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Abstract
Wireless manipulation of devices at the millimeter and micrometer scale is an
emerging field of research. Potential applications of the technology include areas
of science and medicine, where small devices can be used for micromanipulation,
as surgical tools for minimally invasive surgery, or as carriers for targeted drug
delivery. Actuation and locomotion of the micro-devices can be achieved with
externally applied magnetic fields and gradients, which induce torques and forces
on a magnetized object. This method requires a control system to generate
magnetic fields and gradients.
This dissertation presents the design and optimization of systems for wireless
magnetic manipulation. The systems consist of electromagnets arranged around
a workspace, where the desired magnetic fields and gradients can be generated.
A software library is built to create, test, and evaluate virtual system designs.
Different magnetic manipulation systems are presented in this thesis, which are
designed for specific applications.
A system is proposed for controlling microrobots to assist in cleaning the
inside of a catheter. The system design is simple due to the confined environment
the robots are moved in. OctoMag is an existing manipulation system prototype
for minimally invasive ophthalmic surgery. It is redesigned and optimized for in
vivo animal trials. The access to the workspace and the portability of the system
are improved in the new design. MiniMag is a tabletop manipulation system
used for protein crystal harvesting. The design is optimized to provide increased
magnetic fields at the location of manipulation by the addition of specially
designed tips. Finally, OphthoMag is a newly developed magnetic manipulation
system. It is designed for minimally invasive surgery in the human head, mainly
ophthalmic and neurological surgery. It provides a workspace large enough for
the human head, allows access for a lying patient, and integrates with surgical
imaging instrumentation.
The design of a magnetic manipulation system highly depends on the intended application of the system, as each application scenario has its own requirements. This thesis shows how the performance and geometry of a system
can be optimized toward its application.

v

Zusammenfassung
Die drahtlose Steuerung von millimeter- bis mikrometer-grossen Objekten ist in
der Forschung von grossem Interesse. Die Technologie findet mögliche Anwendungen in vielen Bereichen der Wissenschaft und der Medizin, wo kleine Objekte
als chirurgische Werkzeuge in minimal-invasiven Operationen oder als Träger für
gezielte Pharmakotherapie verwendet werden können. Antrieb und Fortbewegung der Mikro-Objekte kann mit von aussen angelegten Magnetfeldern und
Gradienten realisiert werden. Diese induzieren Drehmomente und Kräfte auf
ein magnetisiertes Objekt. Diese Methode benötigt ein Steuerungssystem zur
Erzeugung von Magnetfeldern und Gradienten.
Diese Dissertation zeigt die Planung und die Optimierung von Systemen für
magnetisch gesteuerte Objekte. Diese Systeme bestehen aus mehreren Elektromagneten, welche um ein Arbeitsvolumen angeordnet werden. Innerhalb dieses
Volumens können gezielt Magnetfelder und Gradienten erzeugt werden. Um
virtuelle Systeme zu erzeugen, zu testen und zu beurteilen wird eine SoftwareBibliothek aufgebaut. Unterschiedliche Systeme zur magnetischen Steuerung
für bestimmte Anwendungen werden in dieser Arbeit präsentiert.
Ein System ist vorgesehen für Mikroroboter, die bei der Reinigung der Innenseite von Kathetern helfen sollen. Das System ist in der Form relativ simpel,
da die Roboter durch den Katheter seitlich eingeschlossen sind. Der OctoMag
ist ein bestehender Prototyp für magnetische Manipulation in minimal-invasiven
Augenoperationen. Dieser wird für Tierversuche überarbeitet und optimiert. Im
neuen Design sind der Zugriff zum Arbeitsvolumen und die Transportfähigkeit
des Systems verbessert. Der MiniMag ist ein kleineres Gerät, welches bei der
Gewinnung von Protein-Kristallen verwendet wird. Durch die Entwicklung von
Aufsätzen auf die Elektromagnete kann die Stärke des Magnetfeldes für die Manipulation erhöht werden. Der OphthoMag ist schliesslich ein neu entwickeltes
System für magnetische Steuerung. Es ist für minimal-invasive Operationen am
menschlichen Kopf konzipiert, vor allem für Augen- und Gehirnoperationen.
Das Arbeitsvolumen bietet genügend Platz für einen menschlichen Kopf und
chirurgische Bildgebungs-Apparaturen können in das System integriert werden.
Die Form eines Systems für magnetische Steuerung hängt stark von der
geplanten Anwendung ab, da jedes Szenario ganz bestimmte Voraussetzungen
mitbringt. Diese Arbeit zeigt auf, wie die Leistung und die Geometrie eines
Systems bezüglich seiner Anwendung optimiert werden kann.
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Chapter 1
Introduction
Manipulation and control of devices at the millimeter scale down to the nanometer scale is of great interest in many disciplines, including biosciences and
medicine. Depending on the application, various devices and structures of different shapes and sizes have been proposed. The objects include, but are not
limited to, tethered and untethered tools for micromanipulation [30, 85], tools
for minimally invasive surgery [66, 86], as well as structures for targeted cancer
therapy [4, 52, 55, 65].
Many of the medical applications target regions of the body that are hard to
access or require penetration into deep tissue of the human body [78]. Applications in sciences and technology often require a high degree of freedom (DOF)
of the tool. Therefore, wireless manipulation is advantageous and desirable for
all these applications.

1.1

Background

A major challenge for wireless manipulation is powering the devices. Powering
techniques can be classified into three main categories: onboard, scavenged, and
transmitted power [66]. Batteries offer an inexpensive onboard power source,
but the total deliverable energy scales with volume. Thus, the efficiency is
small at the microscale. Power generators based on micro-electro-mechanical
systems (MEMS) can provide higher energy output. Several approaches to
convert various types of energy into electrical energy have been proposed [16, 49].
Biofuel cells can harvest chemical energy directly from the environment. This
is a desirable way of powering, but the cells still have stability problems [41].
Wireless power transmission is a well researched alternative.
Research has demonstrated different strategies for wireless manipulation at
the microscale using thermal expansion [82], electrostatic actuation [17], catalytic reactions [79], or biological organisms for propulsion [77]. Several promising approaches are based on magnetic control [65].
Magnetic energy can be transmitted by induction or by directly applying
magnetic torques and forces. Faraday’s law of induction states that electrical
power is induced in a conductor when it is exposed to a magnetic field that
varies over time [37]. An oscillating magnetic field can therefore generate an
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effective voltage in a nearby circuit. Many devices incorporate this principle.
However, the challenge at the microscale is the fabrication of the receiver coils.
Low-frequency magnetic fields are advantageous in medical applications because they penetrate human tissue and are not harmful up to high field strengths
of several tesla. For microrobots made of a magnetic material, power can be
transferred by an externally applied magnetic field. A magnetic body exposed
to a magnetic field experiences a torque related to the field strength as well as
a force related to the strength of the magnetic field gradient [31].
Different propulsion methods using magnetic fields have been investigated
and discussed in literature: pulling by magnetic field gradients [95], stick-slip
motion by oscillating or rocking magnetic fields [28, 30], rolling on a surface
with rotating magnetic fields [57, 85], as well as exploiting low Reynolds number
phenomenon through rotating magnetic fields [19, 34, 97].
The proposed magnetic manipulation methods have in common that they
require a control system to generate magnetic fields and gradients. The strength
of the needed fields and gradients depends on the shape and size of the microrobot, the chosen propulsion method, as well as the specific task the robot has
to perform.

1.2

Aim of the Thesis

As a part of this thesis, some general guidelines for the design of magnetic
manipulation systems are worked out. These guidelines focus on the optimization of the number, size, material, and geometry of magnets in a system. The
guidelines then serve as a reference in the design and development of individual
magnetic manipulation systems.
A Matlab (MathWorks, USA) library is built to model manipulation systems. This library allows to create and evaluate virtual magnetic manipulation
systems. It integrates with finite element modeling (FEM) software Maxwell
(Ansys, Germany). A virtual system can be designed and created in Matlab,
calibrated in Maxwell, and then operated in Matlab. Hence, the software library can be used to build, test, evaluate, and optimize many different system
configurations without physically building them.
The goal of this thesis is to provide magnetic manipulation system designs
for specific applications. Different design challenges have to be overcome for
given tasks. The variety of requirements for different applications can lead to
fundamentally different system designs, as is evident from the designs presented
in this thesis.
The first application scenario is a microrobot for cleaning the inside of a
catheter. The geometric constraints and the confined environment lead to a
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very simple system design.
The second application is based on the existing OctoMag prototype, which
has to be redesigned for in vivo animal ophthalmic surgery. The surgery is
performed with wireless magnetic microrobots and needs full, 3-dimensional
control. Additional requirements, e.g. portability and accessability, have to be
considered in the system design as well.
The third scenario is a tabletop magnetic manipulation system for protein
crystal harvesting. The existing MiniMag system is modified to provide higher
magnetic field strengths at a larger distance from the magnets, where the microrobot is manipulated.
The last application scenario is minimally invasive surgery in the human
head, with a focus on ophthalmic and neurological surgery. Special challenges
arise from geometric constraints, i.e. workspace requirements, patient access,
and integration of imaging instrumentation.
The focus of this thesis is only on the manipulation capabilities of a system.
Other aspects (such as software, user interface, localization, and tracking) are
out of the scope of this work. The manipulation systems presented make use
of software and visual tracking methods developed in earlier works. However,
appendix B presents some thoughts on the implementation of magnetic tracking
instead of visual tracking.

1.3

Structure of the Thesis

The theoretical background for wireless magnetic manipulation and for potential applications is presented in chapter 2. In chapter 3, the methods used
throughout the thesis are introduced and applied to optimize general system
designs. The following chapters then show system design solutions for specific
applications.
Chapter 4 shows the concept of using microrobots for catheter cleaning, and
provides a simple system design solution for this application. Due to the nature
of the constrained environment, the system has to only provide 1 DOF. The
redesign of the OctoMag for in vivo animal ophthalmic surgery is presented in
chapter 5. The OctoMag is the first iteration of several more complex systems,
which provide 5 DOF magnetic manipulation. In chapter 6, the magnetic field
of the MiniMag is optimized for protein crystal harvesting with the addition
and optimization of tips. Chapter 7 illustrates the design process for a completely new, human-sized system for ophthalmic and neurological surgery called
OphthoMag. The thesis closes with a summary and outlook in chapter 8.

3

Chapter 2
Wireless Magnetic Manipulation
This chapter has previously been partly published in [23] and is submitted for
publication in [22]. Simone Schürle contributed to the materials, fluid dynamics, and biomedical applications parts, and Kathrin Peyer contributed to the
fluid dynamics part. Arielle Fakhraee, Brad Kratochvil, and Andrew Petruska
contributed to the magnetic control and manipulability parts.

2.1

Generating Magnetic Fields

There are two basic principles for the generation of magnetic fields: permanent
magnets and electromagnets. Permanent magnets exhibit a large field strength
to volume ratio and they can be manufactured in various shapes and sizes. The
field of a permanent magnet can not be controlled and can not be switched off.
Air-filled solenoids exhibit a smaller magnetic field on a per volume basis.
However, the field can be regulated by controlling the current and the field can
be switched off. The magnetic field outside an electromagnet can be increased
by introducing a soft-magnetic core. Such a magnet shows a nonlinear behavior,
which has to be taken into account.
Different strategies to generate magnetic fields in a controlled way can be applied, including position- and orientation-controlled permanent magnets [54, 68],
stationary current-controlled electromagnets [33, 51, 54, 62, 69, 97], positionand current-controlled electromagnets [36, 94], or by using a commercial MRI
system [60].
The magnetic fields generated are described by Maxwell’s equations [61]
∇·B = 0
∇ × H = J,

(2.1)

where B is the magnetic flux density, B is the magnetic field, and J is the
current density (only non-zero in the coil windings of an electromagnet). These
equations completely describe a static magnetic field.
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2.2

WIRELESS MAGNETIC MANIPULATION

Torque and Force on a Magnetic Body

The position and orientation of a magnetic device can be controlled in three
dimensions by externally applied magnetic fields and gradients that induce a
magnetic torque and force. When the object is exposed to a magnetic field
H, the body will be magnetized to a volume magnetization M. Both vectors
are defined in [A/m]. The externally applied field can also be expressed in [T]
as the magnetic flux density B = µ0 H, where µ0 = 4π × 10−7 Tm/A is the
permeability of vacuum.
A torque T aligns an object with magnetization M with the applied field B
and can be expressed in [Nm] as
T = vM × B

(2.2)

where M is the volume magnetization of the device [31] with a volume v in
[m3 ]. The magnetization vector M is assumed to be constant if the device is a
permanent magnet. For a soft-magnetic body, M is dependent on the applied
field and can be modeled analytically for axially symmetric bodies [1]. The
torque on any magnetic body can be increased by increasing the magnetic field
B, as can be seen from (2.2).
The force in [N] on the magnetic object is expressed as
F = v (M · ∇) B

(2.3)

which can be written in a more intuitive form in cartesian coordinates


∂B ∂B ∂B
F=v
M.
∂x
∂y
∂z
As it can be seen from this equation, the gradient in the magnetic field

(2.4)
∂B/∂x

can be increased to exert a higher force (e.g. along the x-axis) on a magnetic
device [51].
In current-free space, Maxwell’s equations (2.1) constrain the gradient matrix of the vector field B to be symmetric and to have zero trace [70]. The
gradient matrix in equation (2.3) can thus be rewritten as
∂Bx

T  ∂x
∂B
 ∂Bx
=
 ∂y
∂z
 ∂Bx
∂z




∂B
∂x

∂B
∂y

∂Bx
∂y
∂By
∂y
∂By
∂z


∂Bx

∂z

∂By


∂z


∂By
∂Bx 
−
+
∂y
∂x

(2.5)

with five independent parameters. These parameters will be written as G for
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compactness with

G=

2.2.1

∂Bx
∂x

∂Bx
∂y

∂Bx
∂z

∂By
∂y

∂By
∂z

T
.

