss (G) 10−4 T, Wb/m2

Magnetic field strength H oersted (Oe) 103/4π A/m
Volume magnetization M emu/cm3 103 A/m
Mass magnetization M emu/g 1 A ·m2/kg
Magnetic moment m emu 10−3 A ·m2

Table A.1: Units for magnetic properties [17].
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A.1.3 Magnetic induction

In the report only static analyses are preformed, but to derive the law for induction the time
depended Maxwell equation for the electric field is required. The Maxwell-Faraday equation
for the electric field associated with a changing magnetic field is

~O× ~E = −∂
~B

∂t
(A.1)

This equation can be written in integral form using Stokes’ theorem∮
Γ

~E · d~l = − ∂

∂t

∫
S

~B · ~nda (A.2)

Here is Γ any closed curve and S is any surface bounded by it, both fixed in space. The
expression at the left-hand side is equal to so called inducted electromotive force, or short emf
ε in volts. The right-hand side is equal to the rate of change of the magnetic flux ΦB. [15,
p 17-2] ∮

Γ

~E · d~l =

∮
Γ

~Fe
q
· d~l = EMF = −∂ΦB

∂t
(A.3)

The electric field is equal to the force per charge, therefore is the name of the result of this
integral called EMF. On this principle the dynamo is based, there is a voltage generated caused
by a changing magnetic field. But it works also the other way around, a changing magnetic field
generates a force. The flux-rule shown in Eq. A.3 applies whether the flux changes because the
field changes or because the circuit moves or a combination of both. To determine the direction
of the force, the right-hand rule is used, which is a simple way to evaluate a cross product.
Another option is to calculate the force with the Lorentz force law

~F = q
(
~E + ~v × ~B

)
(A.4)

Figure A.1: An example of Lenz’s rule, the generated force is opposite to the applied field. [15]

This changing magnetic field can be applied to a closed conducting ring as shown in
Figure A.1. The behavior can be explained by Lenz law, see the minus sign in Eq. A.3. This
law states that whenever a change in magnetic field occurs, an electric field (an extra current)
is generated to oppose the change [15, p 34-2].
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A.2 Types of magnetic effects

The magnetic behavior of a material depends on the structure of the electron shells. Most
nonmetals are diamagnetic, because they have a closed electron shell. It is more complicated
for metals, it depends on the magnetic coupling between the atoms. Next the most important
magnetic effects will be discussed.

Diamagnetism

Diamagnetic materials are repulsed from a magnetic field, it will a force to the place where
the magnetic field is weaker. In the setup shown in Figure A.2 it is repelled by the sharp
pole. In most materials this is a weak force, but in certain materials like superconductors this
is a strong force. Diamagnetism can be explained with Lenz law, which states that whenever
a change in magnetic field occurs, an electric field (an extra current) is generated to oppose
the change (see Eq. A.3). There is no permanent magnetic moment present in absence of an
external magnetic field, all moments caused by electron spins and orbital motions balance out.
When an external magnetic field is applied, extra little currents are generated inside the atom
caused by induction, see Section A.1.3. This external magnetic field changes the motion of
electrons in the atom. The material gets magnetized ~M in such a direction as to oppose the
increasing magnetic field. This effect is more or less temperature independent. The magnetic
susceptibility is generally quite small, in the order of χ = µr − 1 ≈ −10−5. Superconductors
may be seen as ideal diamagnets with a magnetic susceptibility of −1, they mirror the applied
magnetic field perfectly (below their critical temperature Tc). Ordinary diamagnetism is a
general property of matter, it is always present. In order to observe diamagnetism, para- and
ferromagnetism must be absent, else the diamagnetic effect will be masked by the other more
dominant effect. Examples of substances where this can be observed are noble gases, and most
organic compounds. [9, 15]

Figure A.2: Diamagnetic materials is weakly repelled by the sharp pole, paramagnetic materials
are weaker attracted by the sharp pole and ferromagnetic materials are strongly attracted. [15]

Paramagnetism

Besides the diamagnetic effect, which is always present, there is also the possibility of lining up
the individual atomic magnetic moments (see for magnetic moment Section 2.3.3). The induced
magnetization tends to enhance the magnetic field, when it is larger than the diamagnetic
effect. The substances where this occurs are called paramagnetic. In this case the material
is attracted to the external magnetic field, in the setup of Figure A.2 it is attracted to the
sharp pole. The magnetic susceptilities are in the order of χ = µr − 1 ≈ 10−5. This effect is
fairly weak, the lining-up forces are relatively small compared to the forces from the thermal
motion which try to derange the order. The magnetic susceptibility scales normally with one
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over the temperature 1/T . So the lower the temperature, the stronger the effect becomes. An
exception is paramagnetism arising from the spins of electrons responsible for the conduction in
metals, the susceptibility χ can decrease, remain constant or even increase with temperature.
It depends on the metal which effect is observed.

