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Chapter 1

Introduction

This chapter gives an overview about the history of permanent magnets and their
applications, as well as the aims and outline of this thesis.

1.1 History and applications

Permanent magnets are materials, which experience attracting or repelling forces
based on their physical properties when exposed to other specific materials. Even
though this behavior has been used already 1175 A.C. in the form of a compass by
using a so called "Lodestone" on a piece of cork floating on water (Carlson, 1975),
it took more than 400 years to understand its link with the earth magnetic-field
as the earth has been described as a big magnet by William Gilbert (Lindsay,
1940). John Michell discovered, that the strength of both poles of a magnet
are similar, in this early state he published a book where he explained how to
fabricate artificial magnets, without using Lodestones (Michell, 1751). In 1820,
Hans Christian Oersted discovered the link between electricity and magnetism, a
scientific milestone (Oersted, 1820) which was used in 1821, when Faraday placed
current-carrying wire in a magnetic field to let it rotate, showing the first time the
principle how a modern electric motor works (Faraday, 1821). After a few years
of further development, Zenobe Theophile Gramme introduced the fist electric
motor and generator of commercial significance in 1871 using carbon steel magnets,
fabricated by the rolling process (Gramme, 1871). The development of alnico-
magnets (Ni-Co-Al-Fe), first rare-earth magnets (SmCo5, Sm2Co17), Neodynium-
Iron-Boron (Nd2Fe14B) magnets in the 20th century had a major impact on
the improvement of permanent magnet-involving applications (Livingston, 1990).
Whether they are present in communication- and entertainment electronics, cars,
wind turbines or other industrial equipment in e.g. optical drives, hard discs,
loudspeakers, electricmotors, generators, sortingmachines or lifting tools, magnets
became indispensable in the modern world (Coey, 2002).
One specific application of permanent magnets is the NMR-spectroscopy, which
requires high and homogeneousmagnetic fields, for instance to analyse the chemical
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2 Chapter 1 – Introduction

composition of liquids (see e.g. (Levitt, 2008)). The current trends in NMR
instrument development are two-fold: one trend is to ever more powerful high-
end systems with spectral resolution below 0.1 ppb (Hashi et al., 2015), using
He-cooled superconducting magnets operating at 1 GHz 1H resonance, ∼5 m
height, ∼15 t weight, and ∼12 Me cost. On the other side of the spectrum are
the more affordable (∼25 ke) bench-top systems for chemical labs (Nanalysis,
2020.11.04; PicoSpin80, 2020.11.04; Pulsar, 2020.11.04; Spinsolve, 2020.11.04),
with permanent magnets giving 40 MHz - 100 MHz 1H resonance, <60 cm height,
<150 kg weight, and resolution ∼20 ppb. Specialized robust process-analytical
systems for production environments (Aspect, 2020.11.04; J.C. Edwards, 2010)
(∼60 MHz, 1.8 m max, 600 kg max) can also be ranked in the latter category. Most
systems employ standard 5 mm OD tubes with >0.3 mL liquid sample, the process
systems which work online with reactors typically in 3 mm-10 mm OD flow pipes
and 2 ml-5 ml sample volume. It should be noted that the static magnetic field
in these systems is commonly expressed as the Larmor frequency of the nuclear
spin of the proton, 1H, in MHz. For example, a ∼1 T magnet, as will be discussed
in this thesis, corresponds to 42.6 MHz. The magnet uniformity is conveniently
expressed in ppm (µTesla/Tesla), which directly relates to the spectral resolution
of NMR, expressed in Hz or more commonly in ppm (Hz per MHz). In this
thesis we will use ppm to indicate magnetic field uniformity (over a defined
volume). To keep the NMR systems light and mobile, one can work with a system
of permanent magnets, which can nowadays be manufactured in any size and
shape, although only with a limited magnetic field strength. The main challenges
in the design of such systems is to produce a high field and to strongly reduce
field inhomogeneities, which are initially caused by chosen magnet-design and
the properties of the magnetic material. Another challenge is to obtain enough
NMR sensitivity because intrinsically the magnetic effects caused by the nuclear
spins are very small, in particular for the atoms that are of interest in chemical
applications, such as Hydrogen and Carbon (Zalesskiy et al., 2014). A special
magnet configuration has been invented by Klaus Halbach in 1980, which reduces
the stray field while enhancing the field at the ring-center. This configuration is
frequently used in modern NMR-applications and a key component of this thesis
(Halbach, 1980).

1.2 Framework of this thesis

The aimof this thesis is to characterize and design permanentmagnet configurations
for different microfluidic applications. The research was part of the research
programme FLOW+ with project number 15025, which is (partly) financed by the
Dutch Research Council (NWO), Bronkhorst High-Tech B.V. and KROHNE New
Technologies B.V.. The project, entitled "Microflow Magnetic Resonance", is in
close collaboration with Electronic Instrumentation Laboratory, led by professor
Makinwa, at the Technical University of Delft, where the Ph.D. student Eren Aydin
has worked on the excitation and detection electronics for magnetic resonance
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systems. The key element in a miniaturized system that applies magnetic resonance
for chemical analysis (i.e. NMR) or for measuring the flow rate of single or multi-
phase fluids, is a magnet system that achieves a static magnetic field B0 that is
very homogeneous over the complete sample volume (to be called the "region of
interest") and that remains stable in a realistic operating environment. The target
that was set for this project, namely a system with a size in the range of centimeters
and with minimized power consumption, dictates that permanent magnets should
be applied and that preferably passive elements should be used to optimize (to
"shim") the field homogeneity in the region of interest. A further requirement is
a flow-through system, with a sample flow tube with an ID between 0.1 mm and
3 mm with a typical effective measurement volume of the order of 1µL and liquid
flow rates in the µL/min range. For that reason the region of interest was set as
a sample length of a few mm for a flow tube with a diameter below 1 mm, flow
aspects were not studied in this thesis. A special magnet configuration has been
invented by Klaus Halbach in 1980, which reduces the stray field while enhancing
the field at the ring-center (Halbach, 1980). The cylindrical Halbach array is the
most studied permanent magnet design for miniaturized NMR (Zalesskiy et al.,
2014), and will be a key component of this thesis. A Halbach design gives
the desired B0 homogeneity for relatively strong (up to ca. 1 T) field inside the
hollow core of the cylinder, without a significant stray field outside the magnet.
The latter is important for applications in an environment with steel components
(such as reactors and piping), or near delicate electronics. Halbach magnets are
commercially available with high quality and are reasonably priced. Magnets made
from themore commonNdFeBmaterial (Tmax 50◦C) or from the high-temperature
material SmCo5 (Tmax 300◦C) are available from different suppliers. Since the
Halbach configuration has been reported suitable for portable magnetic resonance
systems (Ha et al., 2014; Zalesskiy et al., 2014) and has been the method of choice
in Krohne’s large multiphase flow meters, this will be the basis for our device
development. The study in this thesis has made extensive use of electromagnetic
modeling to arrive at the best Halbach configuration for the desired scale of tubing,
with a modeling focus on general design rules and shimming methods. The
latter is considered important for future product developments, where different
volumetric requirements may hold. The size of the magnet for this project will
be in the range 0.5 T-1 T (ca. 20 MHz to 40 MHz 1H resonance), which overlaps
the field application ranges of quality control (using relaxometry) and process
monitoring (spectroscopy) (Mitchell et al., 2014). The target B0 field uniformity
was set at 0.1 ppm, which cannot be reached by the Halbach alone, but needs
shimming elements such as small electronic coils to further homogenize the field
at the measurement location. Furthermore, thermal regulation of the B0 field is
particularly relevant for long-term measurement schemes. This was not studied
in detail in this thesis, because it was the topic of the Ph.D. student at TU Delft,
but it was taken into consideration during Hall probe measurements, which were
performed in a controlled temperature environment. Details are given in the
following chapters.
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1.3 Outline

In chapter 2we present the optimization procedure of planar and Halbach perman-
ent magnet configurations. We measured several magnet properties and studied
their influence on the field-homogeneity based on a Monte-Carlo simulation. In
chapter 3 we designed a new magnet configuration for a mobile NMR-device in
combination with planar electric shimming chips. Chapter 4 reviews the possibil-
ity of using ferrofluids in a microfluidic chip to improve the field-homogeneity of
the previous mentioned magnet configuration. Chapter 5 compares three different
magnet configurations for Lorentz actuation of a µ-Coriolis mass flow sensor in
order to improve its signal amplitude. Chapter 6 shows a new method to sort
magnetic particles on small scale, based on the Magnus force. Chapter 7 is a
summary of the research which has been done in this thesis.



Chapter 2

Influence of the distribution of the
properties of permanent magnets on
the field homogeneity of magnet
assemblies for mobile NMR

Abstract

We optimized the magnetic field homogeneity of two canonical designs
for mobile microfluidic NMR applications: two parallel magnets with an air
gap and a modified Halbach array. Along with the influence of the sample
length, general design guidelines will be presented. For a fair comparison the
sensitive length of the sample has been chosen to be the same as the gap size
between themagnets to ensure enough space for the transmitting and receiving
unit, aswell as basic electric shimming components. Keeping the compactness
of the final device in mind, a box with an edge length 5 times the gap size has
been defined, in which the complete magnet configuration should fit. With
the chosen boundary conditions, the simple parallel cuboid configuration
reaches the best homogeneity without active shimming, while the Pseudo-
Halbach configuration has the highest field strength, assuming perfectmagnets.
However, permanent magnet configurations suffer from imperfections, which
results in worse magnetic field homogeneities than expected from simulations
using a fixed optimized parameter set. We present a sensitivity analysis for a
magnetic cube and the results of studies of the variations in the magnetization
and angle of magnetization of magnets purchased from different suppliers,
composed of different materials and coatings, and of different sizes. We
performed a detailed Monte Carlo simulation on the effect of the measured
distribution of magnetic properties on the mentioned configurations.

This chapter is based on "Y.P.Klein, L. Abelmann, J.G.E.Gardeniers, Influence of the distribution
in properties of permanent magnets on the field homogeneity of magnet assemblies for mobile NMR"
under review for IEEE Transactions on Magnetics
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Chapter 2 – Influence of the distribution of the properties of permanent magnets

on the field homogeneity of magnet assemblies for mobile NMR
2.1 Introduction

Low-field and low-cost mobile microfluidic nuclear magnetic resonance (NMR)
sensors are very suitable for applications in chemical process industry and in
research, for example chemical analysis, biomedical applications, and flow meas-
urements (Danieli et al., 2010; Kreyenschulte et al., 2015; Lee et al., 2008;Meribout
and Sonowan, 2019; Mitchell et al., 2014; Mozzhukhin et al., 2018; Sørensen et al.,
2014, 2015; Zalesskiy et al., 2014). The design of a permanent magnet for an NMR
sensor requires both a strong magnetic field and a high field homogeneity within
a defined region of interest. In NMR, a high external magnetic field results in a
high spectral resolution and detection sensitivity.

However, field-inhomogeneities compromise the spectral resolution. Our
aim with this research was to determine how the distribution of the properties of
permanent magnets affect themagnetic field homogeneity of magnet configurations
for mobile NMR devices.

In the literature, several magnet shapes for mobile NMR sensors have been
reported. A broad overview of magnet developments up to 2009 can be found in
Demas et al. (Demas and Prado, 2009). U-shaped single-sided magnets (Blümich
et al., 1998; Meethan et al., 2014) and magnets with specially shaped iron pole
magnets (Marble et al., 2005) have been used to explore surfaces, mobile Pseudo-
Halbach configurations (Vogel et al., 2016) and two cylindrical magnets (Sun
et al., 2013) have been applied for solid and liquid NMR measurements. While
the Pseudo-Halbach generates a higher field, ranging from 0.7 to 2.0 T (Danieli
et al., 2010; Moresi and Magin, 2003; Tayler and Sakellariou, 2017) compared to
0.35 to 0.6 T for the other configurations (Blümich et al., 1998; Lee et al., 2008;
Marble et al., 2005; Meethan et al., 2014), the reported field homogeneities without
electric shimming seem to be independent of the design, ranging from 20 ppm
to 606 ppm (Chen and Xu, 2007; Lee et al., 2008; Meribout and Sonowan, 2019;
Moresi and Magin, 2003; Sahebjavaher et al., 2010; Sun et al., 2013). Comparing
the two most reported mobile liquid NMR sensors, it further stands out that there
is no obvious relation between the size of the sensor and the choice of the magnet
configuration.

To achieve more insight into possible guidelines for the magnet design, in this
paper a modeling study will be presented from which the homogeneity and field
strength at specific locations in the gap of the magnet configuration is derived
numerically. It is widely experienced that after building such a permanent magnet
configuration, the homogeneity reached in practice does not exhibit the same
results as in the simulation (Ambrisi et al., 2010; Danieli et al., 2010; Horton et al.,
1996; Moresi and Magin, 2003; Soltner and Blümler, 2010), which can be caused
by several factors. The magnetization of permanent magnets depends highly
on the temperature, as well as on the remanent magnetization (Haavisto et al.,
2011). This remanent magnetization can change over time due to shock-induced
demagnetization (Li et al., 2013; Royce, 1966), external magnetic fields (Lee et al.,
2011), a degrading of the magnetic material caused by oxidation (Li et al., 2003),
as well as broken or chipped off pieces (since magnets are very brittle) (Horton
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Figure 2.1 – Left: Schematic view of the cuboid configuration. Right: Schematic
view of the Pseudo-Halbach configuration. The arrows indicate the magnetization
of each individual magnet. The sample tube is indicated between the magnet.

et al., 1996). Next to material related differences, fabrication inaccuracies such as
variations in the dimensions and magnetization angles affect the field created by a
permanent magnet. On top of that, magnet configurations can never be assembled
perfectly. Errors in placement may induce a tilt or an axial offset of the magnet.
We carried out an extensive numerical sensitivity analysis of a single cubic magnet
using these variations. We measured the variations in the magnetization and
magnetization angle of magnets composed of different materials, with different
coatings, and with different sizes, obtained from different manufacturers. The
two main magnet configurations investigated are a system of two parallel magnets
and a Pseudo-Halbach configuration (Demas and Prado, 2009), shown in Fig. 2.1.
One configuration of each type has been designed and optimized for the following
boundary conditions. The region of interest within the channel (s) has been
chosen to be the same as the gap size (d). For example: In case a maximal
magnet size of 50 mm×50 mm×50 mm is required, the gap size turns out to be
10 mm. All dimension specifications are scalable and will be normalized by the
gap length. Scaling the dimensions bigger or smaller will result in an increased or
decreased sample lenth relative to the dimensions of the gap, while the magnetic
field properties within the region of interest will stay the same. The magnetic
field has been normalized to the saturation magnetization of the used magnetic
material. The cuboid configuration consists of two cuboid magnets with a height
of 2d and a width of 4.72d . The Pseudo-Halbach configuration consists of eight
bar magnets, each with the dimensions d ×d ×5d . The measured variations in the
magnets have been used to perform a Monte Carlo simulation to provide insight
into how the homogeneity of those configurations varies after assembling. The
results have been verified with field measurements done with a Tesla meter. The
sample channel in most published microfluidic NMR sensors has a high ratio of
sample length over inner diameter (s/di) (5.0 over 0.4 mm in (Gardeniers et al.,
2009), 30 over 1.0 mm in (Kalfe et al., 2015), and 2.9 over 0.15 mm in (McDonnell
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on the field homogeneity of magnet assemblies for mobile NMR
Table 2.1 – Purchased permanent magnets.