(2.6)

Magnetic Moment and Shape Anisotropy

The relation between the volume magnetization M in [emu/cm3 ] = [103 A/m]
and the applied field strength H is called the magnetization curve and shows
a characteristic hysteresis loop for ferromagnetic materials. The resulting magnetization vector of the body can be expressed as M = χHi , where χ is the
susceptibility. The internal field Hi of the magnetized body is defined as the
sum of a demagnetization field Hd and the externally applied magnetic field.
Once a magnetic body is exposed to an externally applied field, an opposing
demagnetization field is created, expressed as Hd = −N M, where N is the
demagnetization tensor.
If the coordinate frame is aligned with the principle axis of the body, the
demagnetization tensor N is diagonal (N = diag (nx , ny , nz ) with nx +ny +nz =
1). The magnetization vector can now be described as a function of a geometric
factor N , a material parameter χ, and the externally applied field Happl :
M=

χ
Happl .
1 + χN

(2.7)

For soft-magnetic materials, χ is large and M ≈

1
N Happl .

Generally, deter-

mining the resulting magnetization vector for randomly shaped soft-magnetic
objects is non-trivial. However, it is well-defined for spherical objects and can
be approximated for axially symmetric objects with an ellipsoidal model [1].
For a cylinder with N = diag (nl , nr , nr ) the demagnetization tensor can now
be approximated with
nl (τ ) = 1 +
where τ =

l
2r ,

4
−F
3πτ


−

1
τ2


(2.8)

and F (x) is the hypergeometric function 2 F1 [− 12 , 12 , 2, x] [6]. The

radial components are derived from 2nr + nl = 1. The shape anisotropy of the
magnetization increases the effective magnetic moment of a cylinder, and thus,
the applicable torque and force on a cylinder by a factor of 1000 compared to a
bead of the same volume [14, 27, 83].
2.2.2

Material, Size and Shape

A careful choice of the physical properties of the magnetic object is crucial in
order to minimize the magnetic energy required for manipulation. Materials
7
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with a steep magnetization curve and high saturation magnetization are desired
to be able to work with minimal fields and gradients. The wide variety of
magnetic materials can be separated into two groups: soft-magnetic materials,
which are mainly distinguished by a high permeability and a low remanence,
and hard-magnetic materials, which are characterized by a high coercivity and
a high remanence magnetization.
Cobalt iron (CoFe) is a soft-magnetic material, which reaches its saturation
magnetization of 1800 × 103 A/m at an applied field of 0.1 T.
Rare-earth permanent magnets, such as neodymium-iron-boron (NdFeB) or
samarium-cobalt alloys, are favourable as they exhibit a high remanence magnetization. However, both materials show cytotoxic effects and thus an additional
coating is required for biocompatibility [18, 44]. The saturation magnetization
of NdFeB bulk material is in the range of 900 × 103 A/m, and its remanence
magnetization is in the order of 600 × 103 A/m [80].
Iron oxide is a widely used biocompatible magnetic material.

The two

commonly used forms are magnetite (Fe3 O4 ) or maghemite (γ-Fe2 O3 ). As
nanometer-sized particles, they exhibit superparamagnetic properties. Agglomerations due to magnetic dipole-dipole interactions can be dissolved by switching off the external field. Magnetite particles are approved as an MRI contrast
agent by the US Food and Drug Administration (FDA). The saturation magnetization is around 450 × 103 A/m for bulk material, and at a maximum of
300 × 103 A/m for nanoparticles [76], which is slightly lower due to oxidization
and surface effects. Saturation is reached for externally applied field strengths
of around 0.3 T.
Constraints regarding the size and shape of the object are given by the
potential application of a device. For example, the manipulation of a single
object in the range of millimeters down to hundreds of micrometers has been
demonstrated in the eye or in the carotid artery [25, 86]. In smaller blood
vessels, highly concentrated solutions of particles of a size in the range of tens
of micrometers down to tens of nanometers are required [65]. Further constraints
on the design are determined by the biological response of the environment to
the chemical and physical properties of the magnetic structures.
The pathways of magnetic particles are dictated by in vivo functions such as
circulation times, extravasation, degradation, clearance and uptake mechanisms.
Larger particles are advantageous for transport and limited clearance. However,
smaller particles are preferable for the transport to and through fine capillaries,
tissue penetration and clearance after drug delivery. For example, it is known
that structures smaller than 100 nm can extravasate through the blood vessels
and are cleared by the liver and spleen [64]. An overview of the biocompatible
design guidelines can be found in [64].
8
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Fluid dynamics

The control of magnetic microdevices in a fluid is challenging. The governing
equations for objects in fluids at this scale are derived from the low Reynolds
number (Re) regime, where fluid viscosity and surface effects dominate over
volumetric effects such as inertia. The force generated by a magnetic gradient
that pulls on a magnetized object also scales with the volume of that object.
Hence, high magnetic gradients are required, which are difficult to generate
across larger distances.
The Reynolds number is a measure for the inertial versus the viscous forces
in a fluid and is defined as [40, 75]
Re =

uLρ
uL
=
η
ν

(2.9)

where u and L are the velocity and characteristic size of the device, ρ is the
density of the liquid, and η and ν are the dynamic and kinematic viscosity of
the liquid, respectively.
For objects at the microscale that move through water, Re  1 and viscous
forces dominate inertial forces. The resulting velocity of an object is defined by
the fluidic force that opposes the applied magnetic force.
In the low Reynolds number regime, the fluidic force can be calculated from
Stokes’ Law. An object moving with a velocity u encounters a drag force Fdrag =
−D · u, where D is the drag coefficient. If an external force is applied to the
object, it reaches its steady-state motion almost instantaneously and the velocity
can be estimated from
Fext + Fdrag = 0.

(2.10)

The drag coefficient for spherical objects can be described as [40]
D = 6πηrs .

(2.11)

The drag coefficients for slender bodies (e.g. cylinders with lc  rc ) [13] depend
on the direction of motion:
Dk =

2πηlc
ln (lc /rc ) − 0.807

(2.12)

for a translational motion of the object along its long axis, and
D⊥ =

4πηlc
ln (lc /rc ) + 0.193

(2.13)

for motion perpendicular to its long axis.
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Any angular orientation between 0◦ and 90◦ can be derived trigonometrically
based on these two equations. The drag of motion perpendicular to the slender
axis of the object is approximately twice the drag of motion along the long axis.
2.3.1

Biological Environment

The viscosity η of the surrounding bodily fluid is an important parameter. Distilled water has a viscosity of η = 8.9 × 10−4 Pa · s. Urine is about 1.2 times
more viscous than distilled water at 37 ◦ C [46], and the vitreous humour is at
least 10 times more viscous, depending on the age of the patient. The viscosity
of blood is up to 3-4 times that of water and depends on the vessel size and the
flow rate [73].
2.3.2

Biomedical Applications

The volume v and the volume magnetization M are the two object specific
parameters, which determine the force (2.4) when a ferromagnetic object is
pulled through a bodily fluid by an externally applied magnetic field gradient.
Depending on the application, the dimensions of the object range from a few
nanometers (e.g. targeted drug delivery at the cellular level [65]) to a few millimeters (e.g. surgical tasks in the eye [86]). The choice of the material directly
effects the magnetization. To estimate the gradients required for specific application scenarios, magnetic manipulation of a spherical or cylindrical device in a
vessel lumen, the eye, and the bladder is discussed in the following paragraphs.
Physiological parameters such as lumen size, blood viscosity, and flow rate
vary widely across the human body [24]. Blood velocities go down to 0.1 mm/s
in the smallest capillaries of around 5 µm diameter, and they reach up to 1 m/s
in the thoractic aorta of about 40 mm diameter [58, 59]. Modelling and controlling the transport of magnetic particles throughout such a severely changing
environment is thus challenging.
A possible scenario for a very simplified case of manipulation in a capillary is
sketched in Fig. 2.1a. Instead if injecting the particles far away from the target
location, the release of magnetic drug carriers happens close to the target area.
The particles are released from a catheter, then magnetically guided in the small
branching lumen, which catheters can not reach anymore [72]. Redirecting the
particles through magnetic forces becomes feasible as the flow rates decrease in
the smaller vessels.
The flow exhibits a parabolic profile with the maximum flow rate at the
center line of the vessel. The blood viscosity is around 3.5 mPa · s [24]. A
magnetic gradient of approximately 0.3 T/m perpendicular to the vessel axis
results in a superimposed transverse velocity component of 100 µm/s for a single,
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Figure 2.1: Schematic of control of magnetic devices in biomedical applications.
a) Branching blood vessel with a parabolic flow profile. The magnetic force is
applied orthogonal to the flow direction. b) A single magnetic device of a few
hundred µm can be used to perform surgical tasks in the eye.
Table 2.1: Required magnetic field gradient in [T/m] to achieve a velocity of
0.1 mm/s for single, spherical devices in three different environments, not considering dipole-dipole interaction and aggregation. The magnetic force is calculated based on F = vms (∇kBk) with the assumption of magnetic saturation of
the device [1].

capillary
(η = 3.5 × 10−3 Pa · s)
bladder
(η = 1.2 × 10−3 Pa · s)
eye
(η = 3.3 Pa · s)

Fe3 O4
r = 15 nm

FeCo
r = 2 µm

NdFeB
r = 500 µm

2 × 104

3 × 10−1

3 × 10−5

8 × 103

1 × 10−1

1 × 10−5

2 × 107

3 × 102

3 × 10−2

isolated FeCo-particle with a radius of 2 µm. The required magnetic gradient
for successful control of the particle towards the desired branch depends on the
vessel size s, the flow rate, and the distance l of the object to the vessel junction.
Simulations on the magnetic steering efficiency in vessel junctions can be found
in literature [88].
The schematic in Fig. 2.1b shows magnetic manipulation inside an eye [51,
86] with a typical diameter d of about 24 mm [53]. The vitreous humour in the
eye exhibits a high viscosity, especially in young patients. A rough estimate of
η = 3.3 Pa · s was used for the calculations shown in Table 2.1 [71].
The results of the theoretical calculations (Table 2.1) show that certain scenarios are less feasible. High gradients of several hundreds of T/m would be
needed. The materials and sizes of magnetic devices are taken from literature,
where these experiments have been performed. Material, size, and shape are the
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subject of the device design optimization process, as discussed in section 2.2.2.
Smart surface functionalization is an additional important component in the
design. It can be used to reduce adhesion forces, to increase biocompatibility,
or to bind medication for targeted drug delivery. However, deeper design considerations of the devices are out of the scope of this thesis. Magnetic field
gradients in the range of 0.5 T/m will be taken as a rough benchmark for the
general design optimization of magnetic manipulation systems in chapter 3.

2.4

Wireless Magnetic Control

In a given magnetic manipulation system, each magnet generates a magnetic
field throughout the workspace. At any given point P in the workspace, the
magnetic field from a single magnet m can be described by a vector Bm (P).
It can be assumed that the total magnetic field at point P is the sum of the
contributions of all individual magnets
B (P) =

n
X

Bm (P)

(2.14)

m=1

for a system with a total of n magnets. This equation holds for permanent
magnets as well as for electromagnets.
The magnetic field contribution of each magnet needs to be controlled in
order to get control over B (P). For electromagnets, each magnet’s field contribution Bm (P) depends on the current Im through the coil:
Bm (P) = B̃m (P) Im

(2.15)

where B̃m is the magnetic field of electromagnet m at point P for unit current
in [T/A]. The unit contribution B̃m (P) can be calculated analytically online,
or can be interpolated from previously computed FEM data or from measured
values. A similar control approach can be applied for permanent magnets, but
their position and/or orientation have to be controlled instead of the current.
For simplicity, the control will only be evaluated with electromagnets in
this thesis. The control with permanent magnets is more complex, and is not
relevant for the systems designed for this work.
The field and gradient in a system can be expressed according to [50, 51, 70]
as

" #
B
G

"
=

B̃ (P)

G̃ (P)

#



I = A B̃ (P) , G̃ (P) I

(2.16)

where B̃ is a 3 × n matrix with the field contribution of each electromagnet at
unit current at a given point P, and G̃ is the 5 × n gradient contribution matrix
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at unit current. These two matrices form a 8 × n actuation matrix A, which
maps the n electromagnet currents I to a field and gradient.
For a desired field-gradient vector, the currents I that best solve for the
target can be found using the pseudoinverse:
" #
† B
I = A B̃ (P) , G̃ (P)
G


2.5
2.5.1

(2.17)

Manipulability
Qualitative

Singular values are analyzed to qualitatively estimate the manipulability of a
system. The pseudoinverse of A uses the singular value decomposition A =
U ΣV T where Σ is the 8 × n singular value matrix. The 8 × 8 leftmost elements
form a diagonal matrix of the eight ordered singular values σi [51]. If n is smaller
than 8, the diagonal matrix is formed by the topmost n × n elements of Σ. The
singular values σi can be thought of as a scalar gain by which each input is
multiplied to produce the corresponding output.
Therefore, these singular values provide information about the quality of the
workspace [96]. They can be analyzed to find points and configurations where
control authority is lost in certain directions. It is generally desired to have the
singular values as large as possible for improved manipulability.
2.5.2

Quantitative

The capability of a magnetic system can be quantified since the combined field
and gradient matrix must be full rank for full field and gradient control [70].
The minimum singular value of B̃ · N(G̃) gives the smallest field gain in [T/A]
for any gradient, with N(G̃) being the orthonormal null space of the G̃ matrix.
Likewise, the minimum gradient gain in [T/m/A] in a system for any field is
given by G̃ · N(B̃), where N(B̃) is the orthonormal null space of the B̃ matrix.
The minimum field and gradient in [T] and [T/m], respectively, can then be
calculated by multiplying the gains with the maximum current.
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Chapter 3
System Design and Optimization
This chapter has previously been partly published in [23]. Arielle Fakhraee
helped with executing the simulations presented in this part. Simone Schürle
and Brad Kratochvil contributed to the discussion of system geometries and
results.

3.1

Introduction

The maximum achievable field and gradient are the primary limiting factors for
precise magnetic manipulation. Field and gradient largely depend on the magnetic manipulation system and they directly relate to force and torque exerted
on the magnetic agent. The magnetic field generation capabilities of the system
therefore limit the forces and torques that can be applied to the device. Certain
forces, such as drag forces, have to be overcome to be able to manipulate the
agent in different environments. Thus, there is a need to evaluate and optimize
the design of such magnetic manipulation systems in order to improve their
performance.
The results presented in this chapter give rule-of-thumb guidelines on the
design and limitations of magnetic manipulation systems for different degrees
of freedom.

3.2

Modeling Magnets and Systems

Permanent magnets and electromagnets are modeled and compared. Systems
consisting of several magnets use one type only. The materials used for the
simulation of the magnets are widely used in practice.
3.2.1

Permanent Magnets

The permanent magnets are modeled as cylinders with radius rmag , and length
lmag (Fig. 3.1a). Magnetization is considered to be along the cylinder axis. The
material is a NdFeB alloy. It is the strongest type of permanent magnet currently
produced and is commonly used. NdFeB has a remanence magnetization of
about 1.11 × 106 A/m, which corresponds to 1.4 T, a coercivity Hc of about
1 × 106 A/m, and a relative permeability µr of about 1.1 [29].
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The magnets are simulated as a 3D model in Ansoft Maxwell. The FEM
results of the magnetic field and gradient along the axis of a single cylindrical
permanent magnet with a radius and a length of 50 mm are shown in Fig. 3.2.
The field significantly drops off with distance from the magnet, but it’s essentially constant close to the magnet. Therefore, the gradient is effectively zero
close to the magnet and increases with distance. It reaches a peak at a distance
from the magnet roughly equal to the magnet’s radius.
3.2.2

Electromagnets

The electromagnets modeled in this chapter consist of a solenoid and a cylindrical, soft-magnetic core. The core has a radius rcore and a length lcore . The
coil has a thickness tcoil and a length lcoil , as well as an inner and outer radius,
rcoil i and rcoil o , respectively (Fig. 3.1b). Core and coil have equal length for all
simulations. The design is kept simple in this chapter to get a first impression
of the basic performance.
3.2.2.1

Coil

The coil of an electromagnet is made of copper. Copper wire is most frequently
used as a conductor due to its low electrical resistance. The solenoid is modeled
as a solid conductor instead of single windings, and the current density is limited
to 5 A/mm2 . A current density of about 3 A/mm2 is regarded as a safe number
that will allow extended periods of operation without excessive heat generation
within the coil [48]. Implementation of cooling allows the coils to be run at a
higher current density; however, the space required to implement the cooling
reduces the total volume available for current carrying conductors. Thus, the
ideal implementation of cooling and current limit has to be found for each
individual system. Setting the current density to 5 A/mm2 should give a rough
upper bound of what can be achieved without dealing with the details of a
cooling system.