Ferromagnetism

In the case of ferromagnetism (almost) all the atomic moments line up. This is due to strong
short distance exchange interaction, this causes that the spins tend to align in the same
direction. The direct magnetic interaction wants to align the moments such that the net
moment is zero. The interaction force is about ten thousand times stronger than the direct
magnetic interaction, therefore the moments in ferromagnetic materials line up. This can only
be explained by quantum mechanics, which will not be discussed. This effect is temperature
depended, above the material dependent Curie temperature it will behave paramagnetic.
Three metals are ferromagnetic at room temperature: iron (Fe), cobalt (Co) and nickel (Ni).
Chromium (Cr) is antiferromagnetic, see also Figure 2.2. Antiferromagnetic materials have a
similar force, but the exchange interaction between neighboring atoms leads to a anti-parallel
alignment of the magnetic moments. The net susceptibility of an antiferromagnetic material
is in the same order as paramagnetic material χ = µr − 1 ≈ 10−5. The susceptibility of a
ferromagnetic material is very large, for iron typically several thousand. There are special
alloys like supermalloy which can have permeabilities as high as a million. This susceptibility is
more or less linear up till the saturation magnetization, see Section 2.2.3. Certain ferromagnetic
materials are able to retain a large magnetization when the external magnetic field is removed.
[15]

Superparamagnetism

Figure A.3: When the particle diameter is very small, the magnetite Fe3O4 particle is behaving
superparamagnetic. [9, 36]

If a particle is made small than a certain diameter Ds it will consist of only one magnetic
domain, single domain SD, see Section 2.2.2 for a discussion about magnetic domains. This
magnetic domain is still able to retain a magnetization without an external field. When it
becomes even smaller than a certain diameter Dp, than this remanent magnetization will
disappear. The particle becomes superparamagnetic. The volume of the particle is small enough
that the thermal energy is sufficient to overcome the energy of the magnetization states. The
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thermal energy can cause a spontaneous reversal of magnetization, this is a statistical process.
In an applied field there will be a net statistical alignment of magnetic moments. This is
analogous to paramagnetism, except now the magnetic moment is not that of a single atom,
but to an single domain SD particle containing 105 atoms. Hence the term superparamagnetism,
which denotes a much higher susceptibility than paramagnetism. In response to a change in the
applied field or temperature, an ensemble of superparamagnetic SPM particles will approach
an equilibrium value of magnetization with a characteristic relaxation time known is the Néel
relaxation time. This assumes a certain anisotropy in the particle, this means that there exist
an easy axis where there is less energy needed to magnetize the particle. Therefore will this
easy axis be oriented parallel to the applied field. For the Néel relaxation time holds

1

tr
= f0e

−KuV
kbT (A.5)

where tr is the relaxation time, f0 is a constant frequency factor (109Hz), Ku is anisotropy
constant, V is the particle volume, kb is the Boltzmann constant and T is the absolute
temperature. If the superparamagnetic particles are randomly distributed through a non-
magnetic matrix, there will be no net anisotropy, although there is a time needed for the
particle to reach a equilibrium. So when the external magnetic field is switched off, the magnetic
moment will disappear with the Néel relaxation time. Ideally this time will be very short for one
particle (in the nanosecond range), however it is possible that there is an interaction between
particles which causes a longer relaxation time [36].