Manufacturer Dimension Material Coating Abbreviation
[mm]

Supermagnete 45×30* NdFeB
(N45)

Ni-Cu-Ni Su45Nd45NCN

Supermagnete 7×7×7 NdFeB
(N42)

Ni-Cu-Ni Su7Nd42NCN

Supermagnete 7×7×7 NdFeB
(N42)

Ni-Cu Su7Nd42NC

HKCM 7×7×7 NdFeB
(N35)

Ni HK7Nd35N

HKCM 7×7×7 Sm2Co17
(YXG28)

Ni HK7Sm28N

Schallenkammer
Magnetsysteme

7×7×7 Sm2Co17
(YXG26H)

- Sc7Sm26

*diameter×height

et al., 2005)). Therefore we focus on a high field homogeneity in mainly one
dimension.

2.2 Methods

2.2.1 Computational method

The simulations have been done using CADES simulation software, completely
described by Delinchant et al. (Delinchant et al., 2007). The magnetic interactions
are modeled with the MacMMems tool, which uses the Coulombian equivalent
charge method to generate a semi-analytic model.

H(r) =
Ï
S

σS · (r−r′)
|r−r′|3 d s +

Ñ
V

ρV · (r−r′)
|r−r′|3 d v (2.1)

σS =M ·n , ρV =−div(M)

Here, H is the magnetic field intensity andM the magnetisation of the permanent
magnet (both in A/m), r and r′ define the observation point and its distance to the
elementary field source enclosed by d s and d v , σS and ρV are the surface and
volume charge, and n the unit vector normal to the surface.

The CADES framework, including a component generator, component calcu-
lator, and component optimizer, generated the final equations, which are used to
calculate and optimize the designs.
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Table 2.2 – Measured variations in magnetization and magnetization angle of
magnets with different materials, coatings, sizes and manufacturers.

Magnet Bstd
Bmean

[%] φ [°]
Su45Nd45NCN 0.7(3) 0.0(1)
Su7Nd42NCN 0.8(2) 0.7(2)
Su7Nd42NC 0.6(3) 0.0(1)
HK7Nd35N 0.3(3) 0.4(2)
HK7Sm28N 1.0(3) 0.2(1)
Sc7Sm26 1.6(2) 1.0(2)

2.2.2 Measurements

The variations in the properties of the magnets have been measured with a 3D
Hall-probe (THM1176 Three-axis HallMagnetometer, Metrolab). The setup for the
configuration measurements contains a stable temperature environment (±0.5 ◦C)
and a Hall sensor from Projekt Elektronik GmbH (Teslameter 3002/Transverse
Probe T3-1,4-5,0-70) in combination with a motorized linear stage. Since the
sensor is in a fixed position and only the magnet was moved for the measurement,
field variations within the oven have no influence on the measurement. Different
kinds of magnets have been purchased. We chose different materials, coatings,
sizes and manufacturers, shown in Table 2.1.

2.3 Results and Discussion

2.3.1 Magnet variation measurements

We have measured the variations in the magnetization and magnetization angle
of magnets obtained from different companies (Supermagnete, HKCM and Schal-
lenkammer Magnetsysteme), compositions (NdFeB N45, NdFeB N42, Sm2Co17
YXG28, Sm2Co17 YXG26H), coatings (Ni-Cu-Ni, Ni-Cu, Ni, no coating), and
sizes (cylinders with a diameter of 45 mm and height of 30 mm or cubes of
7 mm×7 mm×7 mm). An overview is given in Table 2.2 ∗.

On average, the magnetization varies by 1%of Bmean (Fig. 2.2). The cylindrical
magnet, which has a more than 50 times higher magnetic volume than the cubes,
shows roughly the same variation in magnetization. From this, we can conclude
that inaccuracies in the dimensions are not the main cause of the variation in the
magnetization. The uncoated Sm2Co17 shows a higher variation in magnetization
than the coated magnets, which could be caused by oxidation or small damage
to the magnet since unprotected sharp edges of magnets tend to break off easily.
Different coatings do not show a clear trend regarding the magnetization standard
variation or the variation in the magnetization angle. The offset angle varies on

∗The values between brackets are the absolute standard errors of the last shown digits.
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Figure 2.2 – Measured cumulative distribution of the field direction for a range
of commercial magnets. The sensitivity limit has been obtained from measuring
50 times the same magnet, indicated by the black line. We measured 10 different
magnets with a diameter of d = 45 mm and a height of h = 30 mm (orange), and
50 magnets with a size of 7 mm x 7 mm x 7 mm each of the other kinds of material
or manufacturer. On average, commercial magnets have a magnetization
variation of less than 1 %.

average by less than 1° (Fig. 2.3). There is no clear relation between the variation
in magnetization strength or orientation and material, coating or manufacturer.

2.3.2 Comparison of designs
Optimization procedure

To optimize the magnet configurations, the field inhomogeneity of its z-component
was defined as the root mean square of the difference between the mean field Bmean
and the field along the sample B0 with the sample size (length of interest) s related
to the mean field:

1
s

∫ s
0

√
(B0 −Bmean)2d x

Bmean
(2.2)

For a better understanding of the different magnet configurations, we start
with a description of the cuboid case. The cuboid configuration can be found in
Fig. 2.1. Fig. 2.4 shows the magnetic field along the sample of the optimized
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variation of less than 1 ◦. The line indicated ‘Measurement error’ shows a
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cuboid configuration, in which the field is the same in the center and at the edge
of a sample. The field is symmetric, showing a valley in the middle and two peaks
in the directions of the edges. After those maxima, the field decreases with the
distance to the center.

Fig. 2.5 shows how the field homogeneity develops with increasing sample size
(length of interest) while keeping the previously optimized parameter set constant.
Three regions can be seen. In the first one the field increases from 0.50035Bs
to 0.50041Bs, which means that the minimum field of 0.50035Bs stays the same
while the maximum field is increasing until it reaches its global maximum, hence
the inhomogeneity is also increasing. In the second region the inhomogeneity
stays almost constant. In the third region the field decreases below the previous
minimum, which results in a drastic increase of the inhomogeneity. Because of
this, the lowest inhomogeneity between two points can be either reached keeping
the sample as short as possible or when the field difference at the sample edges
and the middle are the same. This information is important for the following
optimization processes.

Cuboid The cuboid configuration (Fig. 2.1) consists of two parallel cuboid
magnets. The length L of the whole configuration has been chosen to be five times
the gap size d . The width W was used to tune the field in between the magnets.
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Figure 2.4 – Field profile of the cuboid configuration as a function of the relative
distance from the center between the magnets. In the optimized situation for a
sample size equal to the gap size, the field in the center equals the field at the edge
(x = 0.5d).

This subsection will show how to optimize a cuboid configuration using its width
to tune the homogeneity of the field. From the previous section we know that we
have to find a width for which the field in the center and at the sample edge is the
same.

Fig. 2.6 shows that the magnetic field in the center increases to its maximum of
0.54Bs at a width of ± 3.0375d . Increasing the width further results in a reduction
of the magnetic field, caused by the larger distance from the edges of the magnet
to the center. The difference between the magnetic field in the center and at the
sample edge increases until it reaches a maximum, when the width equals the gap
size. From this point the difference decreases until it reaches a minimum at a
width/gap ratio of 4.72. The stray field at a distance equal to the gap size is 0.24Bs.

Pseudo-Halbach The Pseudo-Halbach configuration (Fig. 2.1) consists of eight
magnets, arranged in such a way that the field in the bore is enhanced while the
external stray field is minimized. The magnets have a fixed dimension d ×d ×5d .
To tune the homogeneity, the position of the magnets in the corners is fixed, while
the other magnets are spread out over a distance C (Fig. 2.7). The width starts
at W = 3d to ensure a minimum bore width d and ends at W = L, due to the
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Figure 2.5 – Field inhomogeneity and field as a function of the sample size
(length of interest) for the cuboid configuration. The homogeneity has been
optimized for a sample size equal to the gap. With increasing sample size, both
the field and the field inhomogeneity increase theoretically (region I). The field
reaches a local maximum of 0.50041Bs at a distance of 0.71d from the center.
Above this distance the homogeneity of the sample stays approximately the same
(region II). When the sample size increases more than the gap size, the
inhomogeneity strongly increases (region III). Hence, to optimize the homogeneity
of the cuboid magnet configuration, the field difference between the center and the
sample edge needs to be minimized.

previously chosen boundary conditions.
Spreading the configuration increases the distance of themiddlemagnets, which

produces a decreased magnetic field strength (Fig. 2.7). With this configuration
the convex field profile has no chance to change to a concave profile. Therefore a
minimum can not be reached. With the most compact magnet arrangement, a field
of 0.9Bs and a field difference of 3365 ppm can be achieved. The stray field at a
distance equal to the gap size from the surface is 0.07Bs.

Influence of variations in the magnets

Choice of parameters to vary We calculated the influence on the magnetic field
of a variation of the dimensions, position, and tilt of the magnets, as well as in
the magnetization strength and angle (shown in Fig. 2.8). We consider the field
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Figure 2.6 – Field strength in the middle of the configuration and difference of
the field centre and the edge of the sample, both as functions of the ratio of the
cuboid width over the length. The field increases up to 0.54Bs at a cuboid width of
3.0375 times the gap size. The inset shows the field difference dropping to zero at
a width/gap ratio of 4.72.

components Bx ,By ,Bz at a point above the centre of the top (north) face, at a height
of 10% of the length a of the edge of the magnet.

Besides calculations, we also measured the magnetization and magnetization
angle of magnets with different sizes, materials, coatings, and manufacturers.
These measured variations are used for Monte Carlo simulations to estimate the
field homogeneity of a cuboid magnet and a Pseudo-Halbach magnet configuration
after assembly.

As can be seen in Fig. 2.9, the cubic magnet, magnetized in the z-direction,
shows no field in the y-direction (By ) along the x-axis at a distance of 0.1a from
the surface. The field Bx is zero in the center of the magnet and rises linearly with a
slope of 0.04Bs/a in the positive x-direction, with Bs the saturation magnetization
of the magnet material [T]. The field Bz is 0.357Bs in the centre which drops to
0.355Bs at x = 0.1a.

Table 2.3 shows the sensitivity matrix of the magnetic field in the x, y and z-
directions on the x-axis at a distance of 0.1d , given as percentages of Bs. Table 2.4
and 2.5 show the sensitivitymatrix of the cuboid and Pseudo-Halbach configuration,
depending on the magnetization and angle variation of each individual magnet.
Parameters related to the sizes have been varied by 10 % of the length of the
edge of the cube. Parameters related to the angle have been varied by 1°. The
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Figure 2.7 – Spreading the middle magnets has been used to change the
normalized field strength and field difference. At a spread parameter C = 0, a
minimal field difference of 3365 ppm and a field strength of 0.90 Bs can be
reached.

sensitivity matrix of the field in the x-direction shows that the field strength changes
proportionally with the magnetization. Themagnet tilt angle and themagnetization
offset angle around the x-axis, as well as moving the magnet in the y-direction,
does not have any influence on the magnetic field. A tilt or a magnetization offset
angle around the y-axis has a much more significant influence on the field: tilting
changes the field from 0.61 % in the centre to 0.51 % at x = 0.1a; themagnetic offset
angle changes the field from −0.87 % in the centre to −0.88 % at 0.1a. Moving
the magnet in the x-direction has the biggest influence on Bx : −1.09 % in the
center to −1.15 % at 0.1d . Misplacements in other directions and variations in
the dimensions have a minor influence on the field. The field in the y-direction
is influenced by tilting the magnet and a magnetization offset angle around the
x-axis and moving the magnet in the y-direction. The other parameters do not
affect the field. The field in the z-direction has a high dependency on the distance
to the magnet, twice as big as the change due to variations in the magnetization.
Tilting the magnet changes the field linearly from 0 at x=0 to −0.48 % at x=0.1a.
Other variables have a rather small influence on the field.

Summarizing, the variations in the tilt and magnetization angle have a sig-
nificant influence when the rotational axis is perpendicular to the observed axis.
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Figure 2.8 – Schematic drawing of a cubic magnet. The arrows indicate the
direction of magnetization. φ shows the total offset angle, θ the offset direction in
cylindrical coordinates.

Variations in the placement of the magnet have a significant influence if this vari-
ation is in the same direction as the observed field. Variations in the dimensions
have a relatively small influence on the field at the observed locations compared
to the other varied parameters.

Figure 2.10 shows a logarithmic plot of the field difference normalized to
one-half of the sum of Bz with an offset angle of 0° and 1° on the xz-plane. Right
above (z-axis) and next to the magnet (x-axis), the field is least affected by the
magnetization offset angle. The difference has its maximum along a line with
slope 0.7z/x.

Simulation of effect of variations in the magnet A Monte Carlo simulation
(n=50000) of the homogeneity has been performed with two input parameters for
each magnet, both for the cuboid and the Pseudo-Halbach configuration. A normal
distribution was assumed, using our measurements of the standard deviations of
1° in the magnetization angle and 1 % of the magnetization. No placement errors
or dimensional errors were considered.

Fig. 2.11 shows a distribution and probability plot of the obtained homogeneities
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Figure 2.9 – Magnetic field (x, y, z) above a cuboid magnet with the edge length
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Table 2.3 – Sensitivity matrix of the magnetic field (x,y ,z), given in the change of
Bs at the same position in [%] above a cuboid magnet with the edge length a
along the x-axis at a distance of 0.1a. Variations in the magnetization angle and
tilting the magnet perpendicular to the simulated axis affect the magnetic field
significantly. Placement errors have an influence if parallel to the field.
Variations in the dimensions have a minor effect.

Bx By Bz

Variation x = 0 x = 0.1a x = 0 x = 0.1a x = 0 x = 0.1a
M 1% 0.00 1.10 0.00 0.00 1.00 0.99

tilt x 1° 0.00 0.00 −0.61 −0.62 0.00 0.00
tilt y 1° 0.61 0.51 0.00 0.00 0.00 −0.48

φ (θ= 0°) 1° 0.00 0.00 0.00 0.00 0.00 0.00
φ (θ=90°) 1° −0.87 −0.88 −0.87 −0.86 0.00 0.19

x 0.1a −1.09 −1.15 0.00 0.00 0.00 0.10
y 0.1a 0.00 0.00 1.09 1.07 0.00 0.00
z 0.1a 0.00 −0.10 0.00 0.00 −2.17 −2.22

height 0.1a 0.00 0.02 0.00 0.00 0.23 0.23
depth 0.1a 0.00 −0.18 0.00 0.00 −0.01 0.01
width 0.1a 0.00 0.05 0.00 0.00 −0.01 −0.01
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Figure 2.10 – Logarithmic plot of the field difference normalized to one-half of
the sum of Bz with an offset angle of 0 ◦ and 1 ◦ generated by a cubic magnet with
an edge length of a. The field difference has its minimum right above, and right
next to the magnet, along the x- and z-axes. A maximum can be found along a
straight line with a slope of 0.7 z/x.

of the magnetic field in the z-direction simulated by aMonte Carlo simulation. The
mean homogeneity of the cuboid configuration is 430 ppm, the Pseudo-Halbach
configuration achieves 1086 ppm. However, the cuboid configuration has a high
spread in the homogeneity (standard deviation 350 ppm) while the Pseudo-Halbach
has a standard deviation of only 8 ppm. With a probability of 94.4 %, both the
cuboid configuration and the Pseudo-Halbach configuration obtain a homogeneity
of 1098 ppm or better. With a probability of 10 %, the cuboid configuration
achieves 64 ppm whereas the Pseudo-Halbach achieves not less than 1076 ppm.

An indication of why the cuboid configuration has a much higher standard
deviation than the Pseudo-Halbach configuration can be seen from the sensitivity
matrices of the z-field. We chose to show how the field in the centre and at
x=d/2 changes for a magnetization difference of 1 % and an offset magnetization
direction of 1° each in the direction which creates the highest field difference
at both locations. The Halbach configuration consists of 8 magnets: 4 corner
magnets, 2 at the side, and 1 each on top and bottom. Adding up the sensitivity
values of all the magnets results in a difference of 314 ppm between the z-field at
x=0 and x=d/2. The cuboid shows a significantly higher difference of 1970 ppm.