Figure 3.1: Parameters for single magnet optimization: rmag and rcoil o are kept
constant for permanent magnets (a) and electromagnets (b), respectively.
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Figure 3.2: Magnetic field and gradient along the cylinder axis off the face of a
cylindrical permanent magnet with a radius and a length of 50 mm. The field
is highest at the face of the magnet, the gradient peaks at around 55 mm.
Superconductors have zero resistivity below a critical temperature. Superconducting coils can therefore carry much more current compared to copper
wires and can produce higher magnetic fields. However, superconductors can
only be operated at very low frequency due to large AC losses [93]. Therefore,
they are not evaluated in this thesis.
3.2.2.2

Core

The material used for the core of the electromagnets is a soft-magnetic CoFe
alloy (Vacoflux50, Vacuumschmelze, Germany). Its saturation magnetization
is about 1.83 × 106 A/m (2.3 T), the coercivity is 240 A/m, and the maximum
relative permeability µr is 4500. These features are desirable for higher fields
and more precise control in magnetic manipulation [31].
3.2.3

System Geometries

The device under manipulation is considered to be at the center of the workspace
Ow , i.e. the origin of the world coordinate frame. The working distance dw is
the distance from the face of a magnet to the origin Ow . All magnets in a
given system are set to the same dw with their axes intersecting at Ow , so
that the faces are pointing towards the workspace. dw is mainly defined by the
application. Magnets should be placed as close to the target as possible for
higher fields and thus the size of the body part under examination is the size
constraint for the system. The distance between two opposing magnets then
equals 2dw , and corresponds to the maximum space provided for the sample
(e.g. the human body).
Three different sizes of systems are evaluated, for three different potential
applications (Table 3.1). The small systems with a characteristic length dw of
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Figure 3.3: Different multi-magnet systems of medium size: a) Flat four-magnet
system; b) Flat eight-magnet system; c) Three-dimensional six-magnet system;
d) OctoMag configuration with eight magnets.
Table 3.1: Three different sizes of systems, where dw is the working distance
and the outer radius of the magnet (which is characteristic for a given system
size).
size

application

small
medium
large

in vitro, small animals
human head
torso, abdomen

dw
50 mm
100 mm
400 mm

50 mm are designed for in vitro applications and applications in small animals.
For applications in the human head (e.g. brain, eyes) or other small body parts,
dw was set to 100 mm. Large systems with dw = 400 mm are designed for
applications in the torso or abdomen (e.g. heart, intestines).
Initially, single magnets are optimized in order to give the highest field at
dw . For all single magnets, rmag and rcoil o are set equal to dw , since this is the
closest two magnets can get at a 90° angle. All other parameters are free to find
the ideal geometry of a single magnet (Fig. 3.1). There is no position or current
control in this setup for permanent magnets and electromagnets, respectively.
The current density in an electromagnet is set to the maximum of 5 A/mm2 .
A two-magnet system is then generated with the parameters found from the
single magnet optimization. Two identical magnets are placed opposite each
other at a distance dw from Ow . This setup provides the highest achievable
field, if the magnets are operated in the same direction. It provides the highest
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achievable gradient along the same direction as the field, if the magnets are
operated in the opposite directions. These systems still do not include any
control for the magnets. Only the maximum field and gradient are extracted.
Different multi-magnet systems with electromagnets are evaluated. These
systems can increase the DOF for magnetic manipulation. Systems with four,
six, and eight electromagnets are considered (Fig. 3.3) for two-dimensional and
three-dimensional control.
A two-dimensional four-magnet system has magnets arranged orthogonally
at 90° with two pairs of opposing magnets (also called “4-coil”), similar to
the two-magnet system. Eight magnets are arranged in a plane with angles of
45° angles between them (“8-flat”).
A three-dimensional six-magnet system is formed by three pairs of opposing
magnets on the axes of a cartesian coordinate frame (“6-coil”). The OctoMag
configuration [51] is an eight-magnet system (“8-omag”), where four magnets
are in-plane at 90°, and four are offset by 45° and tilted down by 45°. Both eightmagnet systems have angles between electromagnets smaller than 90°. Thus,
they have an increased working distance dw to fit them with the same rcoil o .
The working distance dw is the same for all individual magnets within one single
system.
The multi-magnet systems presented in this paper have been chosen based
on previously published research. Many other geometries could be used, and
would be reasonable. Different systems most probably are more suitable for
different applications, as additional limitations arise. First, weight limits for
transportation and installation in a building limit the overall system size. Second, a system may have to provide access for a surgeon, additional tools, or
instrumentation during operation. This restrics the geometry of the system.
These restrictions are not considered in the results. They certainly would
influence the performance of a system toward the negative though. Thus, the
calculated values can be seen as upper bounds.
3.2.4

Simulations

FEM is used to evaluate the performance of the magnetic manipulation systems.
All systems are generated in Maxwell as magnetostatic models. All electromagnets are run at a current below the saturation magnetization of the soft-magnetic
core.
Single magnets and two-magnet systems are evaluated with fixed position
and maximum current density for permanent magnets and electromagnets, respectively. The field is measured at the center of the workspace Ow , and is then
compared between different magnet sizes and different system types.
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Figure 3.4: Singular values of the actuation matrix are calculated by setting a
field at 45 different locations throughout the workspace. The field is set in 26
directions at each point. This corresponds to vectors from the center of a cube
to all its corners, as well as the center points of all faces and edges.
For multi-magnet systems, the field of each individual electromagnet is evaluated and exported for a given current. Such a set of field measurements is used
to model any combination of currents in the system, assuming a linear relation
between current and magnetic field for each electromagnet. Matlab is used to
simulate the control of such systems.
Magnetic manipulation setups are modeled in Matlab by importing the calibration. The performance of the system is evaluated based on the control
strategy described in section 2.4. The maximum field and gradient are evaluated for single magnets and two-magnet systems. For multi-magnet systems,
singular values of the actuation matrix and field bounds are also evaluated as
described in the following section. The results are then compared across the
different systems.
3.2.5
3.2.5.1

Manipulability in a System
Singular Values

Singular values of the actuation matrix are calculated at a number of different
positions. A total of 45 locations on the surface of a spherical workspace are
chosen (Fig. 3.4). At each position, a field is applied in 26 different directions.
The worst (lowest) and mean values can be extracted from the resulting singular
values as a measure for the manipulability of the system. Equally distributed
singular values are desired for a more isotropic workspace.
3.2.5.2

Minimum Field Gain

The actuation matrix is extracted at the center of the workspace of a system
from the system calibration in FEM. The minimum field and gradient gains are
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Figure 3.5: Permanent magnet length-to-radius ratio optimization: The field
measured at the origin of the workspace Ow gets to a maximum for lmag/rmag = 1
for all three sizes of magnets. The plot shows all three curves normalized with
respect to their largest value.
then calculated using the method described in section 2.5.2. The result is a
minimum field gain in [T/A] and a minimum gradient gain in [T/m/A], which
can be achieved in any direction. With the applied current density during
calibration, the minimum achievable field and gradient at the maximum current
density of 5 A/mm2 are calculated.
3.2.5.3

Field Bounds

The multi-magnet systems only have limited symmetry in their geometry. The
maximum field that can be achieved is therefore dependent on the desired field
orientation. For magnetic manipulation it is important to not have preferential
field orientations, as this would limit the application of torques in certain directions. Therefore, the uniformity of maximum field with respect to its orientation
is a measure for the manipulability in a given system geometry.
These field bounds are presented throughout this thesis as a spherical plot
(e.g. Fig. 3.9). The sphere is placed at the origin of a coordinate frame, and the
surface of the sphere is divided into several segments. Each segment corresponds
to one direction of an applied field, which is the direction from the origin to that
surface segment. The surface segment is then colored according to the maximum
field that can be achieved along this direction.

3.3
3.3.1

Single Magnet Optimization
Permanent Magnet

The field of a single permanent magnet is measured in Maxwell at Ow . The
length of the magnet is set such that the ratio

lmag/rmag

is between 0.2 and 2

in steps of 0.2 for each rmag to find the optimal size of a magnet. The results
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Figure 3.6: Electromagnet optimization: a) Coil-to-core ratio: the field measured at the origin of the workspace Ow is at a maximum for tcoil/rcore =
4, 3, and 2 for rcoil o = 50 mm, 100 mm, and 400 mm, respectively. b) Lengthto-radius ratio: the optimal ratios for the three sizes of electromagnets are
lcoil/rcoil o = 2.8, 2.2, and 1. All curves are normalized with respect to their
largest value.
show that at a ratio of 1 the field reaches at least 98% of its maximal value
for all three system sizes. It does not significantly increase for longer magnets
(Fig. 3.5).
3.3.2

Electromagnet

The optimal ratios of tcoil/rcore and lcoil/rcoil o are evaluated for all three sizes of
electromagnets by measuring the field at the origin Ow using FEM (Fig. 3.6).
The coil-to-core ratio is set to values between 1 and 9 in steps of 0.2 while
tcoil + rcore = rcoil o is kept constant because of geometric restrictions in the
workspace. The measured field shows that the ideal configuration is dependent
on the overall size of the electromagnet. The ideal coil thickness is at a coil-tocore ratio of 4, 3, and 2 for the the three electromagnet sizes (small to large).
The length of the coil is set such that the ratio

lcoil/rcoil

o

is between 0.2 and

5 in steps of 0.2. The optimal length of an electromagnet is dependent on its
size. The field at Ow is at more than 99% of its highest value for a ratio of 2.8,
2.2, and 1 for rcoil o = 50 mm, 100 mm, and 400 mm, respectively.

3.4

Two-Magnet Systems

To estimate the maximum field that can be achieved in a system of a given size,
two magnets are placed opposite each other and are operated in the same direction. The field is then measured at the center of the workspace. A magnitude
of 258 mT, 255 mT, and 250 mT can be achieved with permanent magnets for
the three different magnet sizes. Electromagnets only produce field strengths of
10 mT, 15 mT, and 37 mT (Fig. 3.7).
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Figure 3.7: Comparison of maximum field (a) and maximum gradient (b) that
can be achieved in a two-magnet setup for permanent magnets and for electromagnets. System sizes are grouped from smallest to largest; i.e. 1: r = 50 mm,
2: r = 100 mm, 3: r = 400 mm. Permanent magnets can produce significantly
higher fields and gradients than electromagnets.
The field produced with permanent magnets decreases with increased system
size. For electromagnets, the field achieved increases in larger systems. The
main reason for this difference in scaling behaviour is the magnetization: while
the magnetization for permanent magnets does not change, it can be increased
in electromagnets due to a larger volume of windings that allows larger overall
currents.
Maximum gradients are estimated with the same magnet configuration, but
operating them in opposite direction. The gradient achieved with permanent
magnets amounts to 2.9 T/m, 2.6 T/m, and 0.7 T/m. Electromagnets produce
gradients of 0.8 T/m, 0.6 T/m, and 0.4 T/m for the three system sizes, from
smallest to largest.
The gradients achieved with either type of magnet decreases with increasing
system size. This is due to the larger distance of the magnet from the origin of
the workspace. The field quickly drops off close to the face of a magnet, where
the gradients are larger. Further away from the magnet, gradients are much
smaller.
Permanent magnets would be the most reasonable choice for magnetic manipulation based on these results. They generally produce significantly higher
fields and gradients than electromagnets with the materials that are available
nowadays. However, several other aspects have to be considered when designing
a manipulation system.
First, current control for electromagnets is in most cases easier to implement
and is faster in operation in comparison to position and orientation control
needed for permanent magnets. Second, electromagnets can be switched off
while permanent magnets always produce a magnetic field. This can cause

23

3

SYSTEM DESIGN AND OPTIMIZATION

Table 3.2: Worst singular values for medium sized systems.

S (1)
S (2)
S (3)
S (4)
S (5)
S (6)

4-coil
system

8 coils
flat

6-coil
system

8-coil
OctoMag

8.42e-2
2.74e-3
1.23e-4
3.25e-8
—
—

1.54e-1
6.57e-3
9.45e-4
8.53e-7
7.98e-8
2.84e-10

1.10e-2
4.52e-4
1.27e-4
7.67e-8
4.31e-8
7.71e-11

2.87e-2
2.43e-2
1.57e-2
2.93e-7
2.81e-7
2.22e-7

Figure 3.8: Field bounds for two-dimensional, medium sized systems: a) 4-coil
system; b) 8-coil flat system.
safety problems, especially in medical environments. Therefore, electromagnets
are still widely used for magnetic manipulation systems.

3.5

Multi-Magnet Systems

The results in this section are only presented for the medium sized systems.
The main focus is on the relations between different system geometries. These
relations are similar for all system sizes, and the medium-sized systems are
shown here as a representative.
3.5.1

Two-dimensional Systems

Comparing the worst singular values of the same index (Table 3.2) shows higher
values by a factor of at least 2 for the eight-magnet system. Thus, the increased
number of electromagnets provides a more balanced system.
The field bound plots for two-dimensional systems (Fig. 3.8) show that fields
can only be produced in the xy-plane. This is expected, since there are no magnets which contribute a field in z-direction. The field bounds are significantly
lower for the eight-coil system due to the larger working distance dw .
Gradients are not evaluated in the two-dimensional systems. The control
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Table 3.3: Minimum field and gradient gain, and minimum field and gradient
at 5 A/mm2 for medium sized three-dimensional systems.
6-coil
system

8-coil
OctoMag

min. field gain [mT/A]
min. field at 5 A/mm2 [mT]

1.29
17.4

2.29
31.0

min. gradient gain [mT/m/A]
min. gradient at 5 A/mm2 [mT/m]

1.01
13.6

16.6
224

strategy as presented in this paper (section 2.4) requires at least eight magnets
to control field and gradient independently [70]. With less than eight magnets,
(2.16) is underdetermined and there is no unique solution.
The quantitative analysis of a minimum field and gradient gain is also not
valid for two-dimensional systems. The G matrix for the 4-coil system is 5 × 4
and its null space is therefore empty.
3.5.2

Three-dimensional Systems

The worst singular values (Table 3.2) are significantly higher for the OctoMag
configuration than for the orthogonal six-magnet system. The OctoMag configuration therefore exhibits a more isotropic workspace in terms of fields and
gradients that can be applied at different locations in various combinations.
The field bound plots for the three-dimensional systems are shown in two
versions (Fig. 3.9). The first version shows the field generated while resulting
gradients are ignored, i.e. they can be any number. Mathematically, the actuation matrix A in (2.16)) only is a 3 × n matrix. The six-coil system can produce
significantly higher fields than the OctoMag configuration in all directions. This
is expected due to the larger working distance dw in the OctoMag configuration.
The gradient is set to zero when setting the field in the second version. The
orthogonal six-coil system has preferential directions along the magnet axes,
while the OctoMag system is more isotropic.
The minimum field gain and the minimum gradient gain are significantly
higher for the OctoMag system than for the six-coil system (Table 3.3). Thus,
also the field and gradient that can be achieved in any direction is higher in the
OctoMag, even with the larger working distance dw .
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Figure 3.9: Field bounds for three-dimensional, medium sized systems. Gradients can be ignored when setting the field (top row): a) 6-coil system; b) 8-coil
OctoMag. Gradients can be set to zero (bottom row): c) 6-coil system; d) 8-coil
OctoMag.