A.3 Magnetic charge

To evaluate this equation an example of a bar magnetic is chosen. Suppose a long bar magnet
with a surface Ap where a magnetization Mb points out the bar. The magnetization Mb is
assumed to be constant over the whole bar magnet and parallel with the length axis (the
x-axis). According to Eq. 2.8 there is a surface charge ±ρs at the poles of the magnet

ρs = −~O · ~M |on surface = −Mx (A.6)

To simplify the calculations for the magnetic induction ~B, a very simple model is
constructed. In this model the poles of a magnetized object are presented as point charges, so
in total there are two opposite point charges, a dipole. The magnitude of this mathematical
magnetic point charge qm is the magnetic moment m divided by the dipole distance d integrated
over the pole surface. Because the distance d is constant, the magnetic point charge qm is equal
to the surface charge ρs times the pole area Ap.

qm =

∫∫∫
V

ρm dV =

∫∫
S

−Mx dA = −Mx Ap (A.7)

Based on this magnetic charge qm the field can be calculated. The electric field of a point
charge is known, using the analogy it can be converted to a magnetic variant.

~E =
1

4π

1

ε0

qe
r2

~er ⇒ ~B =
1

4π
µ0

qm
r2

~er (A.8)

When the two previous equations are combined, a rather simple equation can be derived
for the magnetic induction ~B in free air, in case of a simple magnetized object

~Bair =
1

4π
µ0

qm
r2

~er =
4π10−7

4π

qm
r2

~er =
−Mx Ap 10−7

r2
~er (A.9)

The two magnetic fields of the poles can be added to make an estimation for the whole field
of the dipole (superposition principle) which is shown in Figure A.5.
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Figure A.4: The electric field of a point charge.

Figure A.5: The field lines and equipotentials for two equal and opposite point charges for a
object with a certain magnetization in the x-direction (Mx > 0). [15]
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A.4 Magnetic moment magnetized disk

Figure A.6: A random magnetized object with flat pole surfaces.

In Figure A.6 is a uniform magnetized object shown with a flat pole surfaces Ap. The
magnetic charge qm can be calculated by multiplying this magnetization by the surface area, as
shown in Eq. A.7. The magnetic field produced by this magnetized object can be calculated by
filling in the area in Eq. A.9. For a disk which is magnetized in plane, like shown in Figure A.7,
it is more complicated to calculate the magnetic moment m. To do this all the magnetic moment
has to be integrated over the surface of the disk. After that a effective magnetic charge can be
calculated by choosing a certain distance. This way the field is approximated by a dipole.

Figure A.7: A in plane magnetized disk.

To calculate the total magnetic moment m, the symbols of Figure A.7 are used. On a
certain surface dA there is a surface charge dρs present. The surface size is equal to the length
of the arc (dΘ R) times the height (h). The surface charge is equal to the magnetization (M)
times a cosine of the angle (cos (Θ)).

dρs = dA σ(Θ) = dA M cos(Θ) = M cos(Θ) h R dΘ (A.10)

Each positive magnetic charge has a negative counter charge on the other side. The magnetic
moment dm is therefore the magnetic charge dρs times the charge distance L.

dm = dρs L = dρs 2 R cos(Θ) = 2 M h R2 cos2(Θ)dΘ (A.11)

From this the total magnetic moment m (in ampere square meter A m2) can be calculated
by integrating over all angles: from −π

2
to π

2
.
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m = 2 M h R2

∫ −π/2

π/2

cos2(Θ)dΘ = M h R2 π (A.12)

In this equation it can be seen that the magnetic moment m is also equal to the volume
of the disk times the magnetization M . The most charge is most left and right of the disk,
like shown in Figure A.7. The effective magnetic dipole charge qm can be calculated if the
assumption is made that the distance d is equal to two times the radius

qm =
m

d
=

m

2 R
= M h R π 1

2
(A.13)

A.5 Near-field force bead

~H =
1

2 π

∫
all ρs

ρs
r12

~er12 dA (A.14)

The part magnetic charge of the disk which interacts with the sphere is also assumed to be
uniform (2d calculation) and is called ld. The value of this variable will be discussed later. The
vector ~r1 is the vector to a certain place in space (x1, y1) where the magnetic field is calculated.
The vector ~r2 is the vector which points to the place where the magnetic charge is located
(0, y2). Subtracting these two vectors gives the vector ~r12 which points from the magnetic

charge to a certain place (x1, y1 − y2). To calculate the magnetic field ~H the two components
are calculated separately.