Regarding a single cubic magnet, the field difference, normalized to one-
half the sum of Bz , has a minimum right above and next to the magnet. The
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Figure 2.11 – Density plot (top) and cumulative distribution function (bottom) of
the Monte Carlo simulation for the cubic and Pseudo-Halbach configurations.
The simulation shows that the Pseudo-Halbach configuration has a mean
homogeneity of 1086 ppm (standard deviation 8 ppm), while the cuboid
configuration reaches 430 ppm (standard deviation 350 ppm).
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Table 2.4 – Sensitivity matrix of the z-field at x = 0 and x = d/2 for the
Pseudo-Halbach configuration.

Bz (x = 0) Bz (x = d/2)
M (total) 902.237 899.209 mT
M (top/bottom) 1737 1743 ppm
M (side) 1515 1520 ppm
M (corner) 876 877 ppm
Angle (top/bottom) 0 59 ppm
Angle (side) 0 0 ppm
Angle (corner) 0 81 ppm

Table 2.5 – Sensitivity matrix of the z-field at x=0 and x= d/2 for the
cuboid-configuration.

Bz (x = 0) Bz (x = d/2)
M (total) 499.301 499.301 mT
M 4998 4998 ppm
Angle 0 985 ppm

Table 2.6 – Measured homogeneity of cuboid and Pseudo-Halbach
configurations.

Inhomogeneity
[ppm]

Cuboid 1 748(3)
Cuboid 2 2250(3)
Cuboid 3 1021(3)
Pseudo-Halbach 1 1088(3)
Pseudo-Halbach 2 1081(3)
Pseudo-Halbach 3 929(3)

difference increases with an increased distance from the axis. Since the cuboid
configuration has fewer of magnets, the chance that all magnets have the same
deviation in their magnetization angle in the same direction is much higher than
for the Pseudo-Halbach configuration.

Measurements of the effect of variations in the magnet on the homogeneity,
for the cuboid and the Pseudo-Halbach configurations Both configurations
were assembled and measured three times. The measurement results are shown in
Table 2.6. One can see a small spread in the homogeneity of the Pseudo-Halbach
(mean value of 1032 ppm and standard deviation of 90 ppm). A larger spread was
found for the cuboid configuration (1340 and 800 ppm), see Table 2.7.

Using the results of the Monte Carlo simulation from Fig. 2.12, we can
calculate the likelihood of measuring a homogeneity of, for instance, approximately
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Table 2.7 – Mean (standard deviation) of the homogeneity of the field in the
z-direction of measured and simulated magnet configurations.

Measured Simulated
Inhomogeneity Inhomogeneity

[ppm] [ppm]

Cuboid 1340(800) 430(350)
Pseudo-Halbach 1032(90) 1086(6)

Table 2.8 – Comparison of magnetic properties of different magnet
configurations.

Bmax Bstray ∆Brms/Bmean
[Bs] [Bs] [ppm]

Cuboid 0.5 0.24 41
Pseudo-Halbach 0.9 0.07 994

1000 ppm or worse. For the cuboid configuration, this is a relatively low likelihood
of 6.5 %, and even lower (0.006 %) for the Pseudo-Halbach configuration. However,
we measured inhomogeneities above 1000 ppm on only three realizations. It
seems very likely that the inhomogenities are not only caused by the spread in the
properties of the magnets themselves, but also by inaccuracies in the manufacturing
of the entire assembly.

In general, the Pseudo-Halbach configuration has a more predictable field
profile, which makes this design more favorable for industrial applications than
the cuboid configuration. Since shimming is needed anyway, a measurement of
the field profile is not necessary. We therefore recommend restricting the use of
the cuboid configurations to research systems, where selecting the magnets and
measuring the final assembly is feasible.

2.3.3 Comparison
General comparison

Table 2.8 compares the major specifications of the two configurations. The
Pseudo-Halbach configuration achieves 0.9Bs, a 1.8 times higher field than the
Cuboid configuration, while the stray field at a distance of d from the magnet
surface is 0.07Bs, which is 3.4 times lower. In terms of homogeneity, the cuboid
configuration achieves a homogeneity of 41 ppm, which, compared to the Pseudo-
Halbach configuration, is 24.2 times better.

Influence of the sample length

We optimized the homogeneity of the configuration for different sample sizes,
while keeping the outer boundary conditions the same. Fig. 2.12 shows how the
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Figure 2.12 – Inhomogeneity of the magnetic field as a function of the sample
length/gap ratio with a constant configuration width/gap ratio of 5. For every
sample size, the width of the cuboid configurations has been optimized to reach
the lowest possible inhomogeneity. For a homogeneity reasonable for NMR
applications of 0.1 ppm, the sample length for a cuboid configuration needs to be
0.22d, whereas it has to become unrealistically short (0.01d) for the
Pseudo-Halbach configuration.

homogeneity changes with a smaller ratio of the gap size to the sample size.
In every case, reducing the sample size yields a better homogeneity. The

cuboid configuration can reach in theory 0.01 ppm with a sample size of 0.22d ,
while the Pseudo-Halbach configuration needs an absurd sample length of 0.01d
to reach this value.

2.4 Conclusions

Wehave investigated the effect on the homogeneity of the field of permanentmagnet
configurations for mobile NMR applications of variations in the properties of the
magnets. We measured the variations in the magnetization and magnetization
angle of permanentmagnets but could not observe a decisive difference between the
manufacturers, materials, or magnet coatings. On average, the standard deviation
of the magnetization is less than 1 % and for the variations in the magnetization
angle it is less than 1°.

We compared a cuboid and a Pseudo-Halbachmagnet configuration, in terms of
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their field strength and field homogeneity, for our optimized boundary conditions,
in which the sample size is equal to the gap size d and the whole configuration
should fit in a box with an edge length five times the gap size. For a fixed parameter
set, assuming perfectly magnetized magnets, the field in the centre of the cuboid
configuration is 0.5Bs and its homogeneity is 41 ppm. For the same boundary
conditions, the Pseudo-Halbach configuration achieves a higher magnetization
(0.9Bs) in the centre but less homogeneity (994 ppm). It is worth mentioning
that the Pseudo-Halbach configuration has a much lower stray field, and so less
interference with the environment, than the cuboid configuration.

For samples with a size the same as the gap size, the theoretical homogeneity
of both configurations is above the sub-ppm range, which is necessary to produce a
high resolution spectrum. Optimizing the homogeneity for shorter samples while
respecting the maximum outer dimensions yields in a much better homogeneity.
Using a sample size of 0.22d improves the homogeneity from 41 to 0.1 ppm for
the cuboid configuration, whereas the Pseudo-Halbach configuration would need
a impractical sample size of 0.01d .

We analysed the effect of the variation in magnetic properties on the uniformity
of the generated fields. The sensitivity matrix shows that the magnetization,
magnetization angle, and tilt have the most significant influence on the magnetic
field. Positioning errors mainly change the field, in case the positioning variation is
in the same direction as the field. Theoretically, the cuboid has good homogeneity
(on average 430 ppm), but the effect of variation in the magnets’ properties is
large (standard deviation 350 ppm). The Pseudo-Halbach configuration has worse
homogeneity (1080 ppm), but is 44 times less sensitive to variation in the properties
of the magnet.

We advise using the cuboid configuration for scientific use, where it is possible
to preselect the permanent magnets and the external stray field is not a big issue.
Mechanical shimming of this configuration can be done, changing the distance
to the magnets (counteracting magnetization differences) or by tilting the magnet
(counteracting magnetization angle variations). Using rather large magnets helps
to achieve the homogeneity needed for NMR measurements. If preselecting the
magnets is not an option, we recommend the Pseudo-Halbach configuration, which
has a more robust homogeneity regarding variations in the magnetization and angle.
The field profile of this configuration is predictable, which makes it easier to shim
afterwards to achieve the field homogeneity needed for NMR applications. Also
the lower stray field makes this configuration easier to handle and therefore more
favourable especially for industrial applications.
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2.5 Appendix

2.5.1 Figures
Figure 2.13 shows the offset angle from the same magnet, which has been meas-
ured 50 times resulting in a standard deviation of 0.645°, figs. 2.14 to 2.19 shows
the histogram of the angle variation of 50 different magnets of the same type of
respectively HK7Nd35N, HK7Nd35, HK7Sm28N, Su7Nd42NC, Su7Nd42NCN,
Su45Nd45NCN.
This data is used in table 2.2.

Figure 2.20 shows the cumulative distribution function plot for a sample with
the length d and 2d in the cuboid configuration. The width of the cuboids with
a distance of d and a height of 2d have been optimized for a sample length of d
(blue) and a sample length of 2d (red).

Figure 2.21 shows the measured magnetic field (z) of Cuboid and Pseudo-
Halbach configuration along the x-axis for d = 8 mm.
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Figure 2.13 – The offset angle from the same magnet has been measured 50 times
resulting in a standard deviation of 0.645◦.
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Figure 2.14 – Histogram angle variation HK7Nd35N.
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Figure 2.15 – Histogram angle variation HK7Sm28N.
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Figure 2.16 – Histogram angle variation Sc7Sm26.
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Figure 2.17 – Histogram angle variation Su7Nd42NC.
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Figure 2.18 – Histogram angle variation Su7Nd42NCN.
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Figure 2.19 – Histogram angle variation Su45Nd45NCN.



28
Chapter 2 – Influence of the distribution of the properties of permanent magnets

on the field homogeneity of magnet assemblies for mobile NMR

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9

 1

 0  500  1000  1500  2000  2500

Cu
m

ul
at

iv
e 

pr
ob

ab
ili

ty

Homogeneity [ppm]

Cuboidopti8mm
Cuboidopti16mm

Figure 2.20 – Cumulative distribution function plot for a sample with the length
d. The width cuboids with a distance of d and a height of 2d have been optimized
for a sample length of d (blue) and a sample length of 2d (red).

 0.494

 0.496

 0.498

 0.5

 0.502

 0.504

 0.506

 0.508

 0.51

 0.512

 0.514

-4 -3 -2 -1  0  1  2  3  4
 0.898

 0.9

 0.902

 0.904

 0.906

 0.908

 0.91

 0.912

 0.914

 0.916

Cu
bo

id
 F

ie
ld

 [
T]

H
al

ba
ch

 F
ie

ld
 [

T]

Location x [mm]

Cuboid1
Cuboid2
Cuboid3

Halbach1
Halbach2
Halbach3

Figure 2.21 – Measured magnetic field (z) of Cuboid and Pseudo-Halbach
configuration along x-axis.



2.5.2 – Tables 29

2.5.2 Tables
Table tables 2.9 and 2.10 shows measured angle and magnetization variations.

Table tables 2.11 to 2.13 shows the sensitivity matrix of Bx ,By ,Bz above a
cuboid magnet with the edge length d along x-axis at a distance of 0.1d

Table 2.9 – Measured angle variations.

confidence interval

Material Coating std ρ

[°]
95 % 68.27 %

Measurement
error

NdFeB N42 Ni-Cu-Ni 0.65 0.11 0.06

Supermagnete NdFeB N42 Ni-Cu-Ni 1.33 0.2 0.11
Supermagnete NdFeB N42 Ni-Cu 0.69 0.113 0.06
HKCM NdFeB N35 Ni 1.05 0.17 0.09
HKCM Sm2Co17

YXG28
Ni 0.85 0.14 0.07

Schallenkammer
Magnetsysteme

Sm2Co17
YXG-26H

- 1.72 0.28 0.14

Supermagnete
(Cylinder)

NdFeB N45 Ni-Cu-Ni 0.42 0.13 0.07

Table 2.10 – Measured magnetization variations.

Material Coating B [T] σ 68.27 %
confidence

Measurement
error

NdFeB N42 Ni-Cu-Ni 0.5425 0.1709 0.0002

Supermagnete NdFeB N42 Ni-Cu-Ni 0.4196 0.8631 0.1374
Supermagnete NdFeB N42 Ni-Cu 0.5187 0.7965 0.0669
HKCM NdFeB N35 Ni 0.4503 0.9208 0.0773
HKCM Sm2Co17

YXG28
Ni 0.4362 0.5025 0.0422

Schallenkammer
Magnetsysteme

Sm2Co17
YXG-26H

- 0.3852 1.2024 0.1010

Supermagnete
(Cylinder)

NdFeB N45 Ni-Cu-Ni 0.3687 1.7225 0.1447
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Chapter 3

Dumbbell Pseudo Halbach Magnet
Configuration: Combining high
field strength with high homogeneity

Abstract

In this work we introduce an easy-to-use permanent magnet configuration
for mobile NMR-applications (nicknamed Dumbell-Halbach). The configura-
tion consists out of a Pseudo-Halbach and two movable shimming rings which
allow to tune the homogeneity along the bore to match it with the sample
length. The two additional shimming-rings result in a 19 % higher magnetic
field strength and an improved homogeneity. Our assembled magnet has a
total size of 50 mm×50 mm×42 mm, a total weight of 332 g and reaches
33 ppm and 1.06 T without electric shimming over a length of 5 mm. Addi-
tionally, we present biplanar shimming circuits to shim magnetic field profiles
on small scale. These circuits were optimized for the Dumbbell-Halbach by
numerical simulations, and reached improvement from 26 ppm to 0.5 ppm
over a length of 3 mm, which was beyond our measurement capability of
3 ppm.

3.1 Introduction

Mobile NMR-sensors are frequently used in chemistry or biology. The main
characteristics of those type of sensors are low-cost, low-energy consumption,
lightweight and relatively small dimensions. Mobile NMR sensors are often based
on a Halbach dipole magnet, a configuration that has firstly been introduced by
Klaus Halbach (Halbach, 1985). Halbach-ring permanent magnet arrangements
enhance the field in the bore, reaching up to 2 T while reducing the stray-field

This chapter is based on Y.P.Klein, L. Abelmann, J.G.E.Gardeniers, "Dumbbell Pseudo Halbach
Magnet Configuration: Combining high field strength with high homogeneity" to be submitted to J.
Magn. Reson.
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(Tayler and Sakellariou, 2017). Combining such a configuration with long magnets
results in a high field along the entire bore, which is especially beneficial for
mobile microfluidic flow measurements where the solenoid coil is wound around
a thin channel in which the sample-fluid is located. Therefore Halbach-magnets
are usually rather long, ranging from 70 mm to 240 mm with a weight of a few kg.
Still, the homogeneity without electric shimming does not reach the homogeneity
needed for high resolution NMR measurements, typically falls in a range between
20 and 2300 ppm (Hills et al., 2005; Hua et al., 2017; Moresi and Magin, 2003;
Vogel et al., 2016; Windt et al., 2011). The homogeneity of Halbach configurations
can be improved with the combination of multiple Mandala rings where ring
distance has been tuned to improve the field homogeneity (Hugon et al., 2010;
Sakellariou et al., 2010; Soltner and Blümler, 2010). A drawback of using a gap
between the rings is the lower resulting field strength. We present a configuration
which combines a high magnetic field arising from the Pseudo-Halbach config-
uration and the possibility to shim the field easily mechanically with additional
magnetic rings.
The field-homogeneity gets further improved with the use of electric shimming
units(Golay, 1958), where an arbitrary shimming field is superposed out of spatial
harmonics (Anderson, 1961; Roméo and Hoult, 1984), which are generated by
multiple shim coils. Those shimming units come in several shapes, but especially
for small mobile NMR sensors, the planar electric shimming elements are of high
interest. In particular using biplanar shimming coils is a well-known approach to
achieve better homogeneities (Crozier et al., 1995; Liu et al., 2007; Martens et al.,
1991; You et al., 2010). Tamada et al. (Tamada et al., 2012) presented a planar
shimming chip which is based on multiple circular current rings next to each other.
Another interesting concept was presented by Van Meerten et al. who applied a
small shimming chip, specially developed for thin capillary tubes (van Meerten
et al., 2018). This new chip consists out of multiple parallel planar wires which can
be driven separately to achieve several shimming field profiles along the channel.
In this work we investigate the performance of our new magnet-configuration in
combination with a simple electric shimming unit.