3.6
3.6.1

Comparison to other Systems
MRI Scanners

MRI systems for clinical applications have standard fields of 1.5 T and 3 T. An
increasing number of 7 T human scale MRI scanners are used for fundamental
and clinical research [67]. These fields exceed all results presented in this paper
by more than an order of magnitude. However, the field in an MRI scanner
is static. It is produced by large superconducting coils and can not change its
magnitude and orientation, and can not be switched off. The increase in field
strength therefore comes with a loss in degrees of freedom.
Magnetic field gradients in an MRI system generally reach about 60 mT/m.
The effective gradient amplitude is even lower at around 20 mT/m due to a
maximum duty cycle of gradient coils and power supply [91]. Additional gradient coils can be integrated to generate gradients up to 450 mT/m [90, 91].
These additions, however, take up space in the bore of an MRI scanner. Therefore, the modified system is not suitable for whole body applications. Results
in this paper show that up to 400 mT/m can be achieved with conventional
electromagnets in a whole body system.
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Commercial Systems

The Niobe II (Stereotaxis, USA) is whole body system for catheter guidance.
It is made of two permanent magnets and can generate fields of 80 mT in the
human heart [54, 68]. No gradients are specified. Its size is comparable to the
largest systems presented in this paper with dw = 400 mm. Permanent magnet
systems of this size can produce fields up to 250 mT. The specifications given
for Niobe II are certainly within the limits modeled in this paper.
The Catheter Guidance Control and Imaging (CGCI ) system (Magnetecs,
USA) is made of eight electromagnets. It is a whole body system that uses fields
of up to 140 mT and gradients of 0.7 T/m [33, 54]. These reported values are
not calculated at a current density of 5 A/mm2 used as a limit throughout this
chapter. Special electromagnet design allows it to exceed the values presented
in this paper for electromagnet systems.

3.7

Conclusion

The results presented in this chapter show that single permanent magnets and
electromagnets can be designed with an ideal size to provide the highest field
strength. The maximum field of a permanent magnet exceeds the maximum
field of an electromagnet of the same size by up to an order of magnitude.
The evaluation of multi-magnet systems is focused on the manipulability of a
magnetic device. The manipulability is improved if a system has an increased
number of magnets, and if those magnets are not only placed orthogonally to
each other.
The highest gradients achieved in a permanent magnet system reach 2.9 T/m,
2.6 T/m, and 0.7 T/m for in vitro, head, and whole body applications, respectively. Electromagnets produce gradients of 0.8 T/m, 0.6 T/m, and 0.4 T/m
for the three system sizes, from smallest to largest (Fig. 3.7). These systems
therefore allow for manipulation of NdFeB- and FeCo-devices in capillaries, the
bladder, and the eye, based on theoretical fluid dynamics calculations.
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Chapter 4
Catheter Cleaning System
This chapter has been submitted for publication in [22] with contributions from
Kathrin Peyer. Dr. Mathias Schmaler contributed ideas in the beginning of the
project. Roman Darius wrote his Master Thesis on the first basic design of the
system.

4.1

Introduction

Intravascular catheters are essential in modern healthcare [20]. A variety of
venous and arterial catheters are used for andministration, monitoring, and
collection of fluids. The main complication of catheter use is the occurance
of an infection which can be either localised, distal or within the bloodstream
[21, 47, 74].
Organisms colonize the internal and external catheter surface and the tip
of the catheter [20]. One main mechanism for colonization is the formation of
biofilms. These biofilms are the cause for many persistent and chronic bacterial
infections. Biofilm infections are rarely resolved by the host defense mechanism,
and antibiotic therapy fails to kill the biofilm [12].
This chapter proposes using magnetically controlled microrobots to assist in
cleaning the inside of a catheter. This can be achieved by moving a rotating
microrobot along the catheter. This way, a microrobot can potentially disrupt
a biofilm for more effective antibiotic treatment. In a next step, the microrobot
can possibly carry and release antibiotics while travelling through the catheter.
The microrobot can be actuated magnetically. The magnetic manipulation
system needed for such an application should be directly integrated into the
catheter, where space for coils is very limited. However, the microrobot inside the catheter needs to only move forward and backward, and the motion is
constrained by the catheter walls.
The proposed system design consists of a saddle coil configuration, which is
used to create magnetic fields across a catheter in any radial direction. Thus,
rotating fields can be created along the whole catheter. A rotating microrobot
can therefore be moved along without feedback about its actual position.
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Figure 4.1: Single saddle coil with diameter d, length l, and opening angle φ.

4.2

System Design

The experimental setup consists of a plastic tube with two pairs of saddle coils
mounted on it. A magnetic swimmer is placed inside the tube which is filled
with water, or silicone oil (AK 350, Wacker Chemie, Germany) with a kinematic
viscosity ν of about 350 × 10−6 m2 /s and a density ρ of about 970 kg/m3 . The
experiment shown in this chapter serves as a proof of concept for the proposed
system. This prototype is larger than an actual system would be for easier
manufacturing and handling.
4.2.1

Catheter and Coil Unit

A pair of saddle shaped coils is confined to a cylindrical shell, and is convenient
to generate a homogeneous magnetic field perpendicular to the cylinder axis.
The magnitude of the magnetic field at the center of the tube generated by
a saddle coil pair is given by [35]
B0 =


l  1
4µ0
3
N I 2 s− /2 + s− /2 sin φ/2
π
d

(4.1)

where N is the number of turns, I is the current, l, d, and φ are the length,
2

diameter, and opening angle of the coil (Fig. 4.1), respectively, and s = 1+(l/d) .
Assuming that l  d for a coil on a long, thin tube, (4.1) simplifies to
B0 ≈

4µ0 N I
sin φ/2,
π d

(4.2)

I
.
d

(4.3)

and thus
B0 ∝

The magnetic field B0 in (4.2) is independent of the length l of the saddle
coil. Therefore, B0 is not only the field at the center of the coil, but is the same
along the cylinder axis.
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Figure 4.2: A single pair of saddle coils creates a homogeneous field perpendicular to the axis of a cylinder. Two pairs of saddle coils can be combined to
achieve fields in any direction in the plane perpendicular to the cylinder axis.
A clear plastic tube is used as a catheter model. It has an inner diameter of
6 mm and an outer diameter of 8 mm.
Two pairs of saddle coils are used to be able to create a rotating field perpendicular to the tube axis (Fig. 4.2). The saddle coils are wound on the outside of
the tube as single-turn coils using a wire of diameter 0.8 mm. The coils stretch
on a length of 17 cm. Given that l = 17 cm and d = 8 mm, (4.2) holds true for
the coils used in this experiment.
4.2.2

Magnetic Microrobot

The swimmer is made of a spherical head and a helical tail. The magnetic head
is a NdFeB permanent magnet with a diameter of 5 mm (K-05-C, Supermagnete,
Switzerland) and a remanence magnetization of about 1.3 T. The helical tail
is a metal spring with a length of 18 mm, 11 turns, and an outer diameter of
5 mm. The magnetic head is glued to the tail such that its magnetization is
perpendicular to the helix axis.
4.2.3

Control Electronics

The audio output of a mobile device (iPhone 4, Apple, USA) is used as a twochannel waveform source. An application (SGenerator, ScorpionZZZ) is used
to generate two sine wave signals with a phase offset of 90◦ . The signals are
fed into two single-channel power amplifiers (7224, AE Techron, USA), and
the outputs are connected to the two saddle coil pairs. The amplifier provides
feedback about the actual output current.

4.3

Experimental Results

The saddle coils are driven with a sine wave current with a peak amplitude
of 5 A and a phase offset of 90◦ between the two coil pairs. This results in a
rotating magnetic field with a magnitude of B0 ≈ 0.87 mT based on (4.2).
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Figure 4.3: The movie stills show the position of the microrobot at t = 0 s
and at t = 5 s. The system is actuated with 5 A at 2 Hz (a), and at 5 Hz (b),
respectively. The resulting forward velocity is 2.2 mm/s at 2 Hz, and 3.1 mm/s
at 5 Hz.
The performed experiment proves that the proposed system design is a working concept (Fig. 4.3). Applying a rotating magnetic field at a frequency of 2 Hz
results in forward velocity of the microrobot of 2.2 mm/s when the tube is filled
with water. Increasing the frequency to 5 Hz also increases the speed of the
microrobot to 3.1 mm/s.
When the experiment is performed in a higher viscosity environment in silicone oil, the speed significantly decreases. The swimmer reaches a forward
velocity of 0.4 mm/s and 0.3 mm/s at 2 Hz and 5 Hz, respectively.

4.4
4.4.1

Application in Medicine
Scaling Effects

Typical catheters range from 1.7 mm to 3.2 mm in inner diameter and from
2.7 mm to 4.1 mm in outer diameter [56]. Scaling the system and the microrobot
down to these sizes is physically possible.
Microrobot swimmers can be fabricated at the microscale. Using a permanent magnet head over soft-magnetic material gives the advantage of being able
to control the swimmer at lower magnetic fields. Therefore, the magnetic field
in a smaller system has to be around the same strength as in the prototype
presented. The relation (4.3) shows that the current I in a smaller system can
be lowered by the same amount as the overall diameter d of the coils to keep
the same magnetic field.
The microrobot in the experiment is able to swim, even in silicone oil with
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Figure 4.4: Magnetic field along the axis of the tube. The vertical black lines
mark the end of the saddle coils. The data plotted is based on FEM analysis.

Figure 4.5: Magnetic field perpendicular to the tube axis: a) Data for the coils
used in the experiments with a current of 5 A; b) Data for a catheter with outer
diameter 2.7 mm with a current of 1 A. The vertical black lines mark the tube
size.
a high viscosity. Swimmers will have a characteristic size of about a factor of 3
smaller in the smallest catheters. However, they will swim in an environment
which is closer to water. The viscosity of water is about 40 times smaller than
that of the silicone oil. Therefore, the Reynolds number (2.9) in a real catheter
is between the two experiments (water and silicone oil) shown in this chapter.
4.4.2

Risks

The magnetic field drops significantly at the coil ends (Fig. 4.4). This will
confine the microrobot to the inside of the catheter if no additional forces are
applied during the operation of the magnetic swimmer (e.g. flushing a fluid
through the catheter). Therefore, there is a very low risk of the microrobot
accidentally leaving the catheter and swimming into the human body.
The magnetic field outside the catheter also drops off quickly (Fig. 4.5). The
data presented is based on FEM analysis. It is shown that the field drops to
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less than 0.1 mT within a couple of mm, while providing more than 0.5 mT
for the manipulation inside the tube. According to European standard [9, 10]
pacemakers must function undisturbed in static magnetic fields of up to 1 mT.
Thus, the proposed procedure would be safe even close to magnetically sensitive
pacemakers.
The proposed actuation system is built on the outer surface of the tube. For
clinical applications, the coils can potentially be integrated into the catheter
walls. Therefore, the interior and exterior surfaces of the catheter can be kept
smooth and sterile. However, the stiffness of the catheter will be affected by the
wire integrated into the catheter.

4.5

Conclusion and Outlook

This chapter shows a proof of concept for a system to magnetically control
microrobots inside a catheter. Such robots can potentially be used for catheter
cleaning. The prototype system is a simple design, which only requires two
sinusoidal currents at low frequency. The experiment shows that the system is
feasible at the millimeter scale, and that a swimmer microrobot can be moved
along the inside of a plastic tube filled with water or silicone oil.
The discussion of the results and of the scaling effects shows that the application of swimmer microrobots is feasible at the scales of catheters. The risks
are estimated to be low, due to the simplicity of the system design.
Future work includes experimental studies to prove the functionality in a
clinical setting. Ongoing research also shows the potential of using microrobots
as drug delivery agents. This has great potential in catheter cleaning: a magnetic swimmer can disrupt the biofilm and directly release antibiotic therapy
throughout the catheter.
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Chapter 5
OctoMag:
in vivo Animal Ophthalmic Surgery
This chapter describes the redesign of the OctoMag, a magnetic manipulation
system introduced in [51]. The purpose of the redesign is to improve the first
prototype and to make the system ready for in vivo animal ophthalmic surgery.
The animal trials have been successfully performed at the Animal Hospital
Zürich [86] with the redesigned system. They have been planned and performed
by Christos Bergeles, Franziska Ullrich, Juho Pokki, Vanda Pocepcova, and
Olgaç Ergeneman from our institute, as well as Simon Pot, Bernhard Spiess,
Katja Nuss, and Peter Kronen from the Animal Hospital.