Hx =
ρs
2 π

∫ h

0

x1

x2
1 + (y1 − y2)2

dy2 (A.15)

Hy =
ρs
2 π

∫ h

0

(y1 − y2)

x2
1 + (y1 − y2)2

dy2 (A.16)

The solution to these two integrals can be evaluated with some calculus, this gives the
following expression for the magnetic field:

Hx =
ρs
2 π

(
arctan

(
y1

x1

)
− arctan

(
y1 − h
x1

))
(A.17)

Hy =
ρs
2 π

1

2

(
ln
(
x2

1 + y2
1

)
− ln

(
(h− y1)2 + x2

1

))
(A.18)

This solution is plotted in Figure A.8. Close to the sheet, so for very small x1, the magnetic
field in the x-direction Hx is equal to the surface charge divided by two (ρs

2
). This is equal to

the field for a infinite plate with a certain surface charge ρs.
The force on a magnetic charge can be calculated by multiplying the charge with the

magnetic field (see Eq. 2.9). To calculate the force on a sheet of charge, the force on each
segment of charge has to be calculated. Since the surface charge ρs is uniform assumed over
the second sheet and the system is symmetric, the force in the x-direction (Fx) is zero. For the
force in the y-direction the magnetic field has to be integrated over the line and could then be
multiplied with the surface charge.

Fy = µ0 ld

∫ h/2

−h/2
−ρs Hy(x1, y2)dx|y1=0 = −ρs µ0 ld

∫ h/2

−h/2
Hy(x1, y1)dx|y1=0

=
−µ0 ρ

2
s h ld

2 π

(
2 arctan

(
1

2

)
+

1

2
ln(5)

)
≈ µ0 ρ

2
s h ld

2 π
1.73

(A.19)
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Magnetic field of a sheet of charge

Figure A.8: The calculated magnetic field of a sheet of charge.

The surface charge ρs is equal to the saturation magnetization of the disk. The equation
for the attraction force becomes then the quite simple expression:

Fy =
µ0 M

2
s h ld

2 π
1.73 (A.20)

A.6 Magnetic field wire and solenoid

A.6.1 Current carrying wire

To model the magnetic problem, static analyses will be performed. This means that only static
or slow changes of the magnetic are considered, so that the derivative with respect to time is
zero or negligible small. Suppose the simple case of a current carrying wire. The assumption
of a uniform current density through the wire is made. Based on this the magnetic induction
~B can be calculated. We start with the Maxwell’s equation for the rotation of the magnetic
field ~B. This is equal to the magnetic permeability µ0 multiplied by the current density ~J .

~O× ~B = µ0
~J (A.21)

~O · ~B = 0 (A.22)

The first equation relates the curl (or rotation) of the magnetic field to the current density.
The second equation means that the field lines follow closed loops, and that there are no
magnetic point sources.

Stokes’ theorem says that the integral around any closed path of any vector field is equal
to the surface integral of the normal component of the curl of the vector [15, page 13-4]. If this
theorem for the magnetic field vector is applied and using the symbols as shown in Figure A.9
this gives ∮

Γ

~B · d~s =

∫
S

(~O× ~B) · ~n dS (A.23)

When previous equation is combined with Eq. A.21 this gives∮
Γ

~B · ~ds = µ0

∫
S

~J · ~n dS (A.24)
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Figure A.9: The line integral of the tangential component of the magnetic field is equal to the
surface integral of the normal component of the curl of the magnetic field [15].

From this equation the magnetic field inside and outside a round wire can be derived. For
the magnetic field outside the wire, the boundary Γ becomes a circle that is outside the wire,
which has the same center as the wire. The current density is only present inside the wire.
If we integrate over all the current density J in the wire this gives the current I which flows
through the wire.

Boutside · 2 · π · r = µ0 · J · π ·R2
0 = µ0 · I (A.25)

Here is r the distance from the center of the wire and R0 the radius of the wire. This
equation can be rewritten to an expression for the magnitude of the magnetic field outside the
round wire.

Boutside =
µ0 · I

2 · π · r
(A.26)

The strength of the magnetic field drops off with 1/r, the distance from the center of the
wire.

Figure A.10: The magnetic field outside of a long wire [15].