3.2 Methods

3.2.1 Field calculations

To study the magnetic field pattern and to improve the field-homogeneity, we sim-
ulated the Pseudo-Halbach magnet configuration in combination with mechanical
shimming rings and electrical shimming circuits. The simulations have been done
using CADES simulation software, described by Delinchant et al. (Delinchant
et al., 2007). Magnetic interactions are modeled with the MacMMems tool, which
uses the Coulombian equivalent (for permanent magnets),



3.2.2 – Experimental 35

H(r) =
Ï
S

σS · (r−r′)
|r−r′|3 d s +

Ñ
V

ρV · (r−r′)
|r−r′|3 d v (3.1)

σS =M ·n , ρV =−div(M)

and Biot and Savart (for conductors) to generate a semi-analytic model.

H(r) = 1

4π

Ñ
V

j · (r−r′)
|r−r′|3 d v (3.2)

Here, H is the magnetic field intensity and M the magnetization of the permanent
magnet (both in A/m), j as the current density (in A/m2), r and r′ define the
observation point and its distance to the elementary field source enclosed by d s
and d v , σS and ρV are the surface and volume charge, and n the unit vector normal
to the surface. with j as the current density. The generated analytical expressions
are used by the CADES framework (component generator, component calculator,
component optimizer) to calculate and optimize the design.

3.2.2 Experimental
The magnets, in our case with an edge length d = 7 mm, have been assembled with
a magnet holder made from aluminum. To minimize the temperature-drift, we
chose to use Sm2Co17 (H26) (purchased from Schallemkammer Magnetsysteme
GmbH) with a temperature coefficient of −0.035 %◦C−1. The total size of the
Dumbbell-configuration including aluminum holder is 50×50×42 mm3 with a
weight of 332 g. A photograph of the assembled magnet system is shown in Fig.
3.1. PCBs with the shimming elements shown in Fig. 3.2 (4 layers, 0.035 mm
copper thickness) have been ordered from Würth Elektronik GmbH & Co. KG.
Each layer (blue, red) are 2 times present in a single chip.

The measurement setup is shown in Fig. 3.3. A Hall sensor from Projekt
Elektronik GmbH (Teslameter 3002/Transverse Probe T3-1,4-5,0-70, sensitive
area (1.5 mm x 3.0 mm) in combination with a motorized linear stage has been
used to measure the field of magnet configuration along the bore in a temperature
stable environment (± 0.5 °C). Since the sensor is in a fixed horizontal position
and just the magnet has been moved exactly horizontal that field-variations caused
by the setup have no influence on the measurement.
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 d 

 5.7d 

 d 

 d 

 x

 y 

 z

Figure 3.1 – Top:Schematic view of the Dumbbell-Halbach configuration which is
a combination of the Pseudo-Halbach consisting out of 8 bar magnets and 2
movable shimming rings, each one consists out of 16 cubic magnets. The
capillary tube in the bore contains the sample liquid. Bottom: Implementation of
the Dumbbell-Halbach magnet
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↓J+↓J+

↓

J+

Figure 3.2 – Layout of the experimental shimming circuit, the PCB (green)
contains 2 striplines (blue, center-distance, 2 mm, distance feed-line: 4 mm) and 1
ring (red, inner radius: 1 mm, distance feed-line: 500 µm). Conductor path:
width: 500 µm, height: 105 µm.

a) b)
c)

d)

Figure 3.3 – Setup for the measurement of the magnetic field profile in the
Dumbbell-Halbach magnet (c), using a Hall sensor (a). The wiring and PCB (d)
are used to drive the shimming coils (b). The Hall sensor is fixed in the position in
middle of the bore of the magnet, whereas the magnet is moved horizontally with a
positioning stage.

3.3 Results and Discussion

We propose a design based on the Halbach configuration. The residual non-
uniformity in the field is compensated first by a mechanical shimming approach
using movable rings. The remaining non-uniformity is reduced further by current
conductors.

3.3.1 Mechanical shimming: Dumbbell-Halbach
Since the radius of the sample-containing channel is small, we will ignore field
variations perpendicular to the channel (y- and z-direction) (Fig.3.13 in appendix).
Fig. 3.4 shows in black the variation in the normalized field of the Pseudo-Hallbach
assembly along the length of the bore of the Pseudo-Halbach, normalized to the



38
Chapter 3 – Dumbbell Pseudo Halbach Magnet Configuration: Combining high

field strength with high homogeneity
magnet dimension d (defined in Fig. 3.1). The field profile is parabolic with
a maximum of 0.91Bs in the center, dropping towards the magnet edges. The
variation in the field strength over a length d along the bore, normalized to the
field in the center, is 1793 ppm.

A complementary field can be generated by two shimming magnet rings, as
shown by the red curve in figure 3.4. The distance between the rings can be
adjusted to reach minimal variation in the z-component of the sum of both fields.

This mechanical shimming strategy is applied to a novel configuration, which
we nicknamed the Dumbbell-Halbach. It consists of 8 bar magnets (d ×d ×
5.7d) arranged as a Pseudo-Halbach with an inner distance of d (Fig. 3.1). The
magnetization of each bar magnet is chosen in such a way, that the field in the
bore is enhanced while reducing the stray-field (see Fig. 3.12 in the Appendix).
Two adjustable shimming rings, consisting of 16 cubic magnets each with an edge
length of d , are slid over the Pseudo-Halbach. For practical assembly reasons, the
magnets have a distance of 1/7d to each other and a distance of 2/7d from the
Pseudo-Halbach (see Fig. 3.1).

The field profile of the novel Dumbbell-Halbach configuration is shown in Fig.
3.5. The normalized difference of the field-maxima and minima has dropped to
297 ppm, which is an improvement by a factor of six with the Pseudo-Halbach
design. The field in the center reaches 1.08Bs, which is an improvement of 19 %.

The distance between the shimming rings can be adjusted to accommodate
for different sample lengths. Fig. 3.6 shows the optimal ring distance (blue)
and achievable homogeneity (black) as a function of the desired sample length.
Decreasing the sample length results in a better total homogeneity along the
bore. For a sample-length of 0.5d the optimum ring-distance is 0.97d and a
homogeneity of 8 ppm can be reached. For twice the sample length (d), the ring
distance needs to be increased to 1.04d , but the homogeneity deteriorates by more
than a factor of ten (104 ppm). To counteract against magnet-variations in reality,
we recommend small mechanical displacements of each ring after following the
described shimming-procedure.

Fig. 3.7 shows the improvement of the field homogeneity when moving from
the Pseudo-Halbach to the Dumbbell-Halbach. The shimming rings are most
effective at small sample lengths, improving the homogeneity 16.5 times for a
sample length of 0.5d length, down to 5 times for a sample length of d .

3.3.2 Electric shimming
In the calculations presented above, we assume that all magnets in the configuration
are identical. In reality, magnets will show variation in both magnetization strength
and orientation. Typical variations are around 1 % and 1 ◦, respectively (chapter 2).
These magnet variations will lead to an small deviations from the ideal magnetic
field gradient. Since the deviations are small, we suggest to compensate them
electrically by shimming striplines.

The variations from the ideal situation can be both symmetric and anti-
symmetric with respect to the sample center (x = 0). Therefore we employ
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Figure 3.4 – Magnetic field of the Pseudo-Halbach (black) and the separate
shimming magnet rings (red) along the normalized bore length of the Halbach
magnet. The Pseudo-Halbach alone shows a parabolic field profile with its
maximum in the center. The rings generate a complementary field with a
minimum in the center.

two shimming circuits, as illustrated in Fig. 3.8. The circuit combines two planar
wires (blue) used to generate a anti-symmetric linear gradient along the bore and
a ring (red) to generate a symmetric parabolic field. The distance of the planar
wires to each other (4 mm) and the radius of the ring (1 mm) have been optimized
for our Dumbbell-Halbach using the CADES optimizer program. To minimize the
influence of the electrical feed-line for the ring, the wires have been chosen to be
close to each other. Each shimming-element can be driven separately.

The ring itself generates a parabolic field profile (Fig. 3.9, red curve), while
the striplines alone result in a linear gradient (blue curve). A combination of a
separately driven ring and striplines (red curve) provide the possibility to shim the
main valley in the magnetic field profile and to add a linear gradient, considering
that it is quite unlikely that the mechanic shimming rings have exactly the same
magnetization. Compared with the parabolic field produced by striplines, the rings
alone reach a two times higher peak field strength.

The electric shimming ring not only corrects for permanent magnet variation,
but also improves the residual inhomogeneity that is left by the magnetic shimming
rings of the Dumbbell-Halbach configuration. Calculations show (Fig. 3.14 in
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Figure 3.5 – The maximal field strength of the Dumbbell-Halbach is 1.0785 Bmean.
The field shows a more homogeneous profile than the Pseudo-Halbach without
shimming rings as shown in Fig.3.4.

appendix) that the shimming ring improves the homogeneity along the x-axis for
a sample length of 3 mm from 26 ppm down to 0.5 ppm (ring radius of 1 mm
driven with a current density of 0.9345 A/mm2).

3.3.3 Experimental validation

To confirm the predictions of our simulations, the Dumbbell-Halbach configuration
was assembled and field profiles were measured. We considered three different
sample sizes. We measured a homogeneity of 33 ppm over a length of 5 mm,
381 ppm over a length of 10 mm and 1862 ppm over a length of 16 mm. The
measurements differ by 5 % from the simulation results for the 16 mm sample up
to 15 % for the 5 mm sample (Table 3.1)). The mismatch between experiment and
simulation can be explained by misalignment of the Hall-probe or magnetization
and magnetization angle variations between the magnets.

Wemeasured the field of each channel of our biplanar electric shimming circuit
whilst mounted in the permanent magnet system, by subtracting the unshimmed
field. This also eliminates background fields, such as the earth magnetic field.
For this experiment we used a current density of 4.5 A/mm2 for the rings and
2.7 A/mm2 for the stripline located on the negative x-axis and a current density of
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Figure 3.6 – Field homogeneity and ring distance as a function of the sample
length. The closer the rings are positioned together, the higher the field
homogeneity.

Table 3.1 – Comparison of simulated and measured homogeneities. For each
sample length the rings have been adjusted to reach the minimal possible
homogeneity. Over a range of 5 mm, a homogeneity of 33 ppm has been measured,
15 % larger than the simulated value. The measurements for the higher ranges
diverge less. The simulated homogeneity for 10 mm is 3 % worse, for 16 mm 5 %.
The shorter the measurement range, the higher the maximal field strength, caused
by the shorter distance of the shimming rings. The measurement accuracy of the
used Hall-probe is 3 ppm.

Sample length [mm] 5 10 16

Simulated homogeneity [ppm] 28 391 1958
Measured homogeneity [ppm] 33(3) 381(3) 1862(3)
Simulated max. field strength [B0/Bs] 1.081 1.073 1.059
Measured max. field strength [T] 1.058 1.049 1.031
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Figure 3.7 – The improvement of homogeneity due to addition of the shimming
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J+↓↓J+

↓

J+

Figure 3.8 – Layout of the simulated shimming PCB (green), consisting out of 2
striplines (blue, center-distance, 2 mm) and 1 ring (red, inner radius: 1 mm).
Conductor path width 500 µm, height: 105 mu m, J: 0.0525 A/mm2).
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with anti-parallel current at distance 4 mm (blue curve) and the center ring with
inner radius 1 mm (black curve). Conductor path width: 500 µ m, height: 105 µ
m, J: 0.0525 A/mm2)

2.5 A/mm2 for the stripline located on the positive x-axis.
Fig. 3.9 shows the total magnetic stray field generated by the strip lines (red

and blue curves). Since the stripline on the negative x-axis (blue) has a slightly
higher current, its field is higher, causing the asymmetry around x=0 between the
left and right stripline. The shimming ring (black curve) reaches a maximum of
35 µT at 0 mm, dropping to 24 µT at x = −2 mm and to 2 µT at x=3 mm. The
slight asymmetry in the field might be caused by wiring leading the current into
the ring.

Electrical shimming with our shimming chip pushes the homogeneity to values
beyond the accuracy of our Hall sensor. Fig. 3.10 shows the z-component of the
field of the Dumbbell-Halbach as a function of the position along the channel (black
curve). The field profile shows a field difference the maximal and minimal value
of 60 µT while the difference between the two peaks is 11 µT. So by mechanical
shimming only we can reach a homogeneity of 23 ppm over a distance of 3.5 mm.

Using the CADES optimizer routines, the measured profile was used to obtain
the current densities for the shimming chip, resulting in current densities of X:
6.375 A/m2, Y: 9 A/m2, Z: 7.29 A/m2. The blue measurement points in figure 3.11
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show the resulting profile with electrical shimming, which is in agreement with
our prediction with the error of our Hall probe (2 ppm +-3 ppm) over a length of
3.5 mm.

3.4 Conclusions

An improved Pseudo-Halbach has been invented for which the homogeneity can be
tuned with additional shimming rings depending on the length of interest within
the bore. The magnet configuration has been build using Sm2Co17 (26H) magnets
and an aluminum frame with a total size of 50 mm×50 mm×42 mm and a weight
of 332 g. The field-strength of the Dumbbell-Halbach is 19 % higher compared
to the Pseudo-Halbach without rings, the homogeneity can be improved 1650 %
regarding a sample length of 0.5 edge length of the magnet cube. Measurements
have shown a homogeneity of 33 ppm and 1.06 T for a sample length of 5 mm
without electric shimming which is in agreement with simulations within an error
of 10%. We simulated an improvement from 26 ppm to 0.5 ppm over a length
of 3.5 mm using electric shimming chips. We confirmed that indeed the field
homogeneity was improved beyond the measurement capability of our Hall-probe
(3 ppm).

3.5 Appendix

A small radius of the sample-containing channel can be assumed if the z-field
difference along the y- and z-axis is low enough. To keep the characteristic Halbach

mty mty

mtymty

mtz mtz

mtzmtz

msz

msz msz

msz

msy msy

msymsy

Figure 3.12 – Variations of magnetization direction for the used shimming rings.
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Figure 3.13 – Field difference of the Dumbbell-Halbach configuration from the
center in y and z direction. Configuration "mtymsy" shows the lowest field
difference.

field behavior intact, the middle and corner magnetization direction of the rings is
the same as the inner Pseudo-Halbach. The magnets in between have been varied
as shown in Fig. 3.12. The direction of magnetization is named as following: mtz
stands formagnetization of the top and bottom magnets in z-direction. msy stands
for magnetization of the side magnets in y-direction.

Fig. 3.14 shows the z-field difference along the y-axis (straight line) and
z-axis (dashed line) from the center of the Dumbbell-configuration. For each
parameter-set, the ring-distance have optimized for a sample length of 8/7 d .
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Chapter 4

Shim on a chip on small scale using
ferrofluids

Abstract

Mobile NMR (Nuclear Magnetic Resonance) systems require a high
magnetic field-homogeneity which usually is optimized with the help of
either mechanic or electric shimming units. In this paper we present a
novel possibility to further improve the field-homogeneity of miniaturized
magnet systems with the help of ferrofluid containing microfluidic-chips. We
demonstrated their use with two different options to change the magnetic
moment. With both, i.e. changing the volume or changing the saturation
magnetization, we prove the feasibility of applying ferrofluids in a permanent
magnet system to improve the homogeneity. Changing the volume resulted in
a 4 times better homogeneity over a range of 11.0 mm (434 ppm to 111 ppm),
alternating the saturation magnetization of the ferrofluid could improve the
homogeneity from 86 ppm to 8 ppm over a length of 5.5 mm.