5.1

Introduction

Michael Kummer et al. introduced the OctoMag in [51] and demonstrated 5DOF wireless magnetic manipulation of a fully untethered microrobot. The
OctoMag is a magnetic control system that consists of eight electromagnets
arranged in a hemisphere. It was primarily designed to control intraocular
microrobots for delicate, minimally invasive retinal procedures.
Ophthalmology is moving toward more minimally invasive surgery. Smart
miniature tools have been developed to assist in ocular surgery and to help
overcome the limits of human performance [5, 8, 63, 84, 92]. The OctoMag
is a microrobotic approach for minimally invasive surgery in the posterior eye
segment as a future treatment for various ocular impairments. A microrobot
can be injected into the vitreous, and can be magnetically guided to the pathologic site where it is operated by a surgeon to perform a required treatment,
e.g. mechanical manipulation or targeted drug delivery [86].
The OctoMag was used for a proof of concept of 5-DOF magnetic manipulation, as well as for in vitro and ex vivo experiments. A redesign of the OctoMag
is done to be able to perform in vivo animal ophthalmic surgery. This chapter shows the redesign goals and process, as well as the results, and the new
OctoMag in comparison with its prototype.
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Goals of the Redesign for in vivo Animal Trials
Materials and Geometry

The overall geometry of the OctoMag is kept the same. This includes the positions and orientations of the coils, as well as the size of the workspace. The
electromagnet cores are made of a soft-magnetic CoNi alloy (Vacoflux50, Vacuumschmelze, Germany) with a high material and machining cost. Therefore,
the original cores are reused in the new design.
The electromagnet coils are redesigned and rebuilt. They are shorter, but
larger in diameter (Fig. 5.1). This provides more space around the central
workspace and a similar magnetic performance. The resistance of the coils is
about the same in both designs. Hence, the power electronics of the first version
can be reused in the redesign.
The electromagnets of the first prototype of the OctoMag were only attached
at the back end. This proved to be mechanically not stable enough during
operation. The magnets slightly moved towards and away from each other.
The overall stability is improved in the redesign by implementing an aluminum
structure, which connects and fixes all cores at the front end.
5.2.2

Animal Trials

The overall goal is that the redesigned OctoMag is suitable for in vivo animal
trials. Several criteria have to be fulfilled to achieve this.
The animal trials are performed in an external lab at the Animal Hospital
Zürich, where the OctoMag has to be taken to. Therefore, the OctoMag is easily
transportable. The whole system is on wheels so it can be moved around inside
a building. It is small enough to fit through standard sized doors. It can also
be transported with a small truck without the need to disassemble it.
The system provides enough space around the workspace to place a rabbit,
lying flat. The workspace is also large enough for the rabbit head. The eye of
the rabbit is centered in the workspace pointing to the top, such that it can be
observed with an ophthalmic microscope.

5.3
5.3.1

Resulting Geometry and Performance
Coil Geometry

The coils (Fig. 5.1) have an outer diameter of 112 mm and an overall length of
154 mm. The core extends the coil at the front by 40 mm. This allows to have
a larger coil diameter while bringing the cores closer to the workspace.
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Figure 5.1: Cross section of a single OctoMag electromagnet. It consists of the
core with a holder attached (grey) and a teflon spool (white) where the coil
(brown) is wound on. The core extension at the front (right) is to provide more
space close to the workspace and to attach the cores to an aluminum piece. The
black dashed line indicates the size of the prototype electromagnets.
The coils are wound with rectangular wire with a cross section of 3 × 1 mm2 .
They are wound on a teflon spool made of a tube and flanges with a thickness
of 4 mm. Each coil has 1176 windings and a total resistance of 2.3 Ω.
5.3.2

System Geometry

The final system design consists of three mechanical parts (Fig. 5.2) made of
aluminum profiles (Zihlmann Profiltechnik, Switzerland). The first part is a
rigid assemly including the eight electromagnets. It sits inside the second part,
which is a frame that provides a support structure for the coil assembly. It also
includes a fixed arm to mount an ophthalmic microscope to. The third part is
the bottom frame, which is built on wheels. It provides space for the control
and power electronics.
The overall system is 64 cm wide. It therefore fits through standard sized
doors of about 76 cm width. The system is easily moveable inside buildings due
to strong and stable wheels.
The magnet assembly can be mounted inside its frame at three different
angles (Fig. 5.3). It can sit flat, which is the position mostly used for in vitro
experiments in the lab, and it can be tilted to 30◦ and 45◦ . These configurations
provide more space to one side of the workspace for a rabbit body. A rabbit
can be laid into the system with its eye at the center of the workspace pointing
to the top in theses tilted configurations.
The center of the workspace is at the same point in every configuration.
Therefore, an ophthalmic microscope with a view of the workspace can be
mounted on the frame or at the ceiling in any configuration.
The magnets are stabilized with the addition of a hemispherical aluminum
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Figure 5.2: Overall design of the OctoMag, which contains the eight electromagnets in a rigid frame. An additional frame underneath the magnets is designed
to accomodate the control electronics. The system is built on wheels for flexible transportation. An ophthalmic microscope can be mounted on the arm
structure at the top.

Figure 5.3: The OctoMag can be operated at a 0°(a), 30°(b), or 45°(c) tilted
configuration. This allows for easy access during animal trials. The center of the
workspace is a fixed point during this rotation, so that a mounted microscope
keeps its focus on the workspace.
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Figure 5.4: The central aluminum structure holds the electromagnet cores (only
four of the eight are shown) rigidly in place to give the whole system more
stability. The red line indicates a cut-out designed to provide enough space for
an animal during the animal trials.

Figure 5.5: Field bounds for OctoMag prototype and redesigned systems. Gradients are set to zero. a) OctoMag prototype, FEM data; b) OctoMag redesign,
FEM data; c) OctoMag redesign, measurement data.
piece (Fig. 5.4). It rigidly connects the cores at the front end, which significantly
improves the overall stability. A larger cutout on one side of the piece ensures
that there’s enough space for a rabbit.
5.3.3

System Performance

The analysis of the overall system performance shows that the the redesigned
OctoMag achieves similar fields and gradients as the OctoMag prototype. The
field bound plots (Fig. 5.5) based on FEM suggest that the redesigned Octomag
reaches slightly lower fields. FEM analysis typically overestimates the system
performance due to running the simulations with a limited number of iterations.
Therefore, the measured data for the redesign is significantly lower than the
simulation. However, the values are in the range of the OctoMag prototype
[51].
The minimum field and gradient gains (Table 5.1) show that the two OctoMag systems perform very similarly in the simulation. At a current density of
5 A/mm2 , the systems reach fields of 26.0 mT and 25.5 mT, as well as gradients
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Table 5.1: Minimum field and gradient gain, and minimum field and gradient at
5 A/mm2 for the OctoMag systems. The table compares the original OctoMag
prototype and the redesigned version. Measurement data is compared to FEM
data for the redesigned system. Typically, FEM analysis predicts fields and
gradients higher than can be achieved in the real system.
original
OctoMag
(FEM)

redesigned
OctoMag
(FEM)

redesigned
OctoMag
(measured)

min. field gain [mT/A]
min. field at 5 A/mm2 [mT]

2.53
25.5

1.93
26.0

1.35
18.2

min. gradient gain [mT/m/A]
min. gradient at 5 A/mm2 [mT/m]

48.9
491

35.4
478

26.8
361

of 478 mT/m and 491 mT/m. Again, the minimum gains from the measured
data stay significantly below the values of the modeled data at only 18.2 mT and
361 mT/m. These field and gradient gains are in the same range as measured
in the original OctoMag [51].
The field and gradient gains in [mT/A] and [mT/m/A], respectively, show
some difference for the two OctoMag designs. This is due to a differently sized
wire used in the redesign. Calculating the values at a fixed current density
accounts for this difference.

5.4

Conclusion and Outlook

The first prototype of the OctoMag was built to prove 5-DOF wireless magnetic
manipulation. The redesign presented in this chapter improved the system in
several ways.
The redesigned version achieves similar magnetic field and gradient strengths
while improving access to the workspace due to a new coil design. The coils
are rendered more stable with the addition of an aluminum structure rigidly
connecting the cores. The basic geometry of the OctoMag as well as the electromagnet cores have not been changed.
The main goal of the redesigned OctoMag was to perform in vivo animal
trials. These animal trials have been performed at the Animal Hospital Zürich.
The OctoMag has proven to be feasible for the studies. It is transportable and
can be moved around without the need to disassemble. The coils can be tilted
to three different positions. This provides better access to the workspace for
a rabbit. Lastly, an ophthalmic microscope can be mounted to observe the
workspace in every configuarion of the OctoMag.
Future work on the OctoMag includes the implementation of new control and
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power electronics. The current electronics are in-house built and error prone.
They will be replaced with a more stable, commercially fabricated electronic
control box (ECB). The OctoMag is designed to be fully compatible with such
a new control unit.
A third frame was designed and fabricated to go on top of the existing
OctoMag. It fully covers and shields the system with aluminum plates of 2 mm
thickness. The cover can be fixed to the system, but still be opened to get
access to the workspace. The OctoMag is designed such that magnetic tracking
based on magnetic resonance imaging (MRI) techniques could be implemented
(appendix B). The cover would be needed then to shield the experiment from
disturbing electromagnetic radiation from the environment as well as to protect
the environment from radio frequency (RF) electromagnetic pulses from the
experiments.
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Chapter 6
MiniMag:
Field Optimization Through Tip Design
The MiniMag is a tabletop magnetic manipulation system introduced by Bradley
Kratochvil in [50] and Simone Schürle in [78]. The application of protein crystal
harvesting was first presented by Hsi-Wen Tung in [85].
The simulations presented in this chapter were performed in collaboration
with Simone Schürle, David Sargent, and Janis Edelmann.

6.1

Introduction

The MiniMag is a tabletop magnetic manipulation system similar to the OctoMag [50]. It consists of eight electromagnets with a soft-magnetic core. The
MiniMag design has been derived from the OctoMag, with an overall smaller
size and with the locations of the electromagnets restricted to a single hemisphere (Fig. 6.2, top row). The electromagnet cores have a length of 77 mm
and a diameter of 14 mm. The coil windings have a base diameter of 46 mm
and are tapered at the front to allow for denser packing. The core extends the
coils by 7 mm at the front. The center of the workspace of the system is at the
intersection of the coil axes.
The system is currently used for protein crystal harvesting [85]. It uses
rotating fields to roll a rod-shaped microrobot with a transverse magnetization,
called RodBot (Fig. 6.1), on a surface. The rolling motion creates a fluid vertex
on top of the RodBot. The vertex can be used for non-contact transport of
fragile protein crystals.
Due to the size of the containers, where protein crystals are usually grown
in and harvested from, the manipulation of the RodBot occurs outside the
originally designed workspace of the MiniMag. The point of operation is approximately 8 mm above the original workspace center. The magnetic fields at
this distance are lowered by more than a factor of 5.
There are two possibilities to compensate for the loss of magnetic field at
the new workspace center. First, the material of the RodBot can be enhanced
to increase the magnetization and thus the torque on the RodBot. Second, the
MiniMag can be modified to increase the magnetic field strength at the new
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Figure 6.1: RodBot consisting of an SU-8 mold with CoNi pillars to create an
overall transverse magnetization. Applying a rotating magnetic field rotates the
RodBot around its long axis.
manipulation location. This chapter shows how system modifications can shape
the magnetic field.
The tip is an extension of the electromagnet’s soft-magnetic core towards
the workspace center. The effect on the magnetic field strongly depends on the
design of the tip. In this chapter, different tip designs and their effect on the
magnetic field at the new workspace center are analyzed and compared.

6.2
6.2.1

Tip Optimization for RodBot
Goals

The goal of the addition of tips to the electromagnets of the MiniMag is to
increase the achievable magnetic field at the newly defined workspace center.
This point is defined 8 mm above the intersection point of the coil axes. The
increase in field strength should be at least 2-fold.
The tips extend the electromagnet cores and are made of the same material (Vacoflux50, Vacuumschmelze, Germany). The space below the original
workspace center can be fully utilized for the tips. The sample only takes up
the 8 mm gap between the original and new workspace centers
6.2.2

Approach

Different tip shapes (Fig. 6.2) are tested and analyzed using Matlab and FEM.
The minimum field gain is calculated according to section 2.5.2.
The first tip shape (B) is a geometry similar to one used before in other
MiniMag designs. All eight tips are of the same conical shape with a length of
15 mm and a small flat end of radius 1.54 mm.
The second geometry (C) uses two different shapes for the upper and lower
set of electromagnets. The cone lengths are 15 mm and 10 mm, respectively.
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Figure 6.2: Original MiniMag without tips and different tip designs that have
been analyzed. The coordinate frame marks the origin of the newly defined
workspace.
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Table 6.1: Minimum field gain and minimum field at 10 A for different tip
designs added to the MiniMag.

min. field gain [mT/A]
min. field at 10 A [mT]

original

tips B

tips C

tips D

0.21
21

0.03
3

0.16
16

0.99
99

Figure 6.3: Field bounds for MiniMag systems with gradients set to zero. a)
original MiniMag without tips; b) MiniMag with tip design B; c) MiniMag with
tip design C; d) MiniMag with tip design D.
The radii of the flat ends are 3.8 mm and 2.3 mm for upper and lower electromagnets, respectively.
The third tip design (D) shows a different approach. Eight circles with radius
of 5 mm on the plane at z = −8 mm mark the faces of the tips. These circles
are then connected to the end of the cores to form the volume of the tips.
6.2.3

Results

The results indicate that minimum field gain and minimum achievable field at
10 A can not be increased with simple conical tips (Table 6.1). However, a more
complex tip geometry like the proposed tip shape D can increase the fields by
a factor of about 5. This factor almost compensates for the initial loss caused
by the shift of the manipulation workspace.
The same results are obtained when comparing the field bound plots with
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Figure 6.4: Field bounds for MiniMag systems with gradients ignored,
i.e. gradients can be any number. a) original MiniMag without tips; b) MiniMag with tip design B; c) MiniMag with tip design C; d) MiniMag with tip
design D.
the gradients set to zero (Fig. 6.3), which show the magnetic field that can be
generated in certain directions. When the gradients are ignored (i.e. they can be
any number), the tip shapes B and C perform slightly better than the original
MiniMag (Fig. 6.4). However, tip shape D can still generate significantly higher
field strengths.

6.3

Conclusion

The use of the MiniMag system with the RodBot for protein crystal harvesting requires higher magnetic fields at a distance from the originally designed
workspace. Different tips have been designed and tested for this purpose. As
a result of the addition of tips, the minimum achievable field strength at the
desired location is increased.
The best results have been achieved with a tip geometry that features flat
surfaces towards the top. The proposed tip shape D achieves a five-fold increase
of the minimum field at the center of the workspace with respect to the original
MiniMag without tips. This field increase almost compensates the loss caused
by the shift of the workspace.
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Chapter 7
OphthoMag:
Human Ophthalmic Surgery System
This chapter includes contributions from several colleagues and students. Andrew Petruska supervised the development of the final system design, Franziska
Ullrich advised in application-specific design choices. Jonas Lussi designed different iterations of the system with surgeon access during and after his Semester
Thesis. The mechanical design of the final system was developed in collaboration with Aerne Engineering AG led by Pascal Egger.

7.1

Introduction

The OctoMag described in chapter 5 was developed and built for in vivo animal
trials. It serves as a prototype system for ophthalmic surgery. The OphthoMag
is a larger system that provides enough space for a human head. The design
allows for applications on the human head, mainly ophthalmic and neurological
surgery.
Research shows many potential applications for the OphthoMag. The main
goal of the system is to provide a tool for minimally invasive surgery. Magnetic
microrobots for targeted drug delivery in the eye [32] can be used to treat a variety of diseases. An automated capsulorhexis procedure [87] during a cataract
surgery increases safety and precision of this delicate intervention. The integration of a fluoroscope into the OphthoMag for tracking [43] provides access to a
range of catheter-based neurological surgeries, e.g. aneurism surgery.