In Figure A.10 can be seen that ~B is at right angles to both ~I and ~r. Therefore the magnetic
field becomes

~Boutside =
µ0

2 · π
~I × ~er
r

=
µ0

2 · π
~I × ~r
r2

(A.27)

So the magnetic field is always at right angles to ~I and ~r, the magnitude is proportional
with the current I and it drops with 1/r. [15]
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A.6.2 Long solenoid

The magnetic field of a long solenoid can be calculated in a similar way. In order to handle
the direction of the magnetic field a iron core is inserted, which is being magnetized. This is
calculating by evaluating the magnetic field ~H, which can be multiplied with the permeability
in case of linear media (see Eq. 2.6). Iron is a ferromagnetic material, this will be explained
in Section A.2. The consequence is that iron is no linear media, which makes calculating the
response of these materials quite complicated. To make very rough calculations possible the
assumption of small magnetic fields will be made, this means that the relative permeability can
be approximated with a linear constant µr (see also Figure 2.8). The permeability of ordinary
irons is typically from several thousand to lower values for higher magnetic fields. [15]

In matter holds, in a static situation, the following equation

~O× ~H = ~Jf (A.28)

Here is Jf the free current, this free current might flow through wires embedded in the
magnetized substance or, if the material is a conductor, through the material itself. In common,
the total current ~J can be split into two parts: the bound current and the free current.

~J = ~Jb + ~Jf (A.29)

The two separate currents parts have a different meaning. The free current is there because
somebody hooked up a wire to a battery, it involves actual transport of charge. The bound
current is there because of magnetization, it results from the addition of many aligned atomic
dipoles. According to Ampère’s law (for static analyses) each of these currents relates to another
field. The relation between the magnetic induction, magnetization and the magnetic field from
Eq. 2.4 can be rewritten to an equation with three times Ampère’s law

1

µ0

(~O× ~B) = ~J = ~Jb + ~Jf = ~O× ~M + ~O× ~H (A.30)

So the bound current relates to the magnetization ~M , the free current to the magnetic field
~H and the total current to the magnetic induction ~B.

Figure A.11: The magnetic field of a long solenoid. [15]

Applying Stokes’ theorem to Ampère’s law for the magnetic field ~H, shown Eq. A.28, the
following equation is obtained ∮

Γ

~H · ds =

∫
S

~Jf · n dS (A.31)

On the left-hand side the magnetic field ~H is integrated over the contour Γ. This contour
goes the distance L inside the solenoid, where the field is a certain value H. Then it goes at
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right angles with the field, and outside the solenoid is the field zero or negligible. In the surface
S enclosed by the contour Γ, there are N turns of the solenoid. From this follows that the turn
density times the current is equal the magnetic field strength H.

H · L = I ·N (A.32)

This can be rewritten an expression for the magnetic field

H =
N · I
L

(A.33)

In a linear media can this be written to the magnetic induction B (see Eq. 2.6) and to the
magnetization M (see Eq. 2.5) with the magnetic permeability µ or the magnetic susceptibility
χm.

A.7 Quadrupole gap field strength

The magnetomotive force MMF , equal to number of turns N times the current I, can be seen
as a voltage Veq, the magnetic flux ΦB as a current Ieq (see also Section A.1.3). From this follows
also a magnetic reluctance Rm, which can be seen as a resistance Req. The magnetic analog
of Kirchoff’s Law says that the sum of fluxes of a node is zero and that the magnetomovitive
forces of a loop are zero. [14, 15] Based on these rules for the equivalent circuit analyses follows
the following equation

Veq = Ieq ·Req1 + Ieq ·Req2 ⇒MMF = ΦB ·Rm1 + ΦB ·Rm2 (A.34)

The source force MMF is the number of turns of the solenoid N times the current through
the solenoid I. The magnetic flux ΦB is equal to the magnetic field B times the cross-sectional
area A, assuming a constant magnetic field. The magnetic reluctance Rm is equal to the physical
circuit length l divided by the permeability µ and the cross-sectional area A. The magnetic
loop of Figure 2.17 can be written as

4 ·N · I = φ ·Rcore + φ ·Rair (A.35)

The magnetomotive force is equal to two times N · I (two solenoids in one half) times
two half circuits, these may be added because of symmetry. The resistance of the core will
be neglected, since the relative permeability of iron is approximately one thousand. This is
allowed when the air gap is not too small, because then Rair gets small compared to Rcore. If
all the variables are filled in the previous equation, this gives an expression for the magnetic
field in the air gap.