4.1 Introduction

Downscaling permanent magnet configurations is an always continuing trend for
mobile NMR-systems. However their magnetization and fabrication variations
constitute problems when it comes to reach field-homogeneities which are needed
for high-resolution NMR. A common way to improve the field homogeneity of
magnet configurations is electric shimming, where solenoid coils, planar coils
or striplines are generating a field to counteract against the inhomogeneities of
the magnets (Liu et al., 2007; van Meerten et al., 2018; Tamada et al., 2012).
This technique is energy consuming and resistance issues will finally limit use of
electric shimming chips in extremely small magnet systems. In order to be able
to shim the field in miniaturized permanent magnet systems, we present a new

This chapter is based on Y.P.Klein, L. Abelmann, J.G.E.Gardeniers, "Shim on a chip on small
scale using ferrofluids" to be submitted to J. Lab on a Chip
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approach: Ferrofluids in combination with microfluidic chips. Microfluidic chips
have the advantage that containers and cavities can be fabricated with accuracies
in the range of µm or better (de Boer et al., 2000).
Ferrofluids have firstly been synthesized by Papell in 1964 (Papell, 1964) and cover
nowadays a broad spectrum of applications (B.M. Berkovsky, 1996). The usage
ranges from sealing (Pinho et al., 2014; Volder and Reynaerts, 2009), material
separation (Zeng et al., 2013), medicine (Alexiou et al., 2001; Hergt et al., 1998) to
sensors (Ahmed et al., 2019) and robotics (Yu et al., 2020) to name a few examples.
Aim of this research is to characterize how ferrofluids can be used to tune and
improve the field-homogeneity of permanent magnet-systems. We will start with
computational modeling of microfluidic elements filled with ferrofluids, to get
an idea about the range of magnetic fields that can be obtained. Furthermore, to
demonstrate the feasibility, we have fabricated microfluidic chips with different
volumes of ferrofluids, and ferrofluids with different magnetization levels, and
tested them in a special type of Halbach magnet that was described in the previous
chapter.

4.2 Methods

4.2.1 Computational method
The simulations have been done using CADES simulation software, completely
described by Delinchant et al. (Delinchant et al., 2007). The magnetic interactions
are modelled with the MacMMems tool, which uses the Coulombian equivalent
charge method to generate a semi-analytic model.

H(r) =
Ï
S

σS · (r−r′)
|r−r′|3 d s +

Ñ
V

ρV · (r−r′)
|r−r′|3 d v (4.1)

σS =M ·n , ρV =−div(M)

Here, H is the magnetic field intensity andM the magnetisation of the permanent
magnet (both in A/m), r and r′ define the observation point and its distance to the
elementary field source enclosed by d s and d v , σS and ρV are the surface and
volume charge, and n the unit vector normal to the surface.

The CADES framework, including a component generator, component calcu-
lator, and component optimizer, generated the final equations, which are used to
calculate and optimize the designs.

4.2.2 Dumbbell-Halbach
The magnet design we used in our experimental setup is shown in Fig. 4.1. One
key benefit of this magnet configuration is the possibility to tune the magnetic
field depending on the sample length. The complete configuration is described in
chapter 3.
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 d 

 5.7d 

 d 
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 x

 y 

 z

Figure 4.1 – Schematic view of the Dumbbell-Halbach configuration which is a
combination of the Pseudo-Halbach consisting out of 8 bar magnets and 2
movable shimming rings, each one consisting out of 16 cubic magnets. The
capillary tube in the bore contains the sample liquid. In the experimentally tested
configuration, d was chosen 7 mm.
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Figure 4.2 – Measured and simulated field profile of the Dumbbell-Halbach. The
red graph shows the simulated field-profile of the Dumbbell-Halbach if all
magnets have the same magnetization. The black points are the measured values
of our experimental magnet system. To simulate the effect of the ferrofluid in our
system, the measured and simulated field of the Dumbbell-Halbach need to match.
Therefore, we used a different magnetization of the shimming-rings in a new
simulation, in order to fit the simulation with our measurements. With a
ring-magnetization of 0.635 Ms (blue), the simulation shows the same result as
our experimental data.

A Hall sensor from Projekt Elektronik GmbH (Teslameter 3002/Transverse
Probe T3-1,4-5,0-70) in combination with a motorized linear stage (Thorlabs,
DDSM50/M) has been used to measure the magnet configuration in a temperature
stable environment (± 0.5 °C). In order to estimate and simulate the amount and
magnetization of the ferrofluid to shim the field, we resimulated the measured field
profile of our assembled magnet configuration.

With a reduced saturation magnetization of the shimming rings in our simula-
tion to 0.635Ms, the simulation matches the measured profile (Fig4.2).

4.2.3 Microfluidic shimming chips

The shimming chips (schematic drawing in Fig.4.3) have been 3D-printed (Frosted
Detail Plastic, Shapeways). In the center of the chip (yellow in Fig.4.3) there is a
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c

c
a

a
a

b

Figure 4.3 – Schematic cross-section of the microfluidic shimming chip,
consisting out of the main chip (yellow), cap (red) and ferrofluid (black). The edge
length of the cubic cavity (c) was varied from 0.6 mm to 1.0 mm, while the wall
thickness and cap has been kept constant (a = 0.2 mm). The chip has a width of 6
mm (b).

cubic cavity which is filled with an oil-based ferrofluid (black in Fig.4.3, purchased
from Ferrotec GmbH, EMG series). To keep the ferrofluid in place during the
filling process, a small magnet has been placed under the chip. With a lid (red in
Fig.4.3), which is glued on top of the chip, it is ensured that the ferrofluid stays
within the container when exposed to a magnetic field. To shim the magnetic field
of the Dumbbell-Halbach, two chips have been inserted in the bore of the magnet.
The containers, filled with ferrofluid, are placed on the top and the bottom side
of the inside of the bore, right above and underneath the magnet centre. In the
horizontal direction the cavity of the ferrofluid chip was aligned, as shown in Fig.
4.4, with the valley of the field profile (shown in Fig.4.2).

4.2.4 VSM-measurements ferrofluid

The measurements have been done with the VSM Model 10 Mark II from Micro-
sense. We confirmed the, from the company mentioned saturation magnetization
of each ferrofluid within an error of 4 %. With an external field of 1 T, the field
strength of the Dumbbell-Halbach, all ferrofluids reach their saturation magnetiza-
tion (Fig.4.5) .
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Figure 4.4 – Schematic cross-section of the microfluidic shimming chip, inserted
in the Dumbbell-magnet. Due to the aluminium frame which is necessary to keep
the magnets in place, the chips have a distance of 1.0 mm to the bar-magnet within
the bore. To be able to adjust the chip location along the bore, the total length of
the chips is 10 mm longer as the bar magnets.

4.3 Results and Discussion

4.3.1 Ferrofluidic shimming chips - different saturation
magnetization

We used a cubic container with an edge length of 1 mm in the microfluidic chip to
test the effect of the saturation magnetization of the ferrofluid. In our simulation
we used 5 different saturation magnetizations ranging from 11 mT to 99 mT. We
tuned the distance of the mechanic shimming rings, so that the field maxima is at
−3.8 mm and 3.8 mm from the center to ensure a feasible field difference between
the field maxima and the field minima in the center. Note that this is not the
optimized configuration of the Dumbbell-Halbach. In this way, we ensured that the
difference can be minimized with the 44 mT ferrofluid. We normalized the field
of the simulation result and the measurement with the field at the location −4 mm
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Figure 4.5 – Hysteresis loop of EMG series ferrofluid obtained from Ferrotec
GmbH. With an external field of 1 T, all ferrofluids reach their saturation
magnetization of 11 mT, 22 mT, 44 mT, 66 mT and 99 mT within an error of 4 %.

Table 4.1 – Homogeneity of shimmed Dumbbell-Halbach using ferrofluids with
different remanent magnetizations in a 1 mm3. The homogeneity is calculated over
a length of 11 mm horizontally along the center line of the magnet core.

Ferro-fluid [mT] 0 11 22 44 66 99

Measured [ppm] 434 329 187 111 179 662
Simulated [ppm] 435 346 265 162 241 498

to have a clearer presentation of how the field-profile changes with increasing the
saturation magnetization of the ferrofluid (Fig.4.6).

With an increasing saturationmagnetization of the ferrofluid, the total magnetic
field in the center has been increased. The homogeneity could be improved from
162 ppm to 111 ppm using the 44 mT ferrofluid compared to the magnet without
shimming-chip. The simulated lines in Fig.4.6 do not always match exactly
with the measurements, which is due to a slight difference between the magnetic
moment taken in the simulations and the actual material properties (see Table 4.1).
The general trends in the measured data are nevertheless represented well by the
simulations.
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Figure 4.6 – Simulated and measured magnetic field profile as a function of the
horizontal position along the central line through the magnet core. The different
colors correspond to chips with ferrofluids of different magnetization. Dots are
measurements, lines are simulations. The ferrofluid can be used to shim the field,
increasing the saturation magnetization of the field results in a higher additional
field. With the ferrofluid (44 mT), the profile shows the lowest field difference
between field in the center and the field maxima.

4.3.2 Ferrofluidic shimming chips - different volumes
We used different cubic container-sizes, ranging from an edge length of 0.6 mm to
1.0 mm filled with the ferrofluid with a saturation magnetization of 44 mT. With
the shimming rings, we tuned the field maxima to be at −2.5 mm and 2.5 mm
from the center to ensure a feasible field difference between the field maxima and
the field minima in the center, which can be minimized with an edge length of
0.7 mm in combination with the 44 mT ferrofluid. We normalized the field of the
simulation results and the measurements with the field at the location −3.25 mm
to have a clearer presentation of how the field profile develops (Fig. 4.7).
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Figure 4.7 – Simulated and measured magnetic field profile as a function of the
horizontal position along the central line through the magnet core. The different
colors correspond to chips of different edge lengths of the cubic chamber, filled
with the EMG series 44 mT ferrofluid. Dots are measurements, lines are
simulations. The ferrofluid can be used to shim the field, increasing the chamber
volume results in a higher additional field, giving an overshoot for the largest
volume. The best choice for this ferrofluid is a box with a side of 0.7 mm.

The field in the center is raising with increasing the amount of ferrofluid. The
homogeneity gets improved from 86 ppm without shimming chip to 8 ppm using
a cubic chamber with an edge length of 0.7 mm (Table 4.2).

Table 4.2 – Homogeneity of shimmed Dumbbell-Halbach using ferrofluids with
different volumes (remanent magnetization of 44 mT). The homogeneity is
calculated over a length of 5.5 mm horizontally along the center line of the
magnet core.

Edge length [mm] 0 0.6 0.7 0.8 0.9 1
Measured [ppm] 86 42 8 61 174 284
Simulated [ppm] 86 26 21 81 169 288
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4.3.3 Discussion
The measurements for the two different options of implementing microfluidic
elements with ferrofluids show that the method is feasible for shimming a small
permanent magnet. There are a few aspects that can be improved for further
investigations. Our measurements deviate from our simulation results, which can
be caused by several factors. A first point of importance is that in the simulation
we have used a model of permanent magnets to represent the ferrofluidic elements.
Since our magnetic field is mainly present in one direction, we assumed a fully
saturatedmagnetization of our ferrofluid in the same direction as the mainmagnetic
field, without including the field in other directions. For better simulation results,
a FEM simulation should be done to mimic the exact behavior of the ferrofluid.
Finally, the design of the microfluidic chip can be improved. 3D-printing is an
elegant way to combine fast prototyping with acceptable dimension-tolerances.
However, it cannot compete with modern micromachining techniques, where
accuracies in the µm-range are possible, using state-of-the art lithography methods.
It should also be noted that this technology (and admittedly, also 3D printing
methods) allowmuchmore complexmicrofluidic designs than the simple rectangles
and cubes we have applied in this study for proof of principle. Exploiting these
techniques to their full potential will enable a very versatile route towards optimized,
passively shimmed magnets of very small size.

4.4 Conclusions and Outlook

We successfully demonstrated the use of ferrofluid in a microfluidic chip to improve
the field homogeneity of a permanent magnet system. We chose 2 ways to change
the magnetic moment of the shimming chip: The saturation magnetization and the
volume of the ferrofluid. As a proof of principle we improved the homogeneity
of our magnet configuration over a length of 11.0 mm from 434 to 111 ppm with
adjusting the saturation magnetization and from 86 ppm to 8 ppm over a length
of 5.5 mm with adjusting the volume. In future studies, following adjustments
could be done to improve the shimming result. Instead of one chamber, multiple
chambers could be filled with ferrofluid, the saturation magnetization of each one
could be tuned to the needed value. The chambers could come in a grid-like
arrangement or with shapes and locations, optimized for the specifically needed
compensation field. In case there is enough space for multiple microfluidic-chips,
they could be stacked on top or next to each other. The shimming by ferrofluids
need not be only passive. For active shimming applications a micromixer could be
used to adjust the ferrofluid/solvent ratio within the chamber (on chip or separately)
to change magnetic moment to the needed level. Another possibiliby would be to
adjust the volume of the chambers via microactuator (e.g. electrostatic, pneumatic,
microfluidic, piezoelectric...) in order to change the magnetic moment. In order to
reach a higher fabrication accuracy, the chip-material or chip processing method
could be changed to micromachining, glass capilaries or more accurate 3D-printing
techniques.



Chapter 5

Magnetic Field Strength
Improvement for Lorentz Actuation
of a µ-Coriolis Mass Flow Sensor

Abstract

In this paper we present and compare three different magnet configur-
ations for Lorentz actuation of a µ-Coriolis mass flow sensor. The first
configuration consists out of 2 cylindrical magnets, the second is based on a
Halbach ring, and the third configuration consists of a single cubic magnet.
The magnetic field strength of each configuration is simulated. The Halbach
configuration shows a magnetic field strength of 0.3 T, the single cubic con-
figuration reaches 0.25 T. The two cylindrical magnets have the lowest field
with 0.05 T. The stray field is significantly lower for the Halbach configura-
tions compared to the other two configurations. All configurations were used
for Lorentz actuation of a µ-Coriolis mass flow sensor and the frequency
response was measured. The magnitude transfer between the actuation and
induction voltages for the cubic and Halbach configurations show a transfer
around 26 dB higher than the cylindrical configuration. The phase transfers
for the Halbach and Cubical configurations are according to simulation. For
the cylindrical configuration, the EMF signal is too weak to overcome the
crosstalk between the actuation and induction voltages.

The work in this chapter is a team effort. My contribution includes the
modeling of the magnetic field, magnet-assembling and experimental valida-
tion of the magnitude and phase transfer.

This chapter is based on (Schut et al., 2020)
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µ-Coriolis Mass Flow Sensor
5.1 Introduction

Haneveld et al. (Haneveld et al., 2010) first presented a magnetically actuated
µ-Coriolis mass flow sensor, as opposed to electro-statically actuated µ-Coriolis
devices presented by Enoksson et al. (Enoksson et al., 1997) and Sparks et al.
(Sparks et al., 2003). The operation principle is shown in Figure 5.1. The sensor
consists of a rectangular channel loop. The channel is fixed at the in-/outlet
channel sections, as depicted in the figure. Conventionally, the sensor is brought
into resonance by feeding a current i through a metal track on top of the channel.
Lorentz forces are generated in the sections of channel perpendicular to a magnetic
field B. These forces induce displacement of the channel. An induction voltage is
generated on a second metal track. The two tracks are connected through a closed
amplification loop which brings the sensor into resonance in the Twist mode with
actuation angle θa (Figure 5.1a). When a fluid flows through the micro-channel
with a mass flow rate φm, Coriolis forces are induced in the channel section as
indicated in Figure 5.1. This causes additional vibration in the Swing mode with
detection displacement ∆zd (Figure 5.1b). The ratio ∆ẑd/θ̂a is a measure for the
flow. Additionally, one can obtain the density of the fluid flowing though the
channel from the actuation resonance frequency.