7.2

Design Process

The development process for the OphthoMag system design starts with the definition of features that the system should have. These goals are then evaluated,
and different system geometries are designed and tested in FEM simulations.
The magnet and system geometry is optimized using Matlab, where a cost
function is defined based on the minimum magnetic field and gradient gain at
given locations in the workspace. The magnetic field is approximated using an
analytical dipole model. After a given number of iterations through the optimization algorithm, the geometry is transferred to Maxwell for FEM analysis.
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The geometry of the magnets is then slightly adjusted to provide enough
room for mounting. A rigid structure is designed to hold all the electromagnets.
Finally, detailed design construction of all parts is done, including wiring and
cooling.
7.2.1

Goals

Several features of the OphthoMag have been on the wishlist during its development:
1. The system geometry provides enough space for a human patient to lie
such that his head (eye or brain) is at the center of the workspace.
2. The system geometry allows for interventions in the eye as well as in the
brain. Ideally, the system is reconfigurable to provide the best geometry
for both applications.
3. The whole system is portable in such a way that it can be moved to a
hospital without the need to disassemble it.
4. The system geometry provides space for access with an ophthalmic microscope.
5. A C-arm fluoroscope (Ziehm Vision FD, Ziehm Imaging, Germany) can
be integrated into the system for X-ray imaging.
6. The system geometry allows an ophthalmic surgeon to access the patient’s
eye at the same time the system is in operation. This feature is often
requested by ophthalmic surgeons to be able to intervene in case of an
emergency.
7. The system provides field and gradient strengths similar to the OctoMag,
i.e. it can reach field strengths up to 30 mT and gradient strengths up to
500 mT/m. This ensures that both tethered and untethered devices can
be manipulated.
Ideally, the OphthoMag would provide all these features. Different system
designs have been tested during the development process with individual priorities on the listed goals.
7.2.2

Implementation

The tested designs have shown that some of the listed goals are in competition with each other. The final OphthoMag design therefore does not fulfill all
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goals set before the development. Some decisions taken during the process are
described below.
It is treated as a hard constraint that the system has to provide enough space
for a human head (1), because testing the potential applications is the main
purpose of the OphthoMag. Therefore, the working distances of the magnets
have a given minimum.
To reach required fields from this distance (7), the electromagnets need a
given size. This size increases if gradients similar to the OctoMag are needed
(7). The magnets are then too large to have a fully portable system (3). The
system was therefore designed that individual magnets can be transported, but
not necessarily the system as a whole.
It is difficult to make a system reconfigurable when it’s equipped with such
heavy parts (2). Mechanics to move the parts are needed while the system stability has to be given in each of the configurations. Additionally, it is not entirely
clear, which specific applications the OphthoMag will be used for, and which
configurations are useful. Therefore, the final design has only one configuration
and no moveable parts.
To provide access to the patient for a surgeon, the magnets have to move
further apart (6). This leads to even larger electromagnets, which makes the
system less transportable. A different approach is to make some magnets moveable. This can potentially give access to the patient within a few seconds, in
the case of an emergency. However, moveable parts are added and may cause
stability issues. The final design of the OphthoMag does not provide surgeons
access to the patient during operation. Mainly, this is based on the fact that
the system is still a prototype used for research.
Gradients similar to the OctoMag (7) are difficult to achieve in a system of
the given size. The electromagnets have to be made much larger, which makes
even individual magnets too heavy to easily transport.
The focus is on applications with tethered devices for the final OphthoMag
design. However, the system is designed to give gradient control for two reasons. First, this still allows the option to control untethered devices. However,
this is limited to devices in the millimeter range, because at smaller scales the
forces would be too small. Second, the added gradient control provides better
flexibility even for tethered devices, e.g. better control over a single device, or
control of multiple tethered devices.
Access for an ophthalmic microscope (4) and a C-arm fluoroscope (5) is
provided in the final design. These additions slightly restrict the geometry
of the system, but do not interfere with the other goals, with the fields and
gradients that can be achieved, or with the system size.
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Figure 7.1: Final design of the OphthoMag system. a) Isometric view; b) Top
view; c) Side view; d) Front view.

7.3

OphthoMag System Design

The final design of the OphthoMag (Fig. 7.1) consists of eight electromagnets
of two different sizes. They are mounted to a welded stainless steel structure.
The whole system weighs around 1200 kg, and has an overall size of about
1.5 m × 1.5 m × 1.3 m (height × width × depth).
7.3.1

System Geometry

The design provides a workspace which is large enough for a human head. The
system occupies less than a single hemisphere. This provides enough space for
a patient to access from the front, for access with an ophthalmic microscope
from the top, and for access with a C-arm fluoroscope from the side at an angle
(Fig. 7.2).
The two types of magnets are arranged around the workspace in an alternating pattern. They are numbered by type, in clockwise direction when looking
from the front (Fig. 7.3). The world coordinate frame origin is defined at the
center of the workspace, which is the point where the magnetic field was optimized during development. The world coordinate frame z-axis is defined to be
parallel to the axis of magnet 1. The axis of magnet 3 is defined to be lying in
the xz-plane, which fully defines the orientation of the world coordinate frame.
The welding structure is made of 10 mm thick sheet stainless steel. It incor52
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Figure 7.2: OphthoMag geometry. a) A patient lying into the system with his
head at the workspace; b) The defined keep-out region for a C-arm fluoroscope.

Figure 7.3: Numbering of the OphthoMag electromagnets in the front view.
porates dividers and valves for the cooling system. A plate of 275 mm × 375 mm
with a pattern of 11 × 15 M6 threaded holes is integrated to provide mounting opportunities for calibration and measurement instrumentation. More M6
threaded holes are integrated all around the structure to have additional mounting places for instrumentation and a table. The whole system is standing on
four height-adjustable feet with a base diameter of 120 mm.
7.3.2

Electromagnets

The OphthoMag uses two different sizes of electromagnets, four of each. The
basic structure is the same for both types (Fig. 7.4).
The stainless steel core and backplate are manufactered from one single piece.
The backplate has connectors for electrical supply (positive and negative), a
sensor connector for 11 temperature sensors, and eight ports for liquid cooling
(four inlets and four outlets). The thickness of the backplate is 20 mm (Fig. 7.5).
The coil windings are radially seperated into three sections. The three sections of a magnet have about the same resistance and are connected in parallel
to the single power input and output. The outer sections are shorter than the
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Figure 7.4: Geometry of the two types of electromagnets for the OphthoMag.
a) Longitudinal cross section of magnet type 1; c) Longitudinal cross section of
magnet type 2.

Figure 7.5: Backplate of an electromagnet of the OphthoMag with two connectors for electrical supply (A), one connector for temperature sensors (B), and
eight ports for liquid cooling (C).
inner sections to give an overall tapered design. This allows to have the magnets
assembled closer together in the system. There’s a 4 mm spacing between the
sections to provide space for the cooling fluid flow.
The coils are wound with an insulated round copper wire of diameter 1.5 mm,
including the insulating layer with a thickness of 0.05 mm. The wire is pressed
by 10% to 1.56 mm × 1.35 mm before winding, which allows for denser packing.
A glass fiber tape with resin coating is wound between each layer. The resin is
cured to fix the windings. The same tape is used to form a 20 mm wide marginal
strip at the front and end of the windings for technical reasons.
The magnet is covered with a housing and sealed with an O-ring. The
housing is made of a glass fiber reinforced plastic.
The two types of electromagnets differ in the sizes of core and windings. The
dimensions of the two types are summarized in Table 7.1.
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Table 7.1: Dimensions of the two types of OphthoMag electromagnets, rounded
to 1 mm, and number of windings. The three windings sections are numbered
from inside to outside. The overall length includes backplate and housing. The
section lengths are the lengths of the windings only, without the marginal strip
of tape.

7.3.3

Type 1

Type 2

overall length
backplate diameter

432
305

549
250

core length
core diameter

398
110

520
76

section 1 length
section 1 thickness
section 1 outer diameter

298
14
142

460
12
101

section 2 length
section 2 thickness
section 2 outer diameter

275
12
174

447
9
127

section 3 length
section 3 thickness
section 3 outer diameter

251
11
204

434
8
150

section 1 number of windings
section 2 number of windings
section 3 number of windings

1713
1401
1120

2350
1713
1386

Magnetic Forces

The structure is designed such it can withstand the maximum forces and torques
acting between the electromagnets. The forces and torques are calculated using FEM and they represent the sum of Lorentz forces and magnetic forces
on a magnetized body. The loads are calculated for the electromagnets as a
rigid group made of core and coil and are given in the global coordinate frame.
Additionally, the axial forces on the coils with respect to the core are calculated.
For each combination of two magnets, the two coils are operated at maximum current. The forces on these magnets are then calculated. From all the
combinations, a worst case scenario is taken, which exhibits the largest force on
a single magnet. Therefore, there are eight worst case scenarios, one for each
magnet. The forces and torques from these scenarios are shown in Table 7.2.
For each worst case scenario, the forces on all magnets can be calculated. The
full tables are shown in appendix C.
The axial force on the windings of a magnet is calculated, when that single
coil is operated at its maximum current while all other magnets are at zero
current. The force is given in the axial direction of the magnet (Table 7.2).

55

7

OPHTHOMAG: HUMAN OPHTHALMIC SURGERY SYSTEM

Table 7.2: Worst case magnetic forces and torques on each of the electromagnets
in the OphthoMag. The forces F and torques T are given in the world coordinate
frame. Fcoil is the axial force on the coil windings if the corresponding magnet
is operated.
Magnet and
Worst Case Scenario

1

2

3

4

5

6

7

8

Fx [N]
Fy [N]
Fz [N]

10
570
-90

350
-60
-430

-50
560
-40

400
-10
-440

360
500
-500

-440
600
380

-390
-510
480

360
-600
-370

Tx [Nm]
Ty [Nm]
Tz [Nm]

180
20
90

140
-10
120

-120
-20
-160

-150
-70
-130

210
-70
70

-110
50
-200

100
110
190

-210
-100
-50

Fcoil [N]

25

25

25

25

45

45

45

45

A mechanical FEM simulation (SolidWorks, Dassault Systèmes, France) is
performed on the final design of the welding structure. The simulation takes
the weights as well as the calculated magnetic forces and torques into account.
The maximum deflection that occurs in the system for any worst case scenario
is less than 0.25 mm. This is not considered significant, and the structure is
rigid enough for the planned applications.
7.3.4

Control Electronics

The electromagnets have been designed to be used with a specific set of servo
power drives (Drum HV, Elmo Motion Control, Israel). The drives have a rating
of 500 V and 8 A. Only 1/3 of the voltage capability should be used to drive
the electromagnets to have capacities to drive the coils at higher slew rates.
500/3 V
U
Therefore, the resistance R for one coil should not exceed R =
=
≈
I
8A
20 Ω.
The final electromagnet design has a total wire length of 2082.7 m and
1913.4 m for types 1 and 2, respectively. With a wire diameter of 1.4 mm,
this leads to a resistance of 22.73 Ω and 20.88 Ω, respectively. These values are
slightly too high for the given requirement. The coils were therefore split into
three sections of approximately the same resistance each. The sections are then
connected in parallel.
Using two sections only in each magnet would also lower the resistance
enough to meet the requirements. However, the design and overall length of wire
changed during the development process. Therefore, with an initially higher resistance, it was decided to use three parallel sections. This design was then kept
even with a lower resistance.
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Cooling

The electromagnets of the OphthoMag are designed with four cooling liquid
inlet and four outlet ports. The liquid is flowing into the magnets through
the backplate between the coil sections, and can distribute around the magnet
through a circular groove in the backplate. The fluid is guided towards the
front of the magnet between the winding sections, back on the outside of the
windings, and then out of the magnet through the backplate.
The cooling performance needed in the OphthoMag is estimated based on
the maximum electrical power input. The maximum electrical power P for each
magnet, based on the magnet control electronics, is P = U · I = 500 V · 8 A =
4 kW, and thus 8 · 4 kW = 32 kW for the whole system. Assuming that most
of the electrical power is converted into heat, a cooling system has to provide
32 kW of cooling power.
The fluid used for cooling is a transformer oil (Panolin Trafo C1, Panolin, Switzerland) which is non-corrosive and normally used in transformers. It
has a density ρ of 865 kg/m3 at 15 ◦ C, a specific heat capacity k of around
2000 J/kg · K, and a kinematic viscosity ν of 9.9 × 10−6 m2 /s at 40 ◦ C and
2.5 × 10−6 m2 /s at 100 ◦ C, respectively.
The mass flow rate ṁ needed in one magnet to dissipate Q̇ = 4 kW of heat
with a temperature difference of ∆T = 20 K is
ṁ =

Q̇
4000
=
kg/s = 0.1 kg/s.
k · ∆T
2000 · 20

(7.1)

Therefore, a flow rate of at least 0.116 L/s is needed in each magnet. The cooling
system has to provide a capacity of at least about 1 L/s.
The pressure drop across the cooling network of the OphthoMag is estimated
by calculating the minor and major pressure losses throughout the pipe network
(appendix D). The calculations lead to a pressure drop of about 0.5 bar.
The cooling in the final design is driven by a heat exchanger (Regloplas,
Switzerland). It has a cooling power of 160 kW, a maximum flow rate of 90 L/s,
and a pump pressure of 10 bar.

7.4

System Performance

The magnetic performance of the system is evaluated using FEM simulations.
The field bound plots (Fig. 7.6) and the minimum field gain (Table 7.3) show
that the OphthoMag reaches similar fields as the OctoMag. The minimum field
the OphthoMag can provide in any direction is 26.8 mT. This is according to
the goal set at the beginning of development.
However, the minimum gradient gain is significantly lower for the Ophtho-
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Figure 7.6: Field bounds for the OphthoMag in comparison with the redesigned
OctoMag system. Gradients are set to zero. a) OphthoMag, FEM data; b)
OctoMag, FEM data.
Table 7.3: Minimum field and gradient gain, and minimum field and gradient
at 5 A/mm2 for the OphthoMag in comparison with the redesigned OctoMag.
FEM data is taken for both systems.
OphthoMag
(FEM)

OctoMag
(FEM)

min. field gain [mT/A]
min. field at 5 A/mm2 [mT]

2.97
26.8

1.93
26.0

min. gradient gain [mT/m/A]
min. gradient at 5 A/mm2 [mT/m]

14.2
129

35.4
478

Mag than for the OctoMag. This is expected due to the decisions taken during
development. It is due to the larger distance of the electromagnets from the
center of the workspace, which makes it more difficult to achieve high gradient magnitudes. The final design of the OphthoMag can provide a minimum
gradient of 129 mT/m.