4 ·N · I = Bg · Ag ·
lg

µ0 · Ag
(A.36)

which can be rewritten to an equation for the magnetic field in the gap

Bg =
4 ·N · I · µ0

lg
(A.37)

A.8 Stokes flow sphere

The velocity components of Stokes flow around a sphere, with velocity ub along the x-axis, are

ur = ub cos(θ)

(
1− 3Rb

2r
+
R3
b

2r3

)
(A.38)

uθ = −ub sin(θ)

(
1− 3Rb

4r
− R3

b

4r3

)
(A.39)
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Figure A.12: Velocity vectors in cartesian and polar vector systems.

The two velocity components (ur, uθ) are shown in Figure A.12. [25, Page 289-291] Since
the channel is rectangular, it is more convenient to perform the integration in the cartesian
coordinate system. The polar velocity vector could be converted to cartesian coordinates using
the following equations

ux = ur cos(θ)− uθ sin(θ) (A.40)

uy = ur sin(θ) + uθ cos(θ) (A.41)

where r is the distance from the origin

r =
√
x2 + y2 + z2 (A.42)

and θ is the angle to the x-axis (see also Figure A.12)

θ = atan2(
√
y2 + z2, x) (A.43)

The atan2 function with two arguments, the x- and the y-value. The result is the angle in
the range of (−π, π]. Hence holds for the cartesian velocity components

ux = ub − ub cos2(θ)

(
1− 3R

2r
+
R3

2r3

)
+ ub sin

2(θ)

(
1− 3R

4r
− R3

4r3

)
(A.44)

uy = ub sin(2θ)
3 a3 − 3 a r2

8r3
(A.45)
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Mask design

Figure B.1: First wafer design.

76 of 88



Appendix B. Mask design

Figure B.2: Type 1 chip design of first wafer design.

Figure B.3: Type 2 chip design of first wafer design.
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Figure B.4: Second wafer design.

Figure B.5: Type 1 chip design of second wafer design.
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Figure B.6: Type 2 chip design of second wafer design.

Figure B.7: Chip size with powderblasted holes for the loading in- and outlets.
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Manufacturing

C.1 Process A

Glass or silicon on glass wafer with the permalloy pattern on the bottom of the channel
patterned using lift-off.

Figure C.1: Glass bonded on glass with permalloy pattern on bottom.
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Figure C.2: Silicon bonded on glass with permalloy pattern on bottom.

C.2 Process B

Silicon on glass with permalloy pattern on the top of the channel patterned using wet etching

Figure C.3: Silicon bonded on glass with permalloy pattern on top.

C.3 Wafer information
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C.4 Chip assembly

Figure C.4: Chip aligner with silicon side of chip on foil.

Figure C.5: Chip parts aligned in chip aligner.
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Appendix D

Pictures of VSM

Figure D.1: Close-up of the sample in the pickup coils between the two electromagnets of the
VSM.

Figure D.2: VSM control Close-up of the sample in the pickup coils between the two
electromagnets of the VSM.
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Appendix E. H-bridge circuit

Appendix E

H-bridge circuit

Figure E.1: Pulse Width Modulated sinusoidal signal, showing the amplification principle [45].

Figure E.2: The used H-bridge circuit. On the left and the right the control signals of the
microcontroller are connected, in the middle the connections for the solenoid are drawn.

Designator Description
R1 = R2 500 Ω
R3 = R4 220 Ω
T1 = T2 PMOS, IRF9530NPbF
T3 = T4 NMOS, IRF530NPbF
T5 = T6 NPN, BC550
Vdd 12V PC power supply
Microcontroller PIC 18F452
Microcontroller supply 5V Voltage regulator ka7805a
Optocouplers PC017

Table E.1: Bill of Materials for H-Bridge circuit.
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Appendix F

Particle tracking script

1 %load video in workspace
2 video filename = '5hz disk −500nm 30um16.avi';
3

4 video = importdata(video filename);
5 video object = VideoReader(video filename);
6 %get video info
7 video time = video object.Duration; %video duration in seconds
8 fps = video object.FrameRate; %framerate in frames per second
9 %analyse video data

10 video size = size(video(1,1).cdata)
11 %optional cropping of video
12 Xmin = 1; Xmax = video size(1);
13 Ymin = 1; Ymax = video size(2);
14 %deterime number of frames of video
15 video length = length(video);
16