Groenesteijn et al. (Groenesteijn et al., 2012) have presented improved magnet
configurations for actuation of a µ-Coriolis mass flow sensor. Miniature magnets
are placed on-chip and with their magnetic poles all in the same direction. This
showed improved field strengths but has large disadvantages, since magnets have
to be somehow mounted on-chip without damaging the sensor device itself and/or
without detaching over time. In this paper, newmagnet configurations are presented
which give a large increase in the generated magnetic field strength. Three
configurations have been chosen and compared. The first uses the field between
two parallel cylindrical magnets, the second uses the field in close proximity to a
cubic magnet and the third uses the field within a Halbach ring based configuration.
The Halbach configuration is a special magnet arrangement which reduces the
stray field while enhancing the field at the ring-center. The Halbach magnet
configuration has been invented by K. Halbach (Halbach, 1979, 1980) and is still
used today, e.g. for several machines (Raich and Blümler, 2004) or mobile NMR
applications (Zhu and Howe, 2001).

5.2 Methods

5.2.1 Device & Fabrication
The µ-Coriolis mass flow sensor used during the measurements presented in this
paper was fabricated by Surface Channel Technology (SCT) (Groenesteijn et al.,
2017a,b). A simplified schematic representation of the fabrication process is
displayed in Figure 5.2. First, a layer of low-stress silicon-rich silicon nitride
(SiRN, Thickness: 500 nm) is deposited on a Silicon wafer by Low-Pressure
Chemical Vapour Deposition (LPCVD), see Figure 5.2a. On top of this, a layer of
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Figure 5.1 – Operation principle of a µ-Coriolis mass flow sensor. (a): The
channel loop is brought into resonance in the Twist mode through Lorentz force
FL resulting from a magnetic field B and a varying current i. (b): A mass flow φm

through the channel induces vibration in the Swing mode through Coriolis force
FCor i ol i s .

silicon di-oxide (SiO2) is deposited (LPCVD, Thickness: 500 nm), serving as a
hard mask. Slits of 5 µm×2 µm are etched through both layers by plasma etching,
see Figure 5.2b. Then the layer of SiO2 is removed and a channel is formed by
semi-isotropically etching silicon through the slits, see Figure 5.2c. This is done by
plasma etching as well. The channel is closed by conformally depositing another
layer of low-stress SiRN, see Figure 5.2d. Metal tracks are patterned on top of
the channel (Figure 5.2e), these are used for actuation and readout of the sensor.
Following this, openings are etched through the nitride and finally the channel is
released by isotropic etching of silicon by an SF6 plasma. A typical cross-section
of a surface channel made by this technology is displayed in Figure 5.3.

Figure 5.4 shows an SEM image of the sensor. Multiple metal tracks can be
seen on the channel, a.o. for capacitive readout and temperature measurement. In
this paper only two metal tracks are actually used: one to provide the current for
actuation of the sensor and one for measurement of the induction voltage generated
by vibration of the channel.

5.2.2 Frequency response

As described earlier, the µ-Coriolis mass flow sensor is actuated by means of
Lorentz forces. Figure 5.5 shows a schematic representation of the sensor and
closed amplification loop which is used to bring it into resonance. There are two
metal tracks on top of the microfluidic channel of the sensor. An actuation voltage
vact is supplied to one track. Due to vibration of the channel, an electromotive
force (EMF) is generated on the other track. This EMF (vEMF) is then fed into
an amplifier circuit. The amplified signal is fed back to the actuation track of the
sensor. This closed loop circuit drives the sensor into resonance.

The vibrations of the sensor during actuation can be described by a second
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Figure 5.2 – Fabrication process for Surface Channel Technology. (a): Silicon
wafer with 500 nm SiRN and 500 nm SiO2. (b): Patterning of slit openings. (c):
Removal of SiO2 hard mask and forming of the surface channel. (d): Closing of
the channel. (e): Patterning of metal and release of the channel.

order differential equation:

Jθ′′(t )+Rθ′(t )+Sθ(t ) = τext(t ) (5.1)

Where J is the moment of inertia, R is the damping coefficient, S is the torsional
spring constant, τext(t ) is the external torque induced by Lorentz forces and θ(t )
is the actuation mode angle (see Figure 5.1). τext(t ) can be expressed as:

τext(t ) = BLd

Rtrack
· vact(t ) (5.2)
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Figure 5.3 – Typical cross-section of a ’Surface Channel’ (Groenesteijn et al.,
2017a).

Figure 5.4 – SEM image of the sensor type used for all simulations and
measurements in this paper.
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vactvEMF AB

Figure 5.5 – Schematic representation of the actuation loop which is used to
bring the Coriolis flow sensor into resonance. Where vEMF is the generated
electromotive force and vact is the actuation voltage used to generate Lorentz
forces in combination with a magnetic field B.

Where B is the magnetic field strength, L is the length of metal track where
Lorentz forces are generated, d is the distance between these track sections and
Rtrack is the resistance of the metal track. The induction voltage generated on the
second metal track is dependent on the velocity of the channel in the z direction:

vEMF = 2BL · z ′(t ) (5.3)

This can then be related to the the actuation angle θ (for small value of θ):

z(t ) = d

2
· sin(θ(t )) ≈ d

2
θ(t ) (5.4)

VEMF(ω) = 2BL · jωZ (ω)

= BLd · jωθ(ω)
(5.5)

θ(ω) = VEMF(ω)

jωBLd
(5.6)

Now converting Equation 5.1 to the frequency domain and substituting Equa-
tions 5.2 and 5.6:

J ( jω)2θ(ω)+R jωθ(ω)+Sθ(ω) = τext(ω)

θ(ω) ·
(
( jω)2 J + jωR +S

)
= BLd

Rtrack
·Vact(ω)

VEMF(ω)

jωBLd
·
(
( jω)2 J + jωR +S

)
= BLd

Rtrack
·Vact(ω)

(5.7)
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Finally, the transfer function from Vact to VEMF becomes:

VEMF
Vact

= jωB 2L2d 2

Rtrack ·
(
( jω)2 J + jωR +S

)
= jωB 2L2d 2/S

Rtrack ·
(
1+ j ω

ω0

1
Q +

(
j ω
ω0

)2 ) (5.8)

Where ω0 is the resonance frequency and Q is the quality factor:

Q =
p

S J

R
(5.9)

ω0 =
√

S

J
(5.10)

Equation 5.8 is used in combination with the simulated magnetic field strengths
to generate simulated transfer curves for the various magnet configurations. These
are compared with transfer curves measured using a gain-phase analyzer. The
measurement setup is effectively as shown in Figure 5.5 where the amplifier circuit
is then substituted by an HP 4194A gain-phase analyzer.

5.2.3 Magnetic simulation and assembly
Three different magnet configuration have been simulated and measured.

The simulations have been done using CADES simulation software, entirely
described by Delinchant et al. (Delinchant et al., 2007). Magnetic interactions are
modeled with the MacMMems tool, which uses the Coulombian equivalent charge
method to generate a semi-analytic model. This model is used by the CADES
framework (component calculator, component optimizer) to calculate the designs.

Three different magnet configurations have been simulated and measured as
shown in Figure 5.6.

The cylindrical configuration consists of two cylindrical, axially magnetized
magnets (radius: 3 mm, length: 13 mm, material: NdFeB N42, obtained from
www.supermagnete.nl) arranged parallel with a distance of 19 mm between them.
The chip has been placed in the middle with an offset of 3 mm in the z-direction,
as shown in Figure 5.6a. Our Halbach-ring (Figure 5.6b) consists of 8 mag-
nets (material NdFeB N45, obtained from www.supermagnete.nl). 4 of them,
placed in the corners, cubic with an edge length of 7 mm, the other ones are
7 mm×7 mm×14 mm. The cubic configuration (Figure 5.6c) consists of a cu-
bic magnet with an edge length of 12 mm (material NdFeB N45, obtained from
www.supermagnete.nl) placed parallel, directly above the chip. In all configur-
ations the channels of interest have a length of 2.25 mm and are located at y=
−2 mm and 2 mm. The magnets can be placed in a holder surrounding the chip
allowing for simple plug and play operation.
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Figure 5.6 – µ-Coriolis sensor chip on PCB with different magnet configurations.
a) Conventional 13 mm x 6 mm cylinder magnets, b) Halbach configuration with
cube magnets with sides of 7 mm. c) Single large 12 mm cube magnet. Red and
blue indicate the north and south pole of the magnets respectively.

5.3 Results

The magnetic field strength of three different magnet configurations have been
simulated. For all configurations the y-field shows a uniform profile along the
channel, see Figure 5.7. The Halbach configuration reaches a strength 0.3T, the
single cuboid configuration 0.25T. The cylindrical configuration has the lowest
field with 0.05T.

The x-field of theHalbach andCube configuration shows a slope of−0.01T/mm,
the cylinder −0.003T/mm, see Figure 5.8. The slope of each configuration scales
with the reached absolute field. The field is anti-symmetric around x = 0 due to
symmetry of the magnet configurations. This means additional Lorentz forces
are generated in the channel section perpendicular to the y-axis. Due to the
anti-symmetry of the x-field this will cause additional vibration in the actuation
mode. The Coriolis mode is unaffected by this field.

The stray magnetic field strengths of the three configurations were simulated
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Figure 5.7 – Simulated magnetic field strength in the y-direction along the side
2.25mm channel section (figure 5.6). Halbach configuration (blue) shows the
highest field strength (0.3T) followed by the single cubic magnet (green), arranged
on top of the chip (0.25T). Using two cylindrical magnets (red) results in a field
strength of 0.05T.

Configuration Stray field [T]
Cylindrical 0.025
Halbach 0.006
Cube 0.081

Table 5.1 – Stray magnetic field strength along y-axis of the three configurations
at a distance of 10mm from the outer magnet surface.

at a distance of 10mm from the outer magnet surface, see Table 5.1. The Halbach
configuration shows the lowest stray field strength of 0.006 T, compared to 0.025 T
for the cylindrical configuration and 0.081 T for the cubic configuration.

The magnitude and phase transfer between the actuation voltage vact and
induction voltage vEMF was measured (as described in section 5.2.2) for the
three magnet configurations in Figure 5.6. The magnitude and phase transfer are
displayed in Figures 5.3a and b respectively. The analytical curves are generated
using equation 5.8 in combination with the simulated magnetic field strengths for
the three configurations (see Figure 5.7). For both figures the x-axis is centered
around the resonance frequency, which lies around 3.8kHz varying slightly with
temperature, pressure and from chip to chip.
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Figure 5.8 – Simulated magnetic field strength in the x-direction along the top
4mm channel section (figure 5.4). All configurations show a linear gradient of the
x-field along the channel. The Halbach and Cube configuration have slope of
-0.01T/mm, the cylinder -0.003T/mm.

The measured magnitude transfers for the 3 configurations are; Halbach:
−59.1dB, Cubic: −58.0dB, Cylindrical: −84.6dB. As expected, both the Halbach
and single cube configuration show a higher magnitude transfer than the cylindrical
configuration, around 26.5dB. For the cubic configuration, this corresponds well
with the analytical curve. The measured value is slightly higher than simulated.
This could be due to deviation of the position of the magnet along the z-axis where
it is actually closer to the sensor chip than simulated. Other causes could be a
deviation in the quality factor or resonance frequency of the Coriolis flow sensor.
For the Halbach configuration, the simulated value of the magnitude transfer lies
4.4 dB higher than the measured value. This is most likely due to misalignment
of the magnets in the Halbach configuration. Since the fields of the magnets in
the configuration oppose each other, it is difficult to accurately place and align
them. Misalignment of the sensor chip to the centre of the magnets along the
z-axis (where the magnetic field is the strongest) could be another cause of the
lower measured transfer.

The phase transfer of all the configurations should in principle be a curve going
from +90° to −90°, eventually going back to +90° due to cross-talk via parasitic
capacitance between the actuation and induction tracks. At resonance, the phase
shift should be 0°. However, since the signal in case of the cylindrical configuration
is so small, the phase shift is heavily affected by cross-talk (see Figure 5.3b). The
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Figure 5.9 – Magnitude and phase transfers between the actuation voltage vact
and induction voltage vEMF. Top: The measured magnitude transfers for the 3
configurations are; Halbach: -59.1dB, Cubic: -58.0dB, Cylinders: -84.6dB.
Bottom: The measured phase transfer of the Halbach and cubic configurations
goes from +90° to -90°, as simulated. For the cylinder configuration the phase
only reaches around 45° before going back up to 90°.



70
Chapter 5 – Magnetic Field Strength Improvement for Lorentz Actuation of a

µ-Coriolis Mass Flow Sensor
phase shift does not even reach 0°. The EMF signal is too small to overcome
the cross-talk via parasitic capacitance between the two metal tracks. We can see
a similar effect in the magnitude transfer of the cylindrical configuration where
the resonance peak barely reaches out above the noise floor. To stably bring the
sensor into resonance, it is critical that this 0° point can be detected. For the
other two configurations, the phase transfer is as expected. For these, the sensor
should be able to be brought stably into resonance with an amplification loop
with relatively low gain. This can enhance the signal-to-noise ratio of the overall
sensor. Especially for fluid density measurements this can improve the accuracy
significantly, since the resonance frequency is directly related to the density of the
fluid flowing though the channel.

5.4 Conclusions

The Halbach configuration shows the highest simulated field strength (0.3 T)
followed by the single cubic magnet positioned above the chip (0.25 T). Two
cylindrical magnets generate a field strength of 0.05 T, see Figure 5.7. All config-
urations show a linear gradient of the x-field along the channel. The Halbach and
Cube configurations have a slope of −0.01 T/mm and the cylindrical configuration
shows a slope of −0.003 T/mm. Both the cubic and cylindrical configurations
show a constant z-field offset (−0.115 T & −0.01 T respectively) along the channel,
the Halbach configuration shows no offset (Figure 5.8). The Halbach configuration
shows the lowest stray field, see Table 5.1.

Magnitude transfer measurements between the actuation and induction voltages
for the cubic and Halbach configurations show a transfer 26 dB higher than the
cylindrical configuration, see Figure 5.3. Phase transfer measurements show
that the Halbach and cubic configurations generate transfer plots according to
simulation. The low EMF signal amplitude for the cylindrical configuration causes
the phase to only reach down to 45° before going back up to 90°. This means the
Halbach and cubic configurations are more suitable for use with an amplification
loop to bring it into stable resonance, which is important for overall performance
of the µ-Coriolis flow sensor. To conclude, the Halbach configuration has the most
promising results regarding its field strength and stray-field but is hard to assemble
due to the repelling forces of the magnets. Therefore we would suggest to use a
single large cubic magnet which combines a high magnetic field and a practical
way to assemble the final sensor.



Chapter 6

Trajectory Deflection of Spinning
Magnetic Microparticles, the
Magnus Effect at the Microscale

Abstract

The deflection due to the Magnus force of magnetic particles with a dia-
meter of 80µm dropping through fluids and rotating in a magnetic field was
measured. With the Reynolds number for this experiment around 1, we found
trajectory deflections of the order of 1°, in agreement with the measurement
error in theory. This method holds promise for the sorting and analysis of
the distribution in magnetic moment and particle diameter of suspensions of
microparticles, such as applied in catalysis, or objects loaded with magnetic
particles.

The work in this chapter is a team effort. My contribution includes the
modeling of the magnetic field and magnetic force.