7.5

Conclusion and Outlook

The final design of the OphthoMag does not fulfill all goals set at the beginning
of the development. Some compromises had to be taken between system size
(i.e. portability), field and gradient strength, and the possibility of a surgeon
accessing a patient during operation.
The OphthoMag is a magnetic manipulation system that has a workspace
large enough for a human head. The system provides space for a patient to lie
with his head in the system. The geometry also allows access with an ophthalmic
microscope from the top and with a C-arm fluoroscope from the side at an angle.
The OphthoMag can be used for applications in the human eye and the human
brain. The magnetic fields and gradients provided are large enough for tethered
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devices and some untethered microrobots.
The coils are driven by servo drives with a rating of 500 V and 8 A. The
windings are separated into three sections, which are connected in parallel.
Space between the sections allows for cooling with liquid transformer oil. The
cooling system is designed such that it can dissipate the heat that is maximally
going into the system as electrical power.
Future work includes production, assembly, and taking into operation of the
OphthoMag. First tests then have to be performed on mechanical stability and
cooling capability. A detailed calibration has to be performed to prove the magnetic performance. Finally, many experiments toward the different applications
can be performed.
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Chapter 8
Summary:
Research Contributions and Future Work
8.1

Research Contributions

The major contributions of this work to the design and development of systems
for magnetic manipulation of micrometer- to millimeter-sized devices can be
summarized as follows:
• A software library (appendix A) has been built to create, calibrate, and
evaluate virtual system designs, which allows detailed analysis of a magnetic manipulation system and its capabilites before it’s built. It’s an
object-oriented Matlab library, which mirrors the C++ control software
for real systems, and integrates with Maxwell for FEM analysis. The library has been used for all system designs and optimizations presented in
this work.
• A system to control catheter cleaning microrobots has been designed and
a prototype has been built. Experiments with the system showed a proof
of concept. The proposed method has great potential in clinics for in situ
cleaning of stationary catheters. The design of the system is simple, easy
to use, and has no special needs for control.
• The OctoMag was optimized for in vivo animal ophthalmic surgery. The
existing OctoMag prototype was redesigned for better portability, enhanced workspace access with enough space for a rabbit, multiple system configurations, and for implementation of magnetic tracking based
on MRI. The in vivo animal trials have been performed successfully, and
the redesigned OctoMag has proved to be feasible for these experiments.
• The MiniMag has been optimized to provide larger field strenghts with
the addition of a special tip design. The MiniMag is a tabletop magnetic
manipulation system used for protein crystal harvesting. The application
requires to manipulate a rotating RodBot at a distance from the originally intended workspace. Through the addition of tips, extensions to the
electromagnet cores, the field at the required distance has been increased.
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• The OphthoMag is a fully new system design for minimally invasive, magnetically guided, human ophthalmic and neurological surgery. The system
was developed to have a workspace large enough for a human head, and to
integrate with an ophthalmic microscope and with a C-arm fluoroscope.
It consists of eight magnets arranged around the workspace and occupying less than a hemisphere. The OphthoMag provides magnetic fields
and gradients to manipulate tethered and potentially untethered magnetic
devices.
In conclusion, a versatile software library has been built, which allowed to
design and develop a variety of different systems. It has been shown that system
design is a task that highly depends on the intended application, and that
magnetic manipulation systems can be improved if they are optimized for a
specific application.

8.2

Future Work

Magnetic manipulation is an emerging idea and growing concept. Various applications can potentially profit from wireless magnetic manipulation, not only
in the field of biomedicine, but also in research, technology, and sciences.
A specific application requires a specific mangetic manipulation system. New
systems for any purpose can be designed using the software and methods introduced in this work. A future task is to go to experts of different fields, and find
scenarios where wireless magnetic manipulation can be a benefit.
This work has a focus mainly on the hardware design for magnetic manipulation. A fully functional magnetic manipulation system also includes software
and additional hardware for calibration, localization, tracking, closed-loop control, and automated procedures. Future work with the systems presented in
this thesis includes many of these parts.
The system for catheter cleaning has to be miniaturized and tested in real,
in vivo or in situ , environment. The OctoMag will get a new power electronics
unit and has then to be recalibrated. The planned implementation of MRI-based
magnetic tracking has to be proved to work. Additional work is then needed
to properly integrate the imaging software and hardware into the manipulation
system. The MiniMag tips have to be fabricated, integrated into the system,
and calibrated to prove the capability of enhancing the magnetic field.
As of writing of this thesis, the OphthoMag is in fabrication. It has to be
assembled, tested, and calibrated. This will show if the system can perform
according to the predictions.
Different colleagues are already doing a lot of work related to calibration, visual tracking, and automation. All this work integrates with the work presented
62
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in this thesis. The sum of everything has the potential to deliver a powerful
tool for a specific application in biomedicine, science, or technology.
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Chapter A
Matlab Library:
Magnetic Design and Modeling Tools
A Matlab software library was built and used as the main tool for the design
and evaluation of magnetic manipulation systems. The main tasks of the library
are to set up a system from given parameters (settings), to create input data
for measurements, and to provide tools for evaluating performed measurements.
The structure of the library is presented in this chapter.

A.1
A.1.1

Functions
Create System

The function create_system() uses design settings to calculate useful system
features. It sets up a virtual system and stores it in convenient formats for
future references. The function also uses the measurement settings to create
measurement input files for the newly created system. The measurement input
files as well as system files and data are stored in a design_data folder.
A.1.2

Evaluate System

The function evaluate_system() uses evaluation settings and measurement
results to calculate vector field files. These files are generated from experimental and FEM calibration measurements and contain the generated field for
each point of a defined 3-dimensional grid in the workspace of the magnetic
manipulation system. They are used by the sub-library libAeon to calculate
fields, gradients, actuation matrices, and currents in the workspace for the linear
regime of a system. libAeon is the part of the Matlab library, which mirrors
the software of a real magnetic manipulation system.
evaluate_system() offers a framework for adding and running functions
that evaluate the system. It allows to calculate and plot specific features and
system behaviours. The function also creates measurement input for the generated system using the measurement settings.
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A.1.3

Creating Measurement Input

There are two kinds of measurements for which the Matlab library can generate input data. For experimental measurements, Matlab creates input files
that comply with the LabView scripts used for experiments on an existing system using a 3D hall sensor on a 3-dimensional stage. For FEM measurements,
Matlab generates all the necessary scripts for a FEM simulation in Maxwell.
Both create_system() and evaluate_system() create measurement files if
the export_measurement setting is set to true in the design settings and evaluation settings, respectively.

A.2

Settings

There are three different types of settings used in the Matlab library. Design settings contain all the parameters necessary for setting up and creating a system.
Most significantly, they contain the parameters describing the physical geometry of a system. Measurement settings contain all the information needed to
generate measurement input for a specific system. Evaluation settings contain
information on how to evaluate the system.
The settings are stored in the library. There are four significant settings files
for each specific system and settings type. These four files represent four layers
of settings, where each successive layer overrules the previous.
The first layer is the system default. These files list all the existing settings
and provide the necessary information for using them. The second layer includes
the settings related to a specific system type. The third and fourth layer settings
are an update of the previous settings. Only those parameter that are different
need to be changed. The third and fourth layer are referred to as version and
series, respectively. Version refers to major changes in the structure, while series
refers to a specific detail or run.
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Chapter B
Concept of MRI-based Magnetic Tracking
The magnetic manipulation systems presented in this thesis have many possible
applications in biomedicine. Tracking of the microrobot in the current systems is
done visually, which is feasible for in vitro experiments as well as for ophthalmic
surgery. However, visual contact to the microrobot may not always be given for
other applications. Therefore, a different tracking method has to be established.
Magnetic resonance imaging (MRI) is a well established imaging technique
based on nuclear magnetic resonance (NMR). It is non-invasive, and is widely
used in clinics. It can give 3-dimensional images of an enclosed body, even at
low magnetic fields of tens of millitesla. These fields and the necessary gradients
can be mostly generated with the presented manipulation systems. Only small
additions have to be made for radio frequency (RF) pulsing and read-out of the
signal.

B.1
B.1.1

Nuclear Magnetic Resonance
Nuclear Spin

All neutrons and protons are fermions and hence have the intrinsic quantum
property of spin 1/2. The overall spin of a nucleus is determined by the quantum
number S. If the number of both the neutron and proton is even, the overall
spin of the nucleus is zero. A non-zero spin is always associated with a non-zero
magnetic moment µ via the relation µ = γS, where γ is the gyromagnetic ratio.
The magnetic moment allows the observation of NMR caused by transitions
between nuclear spin levels.
B.1.2

Spin Behavior in a Magnetic Field

For nuclei with a spin of 1/2 (e.g. 1 H,
possible spin states: m =

1/2

13

or m =

C,

19

−1/2

F, or

29

Si), the nucleus has two

,also referred to as spin-up and

spin-down, respectively. These states are degenerate. If a nucleus is placed
in a magnetic field, the interaction between the nuclear magnetic moment and
the external magnetic field splits the energies of the two states (Fig. B.1). The
energy of a magnetic moment µ in a magnetic field B0 is given by
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Figure B.1: Splitting of nuclear spin states in a magnetic field. The energy
difference between the two states is proportional to the field strength.

E = −µz B0

(B.1)

Therefore, the different nuclear spin states have different energies in a nonzero magnetic field. If γ is positive, which is true for most isotopes, then m = 1/2
is the lower energy state.
The energy difference between the two states is
∆E = γ~B0

(B.2)

and this difference results in a small polarization in the lower energy state.
B.1.3

Magnetic Resonance

Resonant absorption by nuclear spins will occur only when electromagnetic radiation of the correct frequency is applied to match the energy difference between
the nuclear spin levels in a constant magnetic field. The energy of an absorbed
photon is then E = ~ω0 , where ω0 is the resonance frequency. Hence, a magnetic
resonance absorption will only occur if ∆E = ~ω0 , which is when the resonance
condition
ω0 = γB0

(B.3)

is met.
When the magnetization has another direction than the main magnetic field,
a torque is exerted on the magnetization, which is perpendicular to both the
magnetic field and the magnetization. This results in a precession motion described by the general Bloch equation
dM
= γ (M × B0 )
dt

(B.4)
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in which the magnetization vector rotates around the magnetic field B0 . The
angular frequency ω0 of this precession is the same as in the resonance condition
(B.3).
B.1.4

Relaxation

The process called population relaxation refers to nuclei that return to the
thermodynamic state in the magnet. This process is also called T1 , or spinlattice relaxation, where T1 refers to the mean time for an individual nucleus
to return to its thermal equilibrium state. Once the nuclear spin population is
relaxed, it can be probed again, since it is in the initial equilibrium state.
The precessing nuclei can also fall out of alignment with each other (returning the net magnetization vector to a non-precessing field) and stop producing
a signal. This is called T2 or transverse relaxation. Because of the difference
in the actual relaxation mechanisms involved, T1 is always longer than T2 . In
practice, the value T2∗ is basically depending on the experimental setup and the
homogeneity of B0 in particular. It is the actually observed decay time in the
free induction decay (FID), the measured NMR signal. In the corresponding
Fourier transform of the FID, T2∗ is inversely related to the width of the NMR
signal in frequency units.
B.1.5

Spin Polarization

Each spin placed in a magnetic field has one of the two possible states: m = 1/2
or m = −1/2. The number of spins in the lower energy level, N − , slightly outnumbers the number in the upper level, N + . According to Boltzmann statistics
the ratio is

N+
∆E
= e− /kB T
N−

(B.5)

where ∆E is the energy difference between the two spin states, kB is Boltzmann’s constant, and T is the temperature.
The ratio

N +/N −

decreases as temperature decreases and approaches one

as the temperature increases, respectively. With increasing magnetic field and
therefore increasing ∆E, the ratio decreases and for lower fields it approaches
one. The spin polarization is the difference between the two populations divided
by the total number of spins:
N− − N+
N− + N+

(B.6)

The spin polarization at room temperature and a magnetic field of 20 mT is
approximately only 10−15 .
The signal in NMR spectroscopy results from the difference between the
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energy absorbed by the spins which make a transition from the lower energy
state to the higher energy state, and the energy emitted by the spins which
simultaneously make a transition from the higher energy state to the lower
energy state. The signal is thus proportional to the spin polarization. NMR is
a rather sensitive spectroscopy since it is capable of detecting these very small
population differences.

B.2
B.2.1

Magnetic Resonance Imaging
Gradient Fields

The principle behind all magnetic resonance imaging is the resonance condition
(B.3), which shows that the resonance frequency ω0 of a spin is proportional
to the magnetic field B0 . A gradient in the magnetic field allows to relate the
position of a spin to its precession frequency. Normally, three specially designed
coils are used to generate magnetic fields parallel to B0 with linear gradients in
one of the Cartesian directions each.
B.2.2

Slice Selection

Slice selection in MRI is the selection of spins in a plane through the object
by applying the first gradient during the NMR pulse. Depending on the NMR
pulse shape, only the spins in a slice of a defined thickness are affected due to
the gradient in the magnetic field.
A NMR pulse of rectangular shape contains a wide range of frequencies in
the Fourier space. In order to select a well defined slice, the pulse has to be
narrow and well defined in the frequency space. The ideal shape therefore is a
sinc-function
sinc (x) =


 sin(x)

x 6= 0

1

x=0

x

(B.7)

which has a square frequency distribution. An ideally shaped pulse is impossible
in practice since a sinc-function is infinitely extended. A truncated or slightly
modified sinc-pulse is therefore used most often.
B.2.3

Phase Encoding

After a slice is selected, the phase encoding gradient is turned on. It is used to
impart a specific phase angle to a precessing spin depending on its location.
Considering the selected slice as a plane of precessing spins, the phase encoding gradient is applied along one of the axes of this plane. Spins along this
axis feel different magnetic fields and precess at different frequencies as long as
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Figure B.2: Example for data procession in MRI with two spins only: The
acquired waveforms (A) are first Fourier transformed in the frequency encoding
direction giving peaks (B) with different amplitudes where sample was detected
(C). The data is then Fourier transformed in the phase encoding direction. The
result are peaks only at the places where sample has been detected (D), giving
a 2-dimensional image of the spin distribution (E).
the gradient is turned on. As soon as the gradient is turned off, all spins precess
at the same frequency again, but they have different phases now.
B.2.4

Frequency Encoding

A frequency encoding gradient is turned on after phase encoding. It is perpendicular to the phase encoding gradient in the plane of the precessing spins. The
principle is exactly the same as for phase encoding with the only difference that
during the frequency encoding step also the readout takes place. Therefore the
spins along this gradient’s axis contribute signals of different frequencies to the
FID depending on their position.
B.2.5

Data Procession

A simple Fourier transform is capable of determining the phase and frequency
of the signal from a precessing spin. Unfortunately, a one dimensional Fourier
transform is incapable of this task when more than one spin is located within
the sample at a different phase encoding position. There needs to be one phase
encoding gradient step for each location in the phase encoding gradient direction. To resolve 64 positions along the phase encoding direction, 64 different
magnitudes of the phase encoding gradient are needed and 64 different FIDs
have to be recorded.
The FIDs acquired must be Fourier transformed to obtain an image of the
location of spins. The signals are first Fourier transformed in the frequency
encoding direction to extract the frequency domain information and then in the
phase encoding direction to extract information about the position in the phase
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encoding gradient direction. The resulting image represents the spatial nuclear
spin density distribution (Fig. B.2).
To reduce noise in the final image, the acquired signals can be digitally
filtered with a sine- or sine-square-filter. The FID is simply multiplied with
the corresponding filter function, with a maximum where most of the signal
is expected. Parts of the acquired decay, where the actual signal is low, are
therefore attenuated.
B.2.6