17 %parameters for analysis of the video:
18 threshold = 0; %optional threshold for nois filtering
19 ana frame start = 1;
20 ana frame stop = video length;
21 ana frame total = ana frame stop−ana frame start
22 pk threshold = 10; %peak threshold for particle tracking
23 max movement = 4; %max movement of a particle, decrease ...

when
24 %particle tracking gives
25 %errors−confusement with different
26 %particles
27 frames found = 5*fps; %time that a particle is followed in ...

seconds
28 cross size = 0; %drawing...
29 line width = 2;
30 line max speed = fps*max movement/0.85*0.4;
31 colorarray = jet(255); %alternatives: cool, jet, hsv
32

33 %add all frames and devide by the number of frames to get an average frame
34 %of the whole video
35 image sum = uint64(zeros(Xmax−Xmin+1,Ymax−Ymin+1));
36 for frame = 1:video length
37 image sum = image sum + ...

uint64(video(1,frame).cdata(Xmin:Xmax,Ymin:Ymax));
38 end
39 image avg = uint8(image sum/video length);
40

41 %analysis of the video with given parameters
42 for ana frame = ana frame start:ana frame stop
43 %the progress is displayed in the command window
44 progress = (ana frame−ana frame start)/ana frame total*100
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Appendix F. Particle tracking script

45

46 %the frame is substracted from the earlier calculated average frame
47 substract pic = ...
48 (imsubtract(image avg,video(1,ana frame).cdata(Xmin:Xmax,Ymin:Ymax)))...
49 −threshold;
50

51 %the peaks are found with the function below
52 pk = pkfnd(substract pic,pk threshold,5);
53

54 %the peaks are more precisely determined in double format
55 cnt = cntrd(cast(substract pic,'double'),pk,5);
56 pk = cnt(:,1:2);
57

58 %the peak data is saved in the array pk time
59 pk size = size(pk);
60 if ana frame == ana frame start
61 pk time = [pk ones(pk size(1),1).*ana frame];
62 else
63 %the found peaks are collected in the matrix pk time
64 pk time = vertcat(pk time,[pk ones(pk size(1),1).*ana frame]);
65 end
66 end
67

68 %the tracking of the peaks is performed in this function
69 tr = track(pk time,max movement);
70 %output format: X data, Y data, Frame number, Particle id
71

72 %the number of particles which are found with the tracking function
73 particles found = max(tr(:,4));
74

75 %=================================
76 % draw figure
77 %=================================
78 %start drawing the found particle data
79

80 close all
81 figure %create new figure
82 %plot the last substract pic as a background for the particle data
83 colormap(video(1,1).colormap)
84 image(video(1,frame).cdata(Xmin:Xmax,Ymin:Ymax))
85

86 distance counter = 1;
87 speed array = [0];
88 %loop through all the found particles
89 for b=1:particles found
90 %filter on the particle id == b
91 tr found = find(tr(:,4) == b);
92 %deterime howlong this specific particle is tracked, if this is long
93 %enough then plot the data of this particle
94 if length(tr found) ≥ frames found;
95 %determine the total travelled distance
96 ∆X = tr(tr found(1),1)−tr(tr found(length(tr found)),1);
97 ∆Y = tr(tr found(1),2)−tr(tr found(length(tr found)),2);
98 totdistance = sqrt(∆Xˆ2+∆Yˆ2);
99 %filter the moving particles for the drawing sequence

100 if totdistance > 5
101 speed = 0;
102 %loop through the indexes which are found in tr found
103 for i=1:length(tr found)−1
104 %calculate a moving average for the speed color
105 for j=1:5
106 ∆X = tr(tr found(i),1)...
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107 −tr(tr found(min(i+j,length(tr found))),1);
108 ∆Y = tr(tr found(i),2)...
109 −tr(tr found(min(i+j,length(tr found))),2);
110 distance(j) = sqrt(∆Xˆ2+∆Yˆ2)/j;
111 end
112 %0.85 pixels/um
113 speed = fps*mean(distance)/0.85;
114 clear distance
115 %select the drawing color
116 colorvalue = ...

colorarray(int16(min(speed/line max speed,1)*254)+1,:);
117 %draw a line between the different coordinates
118 line([tr(tr found(i),1) tr(tr found(i+1),1)],video size(1)...
119 −[tr(tr found(i),2) ...

tr(tr found(i+1),2)],'Color',colorvalue,...
120 'LineWidth',line width);
121 end
122 end
123 end
124 end
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