6.1 Introduction

A rotating object moving through a medium experiences a Magnus force that is per-
pendicular to both the axis of rotation and the direction of motion (Magnus, 1853).
This effect is well known in ball sports. The Magnus force is an inertial effect, and
therefore is most effective for large objects moving at high velocity, such as soccer
balls (Kensrud, 2010) or planets forming in a protoplanetary disc (Forbes, 2015).
In these situations the flow is normally turbulent, characterized by much higher
linear (Re) and rotational Reynolds number (R0). In this paper, we investigate the
Magnus force for laminar flow conditions, at Reynolds numbers close to unity. The
experiments were performed with spheres of only 80µm in diameter, rotating less

This chapter is based on (Solsona et al., 2020)

71
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than five revolutions per second and moving at about one centimeter per second
through water.
The Magnus force has technological relevance, since it can be used for magnetic
separation of microparticles (Rem et al., 2002). In contrast to magnetic separation
by force gradients, Magnus separation is performed in a uniform field. TheMagnus
force separates primarily on particle size, since the deflection of the particles is
proportional to the square of their diameter. When increasing the rotation fre-
quency of the field, particles with low magnetic moment can no longer follow
the field. So by tuning the rotation frequency, one can independently separate on
magnetic moment as well. The theory of the Magnus effect at low Re has been
studied in detail (Rubinow and Keller, 1961). It was shown that the Magnus force is
linearly proportional to the rotational Re up to values in the order of one hundred.
However, measurements of the Magnus force are not reported for values below
of few hundreds (Rem et al., 2002). A serious experimental complication is that
the deflection of the trajectory of the objects is approaching the object size, which
complicates analysis. The solution we chose is to reduce the particle size, which
also allows us to benefit from microfluidic systems.

Microfluidic technologies have been used extensively to sort cells and micro-
particles using forces that are a function of combinations of particle properties
such as size(Lu and Xuan, 2015; Yamada and Seki, 2006), shape, density(Huh
et al., 2007), permittivity, susceptibility and magnetic moment(Amini et al., 2014;
Gossett et al., 2010; IV et al., 2015; Sajeesh and Sen, 2013; Whitesides, 2006). The
use of these forces in well-controlled laminar fluids with external actuators enable
important applications such as sorting of cancer cells (Li et al., 2015) or catalyst
particles (Solsona et al., 2018). In addition to forces, torques can be applied on
particles by rotating fields (Moerland et al., 2019). At low Re, linear and rotational
drag forces balance by the applied torque immediately, resulting in constant linear
and angular velocity(Gou et al., 2018; Saffman, 1965; Zhang et al., 2016) and
therefore a constant Magnus force.

In the experiment we present here, the force resulting in linear velocity was
provided by gravitation and the torque leading to rotational velocity was provided
by a rotating magnetic field acting on anisotropic magnetic Janus particles with a
diameter of 80µm. These particles are in the same size range as fluidic cracking
catalyst particles (Solsona et al., 2018, 2019), so that the results are of immediate
technological relevance. The resulting deflections of the particles was observed in
a microscope at different rotation speeds and medium viscosities, and compared
to an approximate model for low Re.

We show that if the experiment is performed carefully, the deflection due to
the Magnus force is measurable for Re around unity. As long as the particles
rotate, their trajectories are deflected with an angle that is in agreement with theory.
These results encourage the application of Magnus separation on the microscale
using microfluidic technology.



6.2 – Theory 73

6.2 Theory

A sphere dropping through a fluid experiences drag forces on its surface. If the
velocity is sufficiently low, the relative velocity of the fluid molecules at the surface
is zero, and all drag forces are due to shear between the molecules in the fluid
itself. At low velocity, the drag force on a small surface element is proportional to
the relative velocity of the fluid at small distance from that surface. The velocity
of the sphere reaches a maximum when the total drag force integrated over the
surface balances the gravitational force.
If the sphere does not rotate, the fluid velocity is mirror symmetric to the ver-
tical axis (the falling direction). All horizontal components of the drag forces
compensate each other, all vertical forces add up to a net drag force opposite to
the velocity (Fig. 6.1a). If the sphere rotates, the velocity field is modified. At
very low rotation velocityvelocities, the field is mirror symmetric with respect to
the horizontal plane through the centre of the sphere. All horizontal components
of the drag forces above the plane are compensated by opposite horizontal force
below that plane. As a result, there is no net horizontal force, (Fig. 6.1b). At
higher rotation velocities however, the fluid approaching the bottom of the sphere
(the front side) needs a non-negligible distance to accelerate. At the top of the
sphere (the back side), the fluid needs a certain distance to decelerate. As a result,
the symmetry with respect to the horizontal plane is lost. Horizontal drag force
components above the horizontal plane are no longer compensated by components
below that plane. Consequently, there is a net drag force component perpendicular
to the vertical and the sphere trajectory is deflected from the vertical axis, Fig.
6.1c. This resulting forces was initially discovered be Isaac Newton and two
centuries later again by H. G. Magnus (Magnus, 1853). In essence it is an inertial
effect, (Barkla and Auchterlonie, 1971; Seifert, 2012) and therefore increases with
increasing linear Reynolds number (Re = 2ur /ν f ) and rotational Reynolds number
(Ro =Ω∗r 2/ν f ) where u (ms−1) is the relative linear velocity between the particle
and the fluid, Ω (rads−1) is the angular velocity [in the experimental part, we
express the angular velocity in the more intuitive units of revolutions per second
(rps), r (m) is the radius of the particle, and ν f is the kinematic fluid viscosity
of the fluid (m2s−1) (Bagchi and Balachandar, 2002; Kray et al., 2012). Many
studies have been performed in order to model this force (Beck, 2018). For low
Reynolds numbers, Rubinow and Keller (Rubinow and Keller, 1961) model the
force as

Fmag nus =πρ f r 3Ω×u, (6.1)

where ρf [kg s−3] is the fluid density, r [m] the radius of the particle, ω [rad
s−1] the angular velocity and u[ms−1] the relative velocity between the particle
and the fluid (in the experimental part, we express the rotational velocity in the
more intuitive units of revolutions per second [rps]). The force is maximum when
the rotation axis is perpendicular to the relative velocity.
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Figure 6.1 – Schematic drawing of the principle causing the Magnus force. A
sphere dropping through a fluid experiences a drag force due to the shear force
between the fluid and the sphere surface. The blue dots indicate the point where
the relative fluid velocity along the surface of the sphere is zero. (a) When the
sphere does not rotate, the vertical axis is an axis of mirror symmetry (indicated
by the line). (b) When the sphere rotates slowly, the flow pattern shifts but
remains symmetric with the horizontal plane (indicated as well). There is no net
force perpendicular to the falling direction. (c) At higher rotation velocity, the
fluid at the front size of the sphere needs a certain distance to accelerate, which
shifts the position of zero velocity down. The resulting asymmetry in the pattern
leads to a tilt in the drag force. (d) Definition of forces and velocities.

Previous work has experimentally demonstrated the existence of the Magnus
force at lowRe. Oesterle and Dinh (Oesterlé and Dinh, 1998)usedmetal spheres few
centimetres big attached to a thread in order to spin them to quantify the Magnus
force at Re between 10 and 140. Others (Forbes, 2015; Rem et al., 2002; Tsuji et al.,
1985) studied the phenomena at higher Re, from 300 to 105. To the best of our
knowledge, the study of the Magnus force has never been performed at Reynolds
numbers close to unity. Neither are we aware of studies with microparticles.
Experiments with microparticles are challenging, since the Magnus force has a
third order dependency on the particle size, equation 1, so the deflection decreases
considerably with reduction in particle diameter (Denisov et al., 2018). In order to
rotate the particles, a rotating magnetic field was used so that we can apply a torque
over a big spatial region (Moerland et al., 2019). The Magnus force is proportional
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to the rotation of the particles (equation 6.1). The rotation velocity is equal to
the rotation of the magnet only if the particles can follow the magnetic field. If
the magnet rotation speed is too high, the particles only wobble. To estimate the
maximum rotation speed, we assume that the particle has a remanent magnetic
moment mp [Am2] and that the field B [T] is small compared to the saturation
field. Under these conditions we can estimate the maximum torque from

Γ≤ mp ×B. (6.2)

A sphere with radius r rotating in a fluid with viscosity νf [Pa s] at a rotational
velocity ω [rad s−1] experiences a drag torque in the direction opposite to the
rotation(Berg, 1993),

Γd =−8πr 3µ f Ω (6.3)

By balancing the magnetic and rotational drag torque, we obtain the maximum
rotational velocity

Ω≤ mp

r 3

B

8πµ f
(6.4)

In addition to being pulled sideways by the Magnus force, the particles are pulled
downwards by gravity as,

Fg = (ρp −ρ f )gVp , (6.5)

where ρp [kg m−3] is the particle mass density, g [m s−2] the gravitational
acceleration constant and Vp [m3] the volume of the particle. A sphere moving
in a fluid encounters a translational drag force in the opposite direction to the
movement,

Fd =−6πrµ f u. (6.6)

Balancing the forces, and considering that the magnetic torque is applied
perpendicular to g, we obtain the velocity of the particle, which we decompose in
the translational and perpendicular components, see Fig. 6.1:

u∥ =
(ρp −ρ f )gVp

6πµ f r
, (6.7)

u⊥ = ρ f r 3Ωu∥
6µ f r

(6.8)
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The tilt angle of the trajectory is therefore:

φ= t an−1
(

u⊥
u∥

)

φ= t an−1

(
ρ f r 2

6µ f Ω

)

φ= t an−1
(

r 2

6ν f Ω

)

φ≈ r 2

6ν f Ω
(6.9)

The approximation is valid for small angles. When the rotational speed is
zero, the particles follow the gravitational force and the tilt angle is zero. The
tilt angle increases with increasing sphere radius r, and decreases with increasing
kinematic fluid viscosity ν [f2/s]. Small particles with high magnetic moment can
rotate faster than big particles with low moment (equation 6.4). The tilt angle
is however only dependents on the particle size (equation 6.9). So by selecting
combinations of rotating speed ω and field strength B, and filtering out certain
tilt angles, we have a method to discriminate particles based on radius, to some
extend irrespective of magnetic moment. Next to the Magnus force, the particles
will experience a magnetic force along the magnetic field gradient,

Fm = mp∇B (6.10)

which will also lead to a tilt angle. Fortunately, since the magnetic moment
will align with the field direction, the direction of the gradient is independent on
the sign of the field. The sign of the tilt angle however is determined by the rotation
direction. So by measuring for both rotations, any tilt due to a magnetic force
gradient can be subtracted.

6.3 Methods

There are three specifications that the fluidic system must accomplish. First, due
to the small deviations expected by the Magnus force and in order to facilitate
the following trajectory measurement, the particles should start at very similar
positions. Second, the system should be long enough to track long trajectories
and third, the particles should be clearly seen through the fluidic system walls.
Figure 6.2 shows the 3D printed fluidic system with 3 inlets and 1 outlet. 2 of
the 3 inlets are used to introduce the liquid and the 3r d inlet is used to introduce
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Figure 6.2 – (left) Schematic drawing of the fluidic chip showing the 3 inlets and
chamber where the particles rotate, (right top) the 3 inlets and (right bottom) cut
of the zig-zag particles inlet.

the magnetic particles, also see Figure 6.7 in the appendix. The chamber is 7
cm long and 0.5 cm wide and deep. In order to observe the particles and seal
the chamber, a glass slide was glued on the front part of the chip, see Figure 6.7
in appendix. To maximize the deflection caused by the Magnus force, the time
of the particles inside the chamber should be increased. Therefore, the system
will be used with no-flowconditions, letting the particles sink from the inlet to
the outlet of the chamber. A very similar particle starting point inside the fluidic
system is crucial due to the small deflection expected caused by the Magnus force.
Normally, liquid flow, or magnetic, electric or acoustic fields are used to focus the
particles inside a microfluidic channel. However, due to the no-flow conditions
and the trouble of introducing actuators inside the 3D printed chip, a new method
to focus the particles at the same position was developed. Figure 6.2 shows a
cut of the particle’s inlet of the microfluidic chip where a zig-zag inlet can be
seen. As can be seen in Figure 6.8 the appendix, particles were rolling downwards.
Although some of the particles started at very similar positions, this varied due to
its large sensitivity on other factors such as: the amount of particles arriving to
the big chamber at the same time and disturbing each other or by any small flow
perturbation caused by the pipetting of the particles inside the inlet.
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In order to rotate the particles and avoid any attraction to the magnets, the

magnetic field that is used should be as strong and homogeneous as possible.
Therefore, bigger magnets providing less gradient over the observation area are
better than smaller magnets. Also, by placing another magnet on the opposite
side of the fluidic chip the gradient, and therefore its magnetic force towards the
magnets, will be reduced, see Figure 6.3. Eight N42 magnets 1cm wide, 4cm deep,
1cm long and a magnetization of 1.3 T along the longest side were purchased from
Supermagnete. Each rotating arm consisted of 4 magnets. The field strength in
the center between the magnets was 122 ± 5mT. In order to observe the particle’s
trajectory a silicon wafer acting as a mirror was glued at a 45◦ angle to the fluidic
system’s wall, see Figure 6.7 in the appendix. Both magnets should rotate at
the same speed in order to avoid magnetic field distortion, but due to the fluidic
connections and tubing both magnets could not be attached together. Therefore, a
new mechanical system was developed to rotate both magnets at the same speed.
Figure 6.9 in the appendix shows the system consisting of an electrical motor
(Crouzet DC motor model 820580002) and a gear box with a reduction ration
of 3.4, see Figure 6.7 in appendix. Also, for security reasons, a new system
was developed to mount the magnets in the rotating arms. As can be seen in
appendix, first the magnets were stuck together with a separator in the middle and
subsequently attached together to one of the rotator’s arms. Thereafter, the other
rotating arm was approached and connected to the second magnet’s support, which
allows safe separation of both magnets. The magnets repelled each other due to
their configuration therefore the second arm was pushed away by the magnets.
The separation of the magnets can be adjusted with extra screws in the rotating
arms. The rotating speed of the magnets was adjusted controlled by a Conrad
PS 405 Pro power supply. The rotation speed was calibrated with a stroboscope
(LED-stroboscope HELIO-STROB micro2). A Grasshopper3 GS3-U3-23S6M
high-speed camera was used to observe and record the trajectories of the particles.
The 3D printed chip was designed in SolidWorks and printed with a Formlabs
Form 2 printer.

The particles used in this study are magnetic Janus particles 70−90 µm in
diameter and purchased from Cospheric. Their core is made of borosilicate and
they are half coated with a superparamagnetic material. Some Janus particles
were placed between two 5 mm×5 mm tape layers and introduced in a Quantum
Design PPMS-VSM (Physical property measurement system vibrating sample
magnetometer) to measure their magnetic moment. The scan rate was 1.5 mT/s
from 5 T to −5 T and up to 5 T again at room temperature. Figure 6.10 in the
appendix presents the experimentally obtained magnetization of the janus particles.
From the magnetization curve, it can be concluded that the janus particles have
hysteresis and that theirmagneticmoment saturates at≈ 0.5 T having a susceptibility
of 0.06 nAm2/T and a remanent moment mp is 1.5e−11Am2 per particle. The
resulting magnetic force exerted by the magnet on the particles (equation 10) was
estimated from the magnet geometry using analytical integration (MacMMems,
CADES). We are mostly concerned with variations in the magnetic force for
different particle trajectories. A constant force will merely cause an offset that is
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Figure 6.3 – (left) Schematic side-view drawing and magnetic field distribution
used to rotate the janus particles inside the fluidic chip. (right) Diagonal-view of
the magnets configuration.

cancelled by measuring the difference between clock and anti-clockwise rotation.
The gradient of the magnetic force in the z-direction, so in the same direction as
the magnus force, was estimated to be 176z0 nN/m, where z0 is the off-center
position. When the particles fall exactly along the centre between the magnets,
the force and force gradient is zero. Even if the particles are 5 mm off-axis,
the force gradient is only in the order of 1 nN/m. Typical deflection differences
due to the Magnus effect are less than 0.1 mm, resulting in maximum magnetic
force differences of 0.1 pN. The magnetic attraction by the magnets is therefore
negligible to the Magnus force itself, which is in the order of 6 pN (DI water
with µf = 1 mPa s and 5 rps). Two solutions were used, DI water and a mix of
glycerol and water in a 1:3 volume ratio. Three pipette tips were glued in the
three inlets to facilitate the introduction of liquids and particles. The chip was
filled with a pipette until the liquid reached the top of the pipette tips. Matlab
was used to track the particles trajectories and CADES was used to simulate the
magnetic field and magnetic force. Three different experiments were performed
where just the liquid viscosity and the rotation speed of the particles were modified.
The experimental procedure consisted of different steps. First, the rotation of the
magnets was set to a given rotational speed. Second, the janus particles were
introduced in the fluidic chip via a pipette. Thereafter, they rolled and fell into the
main channel. Third, their trajectories over 1 cm length inside the fluidic system
were recorded and subsequently analysed. Six different steps in each experiment
were performed, three clockwise and three anti-clockwise. The center of the
trajectories was manually centred in 0 in order to visualize the difference between
experiments.