Signal-to-Noise Ratio

In an MR image, information is contained in the variation of the gray level
across the image, which is proportional to the signal at that position. The
fundamental restriction to fast scans and high resolution is the signal-to-noise
ratio (SNR). The signal in a pixel is due to the total magnetic moment of the
spins in a voxel (3-dimensional pixel). It is proportional to the volume of the
voxel considered and is therefore small for high resolution (small voxels) [89].
The random noise in a magnetic resonance imager is caused by ohmic losses in
the receiving circuit, which has two components: ohmic losses in the receive coil
itself and eddy-current losses in the sample, which are inductively coupled to
the coil [45].
A coil carrying a current I has a magnetic field B1 (r) at a point r. The coil
sensitivity β at that point is then B1 (r)/I = β1 (r). The voltage signal S induced
in the coil by a transverse magnetization MT (r) is
S = ω0 |MT (r) ||β1 (r) |dV (r)

(B.8)

where dV (r) is the volume of the voxel considered and ω0 is the local Larmor
frequency of the resonance condition (B.3).
If the coil is thought of as a series LCR circuit, the resistance R = Rc + RS
is the sum of the coil resistance Rc and the resistance RS induced by the sample
conduction losses. The noise voltage over the resonant circuit is then
VN =

p

4kB T (Rc + Rs ) δf

(B.9)

where kB is Boltzmann’s constant, T is the absolute temperature and δf is the
bandwidth of the receiver. The SNR of a voxel is now found by dividing (B.8)
by (B.9):
ω0 |MT (r) ||β1 (r) |dV (r)
p
4kB T (Rc + Rs ) δf
√
Using Rs ∝ ω02 β12 and Rc ∝ ω0 leads to
SNR =

(B.10)
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ω0 |MT (r) ||β1 (r) |dV (r)
SNR = q

√
4kB T A ω0 + Cω02 β12 δf

(B.11)

This equation shows that at low frequencies the resistance Rc dominates,
the loading by the sample can be neglected and the SNR is proportional to β1
[89].
There has been a long dispute about the magnetic field strength dependence
of the SNR [15]. The SNR depends on many different parameters like scan
parameters, relaxation properties, and properties of the NMR coils. Several of
these parameters also depend on the magnetic field strength [89]. Summed up,
7/8

it can be stated that SNR ∝ B0 at low fields and SNR ∝ B0 at magnetic fields
higher than 0.5 T [39].

B.3

Dynamic Nuclear Polarization

Electron spin resonance (ESR) is based on the same principles as NMR, only
that electron spins are addressed instead of nuclear spins. In a system where
electron and nuclear spins are coupled through dipolar or scalar interactions, a
polarization in electron spins can be transferred to some extent to the nuclear
spins.
A free radical diluted in water is a commonly used system for dynamic nuclear polarization (DNP) [3]. The free radical provides a free electron accessible
by ESR. The polarization can be transferred to protons of a solvent in the electron’s close proximity. Common free radicals often used in these experiments
belong to the family of nitroxide free radicals [38].
B.3.1

Overhauser Effect

The Overhauser effect for two spins 1/2 is usually described with a four-level
diagram (Fig. B.3) when considering only pairs of electron and nuclear spins.
There are four possible energy levels labeled 1 to 4 in order of decreasing energy.
At thermal equilibrium, the population of each state depends on its energy
level and is given by the Boltzmann distribution (B.5). Level 4 has the highest
population, and because of much larger energies of electronic transitions relative
to nuclear, the population difference between states 1 and 2 (3 and 4) is much
smaller than that between 1 and 3 (2 and 4).
The Overhauser effect is the perturbation of nuclear spin level populations
when electron spin transitions are saturated by microwave irradiation. This
irradiation equalizes populations between the ground and excited electron spin
states (1 and 3, 2 and 4). In a solution of free radical molecules, the predominant interaction between unpaired electron and nuclear spins is a dipole-dipole
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Figure B.3: Energy level diagram of one electron spin (left arrow) and one
nuclear spin (right arrow). ESR equalizes the populations between electron
spin ground and excited states (1 and 3, 2 and 4). The electron-nuclear dipoledipole contact interaction between 2 and 3 leads to simultaneous electron and
nuclear spin flips and to a nuclear polarization in state 3 and 1.
contact interaction resulting in simultaneous nuclear and electron spin flips between states 2 and 3. The nuclear polarization ends up much greater than it
would normally be. Furthermore, it actually is opposite to what is usually expected leading to a phase change of the NMR signal [7, 81]. The polarization
first goes to zero and then increases to larger negative values (taking the thermal
polarization as a reference). The effect is therefore called negative enhancement.
Under ideal conditions and 100% saturation this would lead to an enhancement
factor of −329 [2].

B.4

Implementation in a Manipulation System

In order to successfully implement MRI in a magnetic control system, several
aspects have to be considered. These aspects are discussed in the following
sections.
B.4.1

Manipulation System Performance

Several parameters of the system performance have an important effect on a
potential implementation of MRI. The magnetic field strength directly influences the signal-to-noise ratio as discussed in section B.2.6. Additionally, the
magnitude of the magnetic gradient a system can achieve relates to the spatial
resolution.
A good homogeneity of the main magnetic field across the workspace is essential. The bandwidth of the RF excitation pulse needs to be tuned accordingly
to cover the bandwidth of magnetic field strength across the workspace. If an
inhomogenous field is present, readout with additional gradients is more difficult. However, increasing the magnetic field gradients can compensate for some
field inhomogeneity.
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The gradients in a conventional MRI imaging sequence are often switched
within milliseconds. Therefore, the frequency response of the electromagnets
should be as fast as possible. However, with larger magnets in larger systems, the
frequency response drops significantly below what conventional MRI gradient
coils can achieve. The challenge is then to design imaging sequences that work
with slower switching times [42].
MRI is a very sensitive measurement method that can detect small changes
in a magnetic field. This can lead to unwanted recording of noise coming from
the manipulation system itself. In first test runs, the magnetic manipulation
system was driven with switched amplifiers that operate at a frequency of about
200 kHz. The higher harmonics of the switching current were in this case completely dominating over the measured signal. Therefore, the electronics for the
manipulation system have to be appropriately chosen.
B.4.2

Different Methods of MRI

Magnetic manipulation systems normally provide magnetic field strengths in
the range of tens of millitesla. The SNR at such low fields is not sufficient for
anatomical images. However, there are several approaches that can still deliver
meaningful results.
Dynamic nuclear polarization can increase the polarization of nuclear spins
as shown in section B.3. This enhances the measured signal and leads to a
better spatial resolution.
An alternative method is to perform MRI on nuclei with spin 1/2 other than
1
H, but e.g. 19 F or 29 Si. The advantage of fluorine and silicon is that they do
not naturally occur in the human body. Thus, there is basically no background
signal, and very high contrast can be achieved. If a microrobot is made of
the respective material, it can potentially be clearly localized in a magnetic
manipulation system.
The acquisition of an MR image can normally last several seconds. However,
the goal of the implementation of MRI in a magnetic manipulation system is to
localize a microrobot. A localization method called magnetic signature selective
excitation has been proposed to reduce the imaging time [26].

B.5

Conclusion and Outlook

Some work towards the implementation of an MRI-based tracking in the OctoMag has already been done. The OctoMag redesign has features implemented
that allow the integration of RF coils. Most hardware (i.e. electronics, instruments, RF coils, and resonator circuits) has been purchased or built. A software
library has been built in LabView (National Instruments, USA) for the genera-
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tion of MRI sequences, acquisition and processing of measured data, as well as
communication with the OctoMag.
Some first experiments have been performed, but the difficulties described
above have come into play. Most probably, the bandwidth of the RF resonator
coils is too small for the homogeneity of the magnetic field in the OctoMag.
The homogeneity of the OctoMag over the whole workspace is at around 5%
deviation.
Overall, the implementation of MRI into a magnetic manipulation system
still seems feasible. However, there is delicate interaction between all the different parts. Manipulation and imaging have different requirements, and a working
implementation needs to optimize all parts for both tasks.
Future work should focus on improving individual parts for the imaging part.
Thereafter, imaging and manipulation can be merged by keeping the essential
instrumentation for both tasks.
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Chapter C
Load Cases
on the OphthoMag Electromagnets
The magnetic forces and torques acting between the magnets of the OphthoMag
are calculated as described in section 7.3.3. The loads on all magnets for each
worst case scenario are shown in Table C.1 to Table C.8.
Table C.1: Worst case 1.
Worst Case 1

1

2

3

4

5

6

7

8

Fx [N]
Fy [N]
Fz [N]

10
570
-90

350
-60
-430

-50
560
-40

400
-10
-440

360
500
-500

-440
600
380

-390
-510
480

360
-600
-370

Tx [Nm]
Ty [Nm]
Tz [Nm]

180
20
90

140
-10
120

-120
-20
-160

-150
-70
-130

210
-70
70

-110
50
-200

100
110
190

-210
-100
-50

Table C.2: Worst case 2.
Worst Case 2

1

2

3

4

5

6

7

8

Fx [N]
Fy [N]
Fz [N]

10
570
-90

350
-60
-430

-50
560
-40

400
-10
-440

360
500
-500

-440
600
380

-390
-510
480

360
-600
-370

Tx [Nm]
Ty [Nm]
Tz [Nm]

180
20
90

140
-10
120

-120
-20
-160

-150
-70
-130

210
-70
70

-110
50
-200

100
110
190

-210
-100
-50
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Table C.3: Worst case 3.
Worst Case 3

1

2

3

4

5

6

7

8

Fx [N]
Fy [N]
Fz [N]

10
570
-90

350
-60
-430

-50
560
-40

400
-10
-440

360
500
-500

-440
600
380

-390
-510
480

360
-600
-370

Tx [Nm]
Ty [Nm]
Tz [Nm]

180
20
90

140
-10
120

-120
-20
-160

-150
-70
-130

210
-70
70

-110
50
-200

100
110
190

-210
-100
-50

Table C.4: Worst case 4.
Worst Case 4

1

2

3

4

5

6

7

8

Fx [N]
Fy [N]
Fz [N]

10
570
-90

350
-60
-430

-50
560
-40

400
-10
-440

360
500
-500

-440
600
380

-390
-510
480

360
-600
-370

Tx [Nm]
Ty [Nm]
Tz [Nm]

180
20
90

140
-10
120

-120
-20
-160

-150
-70
-130

210
-70
70

-110
50
-200

100
110
190

-210
-100
-50

Table C.5: Worst case 5.
Worst Case 5

1

2

3

4

5

6

7

8

Fx [N]
Fy [N]
Fz [N]

10
570
-90

350
-60
-430

-50
560
-40

400
-10
-440

360
500
-500

-440
600
380

-390
-510
480

360
-600
-370

Tx [Nm]
Ty [Nm]
Tz [Nm]

180
20
90

140
-10
120

-120
-20
-160

-150
-70
-130

210
-70
70

-110
50
-200

100
110
190

-210
-100
-50

Table C.6: Worst case 6.
Worst Case 6

1

2

3

4

5

6

7

8

Fx [N]
Fy [N]
Fz [N]

10
570
-90

350
-60
-430

-50
560
-40

400
-10
-440

360
500
-500

-440
600
380

-390
-510
480

360
-600
-370

Tx [Nm]
Ty [Nm]
Tz [Nm]

180
20
90

140
-10
120

-120
-20
-160

-150
-70
-130

210
-70
70

-110
50
-200

100
110
190

-210
-100
-50
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Table C.7: Worst case 7.
Worst Case 7

1

2

3

4

5

6

7

8

Fx [N]
Fy [N]
Fz [N]

10
570
-90

350
-60
-430

-50
560
-40

400
-10
-440

360
500
-500

-440
600
380

-390
-510
480

360
-600
-370

Tx [Nm]
Ty [Nm]
Tz [Nm]

180
20
90

140
-10
120

-120
-20
-160

-150
-70
-130

210
-70
70

-110
50
-200

100
110
190

-210
-100
-50

Table C.8: Worst case 8.
Worst Case 8

1

2

3

4

5

6

7

8

Fx [N]
Fy [N]
Fz [N]

10
570
-90

350
-60
-430

-50
560
-40

400
-10
-440

360
500
-500

-440
600
380

-390
-510
480

360
-600
-370

Tx [Nm]
Ty [Nm]
Tz [Nm]

180
20
90

140
-10
120

-120
-20
-160

-150
-70
-130

210
-70
70

-110
50
-200

100
110
190

-210
-100
-50
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Chapter D
Pressure Losses
in the OphthoMag Cooling System
The pressure losses in a pipe system can be divided into major and minor losses
[11]. The major loss, or head loss, is a pressure drop due to the friction of
viscous flow in a straight pipe. It can be calculated by
∆Pmajor = 32ηv

l
d

(D.1)

where η = 8.56 × 10−3 kg/m · s is the dynamic viscosity of the transformer oil,
v is the velocity of the flow, and l and d are the length and diameter of the pipe
section, respectively.
The fluid in a piping system also passes through fittings, bends, and junctions. These components interrupt the smooth flow and cause additional losses.
They are called minor losses and are calculated as
∆Pminor =

1
KL ρv 2
2

(D.2)

where KL is the loss coefficient of the type of junction or bending taken from
[11], ρ is the density of the cooling liquid, and v is the flow velocity before the
given element.
The overall pressure loss is the sum of all major and minor losses through
one single flow path in the cooling system.
The cooling network in the OphthoMag can be divided into six pipe sections (Fig. D.1). The magnets in the system are modeled as pipes (spacing
between the coil sections) and as a reservoir (space around the coil windings).
Calculating and summing up all losses in the OphthoMag cooling system using the given parameters (Table D.1) gives an overall pressure loss of about
∆Ptotal = 42.5 kPa = 0.425 bar
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Table D.1: Parameter for the pressure loss calculation in the OphthoMag cooling
system. The section numbers correspond to the labels in Fig. D.1.
Section
Length l [m]
Diameter d [mm]
Flow f [L/s]
Velocity v [m/s]
Loss coefficient KL

1

2

3

4

5

6

2.0
32.0
1.84
2.29
2.0

0.8
8.0
0.06
1.19
2.0

0.5
5.6
0.23
2.30
2.0

0.5
5.6
0.23
2.30
0.5

0.8
8.0
0.06
1.19
2.0

2.0
32.0
1.84
2.29
-

Figure D.1: Schematic of the OphthoMag cooling system. The number of each
section corresponds to the numbers in Table D.1.
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