80
Chapter 6 – Trajectory Deflection of Spinning Magnetic Microparticles, the

Magnus Effect at the Microscale
6.4 Results and Discussion

Figure 6.4 shows the experimentally obtained angles of the trajectories of the
particles and their cumulative distribution function (CDF) assuming normal distri-
butions. In the top Figure 6.4 a clear difference can be observed between particle
trajectories when the magnet is rotating either clock or anti-clockwise, in case we
used water (ν f = 1.0 10−6 m2/s) and 5 rps as rotational speed. The deflection of the
trajectories agrees with theory: particles rotating clockwise moved to the left and
particles rotating anti-clockwise moved to the right. The experimental difference
between the mean deflection angles for the two rotation directions was 1.2±0.3°.
This is within error margin in agreement with the calculated angle difference of 1.2°
(equation 6.9). The middle histogramm in Fig. 6.4 shows the same experiment
but using 40% of the rotational speed (2 rps). The measured angle difference
(0.42±0.15°) again agrees with the calculated angle of 0.49°. When we used a
liquid with more than twice the viscosity (ν = 2.310−6m2/s) and low rotational
speed, 2 rps, the difference between particles rotating in both directions drops
below the measurement error. This was an expected result since the calculated
angle dropped until 0.21°. When we increased the rotational velocity to 5 rps, most
of the particles no longer were able to follow the magnetic field rotation. Assuming
the magnetic field to be in the order of 122 mT, the maximum rotation velocity in
the high viscosity medium (µ=2.3mPas) is, according to equation 6.2, in the order
of 78 rps, so we should have observed the particles completely following the mag-
netic field and a deflection similar to 0.52°. We speculate that most of the particles
did not have enough magnetic material and therefore not enough torque to follow
the magnetic field. In order to obtain larger deflections and more feasible sorting
systems, larger rotation speeds are needed which can be obtained by increasing
the magnetic field strength inside the fluidic system by placing the magnets closer
together. It should be noted that the Magnus force is smaller than typical magnetic
forces on microparticles in microfluidic devices. Comparing different systems
using magnetic fields to sort particles, it can be observed that similar forces are
accomplished (1− 35 pN), however, with smaller particles (1− 7.3µm)(Chung
et al., 2013, 2016; Kong et al., 2010; Liu et al., 2009; Mirowski et al., 2005; Zhu
et al., 2012). The experimental system was constructed for minimal magnetic field
gradients, and therefore required big magnets. The size can be optimized, however,
especially if we allow magnetic field gradients on top of the Magnus force for
additional sorting.



6.4 – Results and Discussion 81

 0

 2

 4

 6

 8

 10

 12

 14

-2 -1.5 -1 -0.5  0  0.5  1  1.5  2

Fr
eq

ue
nc

y 
[n

]

Trajectories' slope [°]

Clockwise rotation
Anti-clockwise rotation

 0

 1

 2

 3

 4

 5

 6

 7

 8

 9

 10

-2 -1.5 -1 -0.5  0  0.5  1  1.5  2

Fr
eq

ue
nc

y 
[n

]

Trajectories' slope [°]

Clockwise rotation
Anti-Clockwise rotation

 0

 1

 2

 3

 4

 5

 6

 7

 8

 9

 10

-2 -1.5 -1 -0.5  0  0.5  1  1.5  2

Fr
eq

ue
nc

y 
[n

]

Trajectories' slope [°]

Clockwise rotation
Anti-Clockwise rotation

Figure 6.4 – Histograms and their cumulative distribution function (CDF) of the
trajectory slope angles in the z-direction of particles rotating clockwise (red) and
anti-clockwise (blue) (top) with low viscosity (water) and 5 rps, (mid) low
viscosity (water) and 2 rps, and (bottom) high viscosity (mix of water and glycerol
3/1, v/v) and 2 rps
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6.5 Conclusions

In conclusion, wemademagnetic Janus particles of 70−90µmdiameter fall through
a liquid with varying viscosity in the presence of a rotating magnetic field with
varying angular velocity. The Reynolds number for the particle movement was as
low as 1. Below a threshold field, the particles rotated with the field. These rotating
particles were therefore subject to a Magnus force that caused a measurable tilt
of up to 1.2° in their trajectories. The direction of the tilt agrees with rotation
direction and with a simple model based on the Rubinov and Keller approximation
for the Magnus force at low Reynolds numbers combined with linear viscous drag.
The tilt angle increased with increasing rotation velocity and decreasing kinematic
viscosity. The minimum field value for rotation increases with increasing rotation
velocity and viscosity of the medium. Most of the particles no longer followed
a magnetic field of 122 mT in a medium with a kinematic viscosity of 2.310−6

m2/s at a rotation velocity of 5 rps, and therefore no longer showed a tilt. The
experiments clearly demonstrate that the Magnus force on particles with a diameter
of tens of micrometers is measurable. Themethod allows for separation of particles
based on the ratio between their magnetic moment and radius to the third power,
which is of great interest for the analysis of magnetic microparticles such as catalyst
particles or cells labeled with magnetic materials.
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Figure 6.7 – Image of the fluidic system with a glass to seal the chip and observe
the janus particles, a mirror to reflect the trajectories of the janus particles and 3
pipette tips to introduce the fluid and particles (left). Images of the setup where
both magnets are placed at both sides of the fluidic chip (top). Top-view of the
setup (bottom).

Figure 6.8 – Zig-zag inlet fabricated to introduce the janus particles at similar
starting positions. Inside the black circle a particle rolling down can be followed
until entering in the main channel.
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Figure 6.9 – Solidworks drawing of the rotating magnetic field setup where the
electric motor rotates the magnets at the same rotational velocity and the
mounting of magnets setup.
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Figure 6.10 – Magnetic moment of 453 janus particles from -5 to 5 T.



Chapter 7

Summary

The content of this thesis ranges from magnetic material properties, to magnet
designs, shimming methods to optimize their magnetic field homogeneity and a
variety of applications of permanent magnet systems.

The research in chapter 2 aimed to compare a cuboid and a Pseudo-Halbach
magnet configuration, in terms of their field strength and field homogeneity. For
our optimized boundary conditions, we advise using the cuboid configuration
for scientific use, where it is possible to preselect the permanent magnets and
the external stray field is not a big issue. If preselecting the magnets is not an
option, we recommend the Pseudo-Halbach configuration, which has a more robust
homogeneity regarding variations in the magnetization and angle between the used
magnets. Also the lower stray field makes this configuration easier to handle and
therefore more favorable especially for industrial applications.

In chapter 3 and 4 we present three different ways to improve the field homo-
geneity of the Pseudo-Halbach. Using mechanical shimming, in our case two
movable rings, brings two advantages.

First is a higher field, second a way to shim the field by sliding the rings closer
together or further apart, depending of the aimed region of interest. This design is,
caused by the amount of magnets and additional cage material to keep the magnets
in place, more expensive than the earlier mentioned configurations but due to the
easy handling an enjoyable magnet to work with.

We further improved the field with two planar shimming chips which uses two
striplines and one conductive ring each, to generate a field which gets superimposed
with the magnet field, resulting in a much better homogeneity.

The third method is a pilot study which aims for a better field-homogeneity
by using a small amount of ferrofluid in a microfluidic chip. We have shown
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the possible usage of this method by alternating the volumes and the saturation
magnetization of the fluid. With including more advanced fabrication techniques
for the microfluidic chips, this method could be used in future for minimized
magnet designs where the fabrication accuracy of permanent magnets is reached.

In chapter 5 we present a microfluidic Coriolis sensor, whose gain could be
improved with either placing a magnet right on top of the chip, or placing a
Halbach-like configuration around the channel.

Chapter 6 shows a new technique to sort magnetic microparticles by the Magnus
force. Using two parallel magnets to spin the particles results in a drift, which
deflection side depends on the spinning direction. With this technique, the particles
could be sorted depending on their size and/or weight.



Samenvatting

Dit proefschrift beschrijft een verscheidenheid aan onderwerpen, waaronder
de magnetische eigenschappen van materialen, het ontwerpen van magneten,
shimming-methoden om de homogeniteit van het magnetische veld te optimalise-
ren, en een verschillende toepassingen van permanente magneetsystemen.

In hoofdstuk 2 hebben we de magnetische eigenschappen van permanente mag-
neten gemeten, maar konden geen opmerkelijke verschillen waarnemen tussen
magneten van verschillende fabrikanten, materialen en coatings. We hebben
een kubusvormige als ook een Pseudo-Halbach magneetconfiguratie met elkaar
vergeleken, in termen van de sterkte en homogeniteit van het veld. We bevelen aan
om voor wetenschappelijke doelienden de kubusvormige configuratie te gebruiken,
waarbij de voorselectie van permanente magneten mogelijk is en het externe
strooiveld niet problematisch is. Indien de magneten niet op voorhand kan worden
geselecteerd, bevelen wij de Pseudo-Halbach-configuratie aan, omdat die volgens
onze uitgevoerde Monte-Carlo simulaties een robustere homogeniteit heeft met
betrekking tot variaties in de magnetisatie en de magnetisatiehoek. Daarnaast is
deze configuratie door het lagere strooiveld makkelijker hanteerbaar en daardoor
gunstiger, voor industriële toepassingen.

In hoofdstuk 3 en 4 presenteren we drie verschillende manieren om de homo-
geniteit van het veld ten gevolge van de Pseudo-Halbach configuratie te verbeteren.
Het gebruik van mechanische shimming, in ons geval verplaatsbare ringen, brengt
twee voordelen met zich mee.

Ten eerste is er een hoger veld, ten tweede is het een manier om het veld te
shimmen door de ringen dichter of verder van elkaar te schuiven, op basis van
de beoogde gevoeligheid. Dit ontwerp is duurder dan de eerder genoemde twee
configuraties door het aantal magneten en extra materiaal voor de kooi die de
magneten op hun plaats houdt, maar door de eenvoudige bediening prettig om mee
te werken.

We hebben het veld verder verbeterd met twee vlakke shimming-chips die twee
striplijnen gebruiken en elk één geleidende ring om een veld te genereren die wordt
gesuperponeerd met het andere veld, resulterend in een veel betere homogeniteit.
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De derde methode is pilot studie die streeft naar een betere homogeniteit van
het veld door een kleine hoeveelheid van ferrovloeistoffen te gebruiken in een mi-
crofluïdische chip. We hebben het mogelijke gebruik van deze methode laten zien
door de volumes en de verzadigingsmagnetisatie van de vloeistof af te wisselen.
Met behulp van geavanceerdere fabricagetechnieken voor microfluïdische chips,
zou deze methode in de toekomst kunnen worden gebruikt voor geminimaliseerde
magneet ontwerpen waarbij de fabricage nauwkeurigheid van permanente mag-
neten wordt bereikt.

In hoofdstuk 5 beschrijven wij het ontwerp van een microfluïdische coriolis-sensor,
waarvan de versterking kan worden verbeterd door een magneet te positioneren
op de chip, of het plaatsen van een Halbach-achtige configuratie rondom het kanaal.

Hoofdstuk 6 toont een nieuwe techniek om magnetische microdeeltjes te sorteren
door middel van het Magnuseffect. Door 2 parallelle magneten te gebruiken om de
deeltjes te laten draaien, ontstaat een drift waarbij de afbruigrichting afhankelijk
is van de draairichting. Door gebruik te maken van deze techniek, kunnden de
deeltjes worden gesorteerd op basis van hun grootte en/of gewicht.



Zusammenfassung

Der Inhalt dieser Arbeit reicht von der Untersuchung der Eigenschaften magne-
tischer Materialien über die Entwicklung von Magnetkonfigurationen, Methoden
zur Verbesserung der Feldhomogenität und einer Vielzahl von Anwendungen von
Dauermagnetsystemen.

Kapitel 2 befasst sich dem Vergleich zweier Magnetkonfigurationen (2 parallele
Magnetquader und eine Pseudo-Halbach) bezüglich derer jeweiligen Magnetfeld-
stärke und Feldhomogenität. Unsere Untersuchungen ergaben, dass die Konfigu-
ration die aus 2 Magnetquadern bestand, für den wissenschaftlichen Gebrauch
besser geeignet ist, da hier eine Vorauswahl der verwendeten Permanentmagneten
getroffen werden kann und Streufelder in der Regel keine große Rolle spielen.
Sollte eine Vorauswahl der Magnete nicht möglich sein, beispielsweise für indus-
trielle Anwendungen, empfehlen wir die Pseudo-Halbach Konfiguration. Die hier
erreichte Homogenität ist im Vergleich schlechter, dafür aber vorhersehbar und
robust bezüglich der Variation zwischen den Einzelmagneten. Die Ergebnisse
basieren auf umfassenden Sensitivitätsanalysen und Monte-Carlo Simulationen.

In Kapitel 3 und 4 stellen wir drei Methoden vor, um die Feld-Homogenität
der Pseudo-Halbach Konfiguration zu verbessern.

Die erste ist rein mechanisch: Die Verwendung von 2 speziell magnetisierten
Ringe bringen 2 Vorteile. Einerseits wird die Feldstärke erhöht, andererseits kann
die Feldhomogenität durch Einstellen der Ringposition verbessert werden. Diese
Konfiguration ist durch die höhere Magnetanzahl etwas teurer und aufwändiger
in der Montage, durch die einfache Handhabung ist sie für die Erforschung neuer
Methoden zur Verbesserung der Feldhomogenität prädestiniert. In der zweiten
Methode konnte die Homogenität durch zwei parallel angeordnete Chips im In-
nern der Konfiguration zusätzlich durch Überlagerung eines elektromagnetischen
Feldes verbessert werden.

Kapitel 4 präsentiert eine gänzlich neue Methode: Die Verwendung von Fer-
rofluiden in Mikrofluidik-Chips. In dieser Pilotstudie wurde das Feldprofil er-
folgreich durch Anpassung des Volumens bzw. der Sättigungsmagnetisierung der
Ferrofluide verändert, um letztendlich die Feldhomogenität zu verbessern.
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Kapitel 5 und 6 zeigen mögliche mikrofluidische Anwendungen von Permanent-
magnetsystemen.

In Kapitel 5 wird die Signaltstärke eines Coriolis-Sensors durch verschiedene
Magnetkonfigurationen signifikant verbessert.

Kapitel 6 zeigt eine neuartige Methode, um magnetische Partikel zu sortieren.
Die Partikel werden durch 2 parallele Magnete in Rotation versetzt und driften
basierend auf dem Magnus-Effekte ab. Die Stärke der Abweichung ist abhängig
von deren Gewicht und Größe.
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