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Abstract

The field of biomarker detection is constantly in search of novel methods to improve speed
of detection, measurement accuracy, lower detection limits, specificity and applicability
in mobile settings without the need for trained personnel. Most existent techniques like
microbiological analysis, cell culturing, but also more novel techniques with electrical
readouts suffer from either slow response time, are expensive or need well-trained operators.
Very fast response lateral flow assays on the other hand, often show false negative results
due to a lack of specificity. Furthermore, a plethora of, e.g., fluorescence-based techniques
cannot be used in turbid samples like waste water or blood and require excessive sample
pre-treatment.

The global covid pandemic and the German Ahrtal flooding in 2021 are just some vivid
examples of quickly evolving outbreaks and disasters of our time. Such crisis scenarios
have taught us once and again that quick, safe and mobile Point of Care Testing (PoCT)
is needed.

For biomarker detection, the Frequency Mixing Magnetic Detection (FMMD) technology
provides a useful combination of advantages with its very high specificity, fast response times
and mobile applicability. FMMD relies on the utilization of magnetic nanoparticles (MNP)s
bound to the analyte of interest as magnetic markers which further provides highly
selective signal acquisition. The readout of the magnetic particle signal in this magnetic
immunoassay (MIA) upon application of two distinct magnetic excitation fields offers
potential for multiplexed signal acquisition.

However, the requirements in actual disaster situations go further than the ’potential
benefits’ of a technology. Applicability and accuracy despite harsh conditions outside
the lab, very low susceptibility to errors by untrained users and low false negatives rates
are crucial for on-site decision making and rapid detection of for example a pathogen.
FMMD is sensitive to changes in temperature due to the signal-dependency on a biological
reaction, the magnetization behavior of the magnetic markers and the Ohmic resistance of
the miniaturized induction coil environment.

Consequently, we mimic in-field rather than lab-based conditions to investigate the thermal
dependencies of different aspects of the FMMD signal acquisition. We found indication of
diverse signal variation depending on constant ambient temperature level. Therefore, aiming
at finding optimal input excitation signals for thermal stability and signal-invariability, we
further propose a methodology to test these input and ambient influences computationally.
Our 3-parameter transient model utilizes non-integer order Padé approximations to follow
the thermal dynamics of the FMMD sensor unit. The incorporation of Joule heating
feedback emphasizes physical significance of the model. A cross-identification with finite
element analysis (FEA) in COMSOL promises potential for thermal and electromagnetic
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property analysis and sensor design.

Furthermore, it is possible to find low-frequency input schemes for the excitation fields of
FMMD, that improve the accuracy of measuring biological probes while minimizing the
measurement time. It also promises to reduce the error susceptibility for the magnetic
reader user in terms of sample handling in PoCT and improves functionality in terms of
sample preparation in the measurement head (MH).
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Zusammenfassung

Im Forschungsfeld der Biomarker-Detektion ist man ständig auf der Suche nach neuarti-
gen Methoden zur Verkürzung der Detektionszeit, Verbesserungen der Messgenauigkeit,
niedrigerer Nachweisgrenzen, höherer Spezifität und besserer Anwendbarkeit in mobilen
Umgebungen, ohne dass geschultes Personal erforderlich ist. Die meisten vorhandenen
Verfahren wie mikrobiologische Analyse, Zellkultivierung, aber auch neuartigere Techniken
mit elektrischer Signalerfassung haben den Nachteil langsamer Detektionszeit, sind teuer
oder erfordern gut ausgebildetes Personal. Besonders schnelle Lateral-Flow-Assays hingegen
können aufgrund mangelnder Spezifität falsch negative Ergebnisse liefern. Darüber hinaus
kann eine Vielzahl von z.B. fluoreszenzbasierten Verfahren nicht bei trüben Proben wie
Abwasser oder Blut eingesetzt werden, ohne dass eine Probenvorbehandlung notwendig ist.

Die globale Covid-Pandemie und die Überschwemmung im deutschen Ahrtal im Jahr
2021 sind nur einige anschauliche Beispiele für sich schnell entwickelnde Pandemien und
Katastrophen unserer Zeit. Solche Krisenszenarien haben uns immer wieder gelehrt, dass
schnelles, sicheres und mobiles PoCT benötigt wird.

Für die Biomarker-Detektion bietet die FMMD-Technologie mit ihrer sehr hohen Spezifität,
schnellen Detektionszeiten und mobilen Anwendbarkeit eine nützliche Kombination von
Vorteilen. FMMD beruht auf der Verwendung von MNPs als Marker, die an den Analyten
gebunden sind, was außerdem eine hochselektive Signalerfassung ermöglicht. Die Auslesung
des magnetischen Teilchensignals in diesem MIA bei Anwendung zweier unterschiedlicher
magnetischer Anregungsfelder bietet Potenzial für die Erfassung von multiplex Signalen.

Die Anforderungen in tatsächlichen Katastrophensituationen gehen jedoch über den ’poten-
ziellen Nutzen’ einer Technologie hinaus. Anwendbarkeit und Genauigkeit trotz rauer
Bedingungen außerhalb des Labors, sehr geringe Fehleranfälligkeit für ungeschulte Nutzer
und geringe Falsch-Negativ-Raten sind wichtig für die Entscheidungsfindung vor Ort und
die schnelle Detektion z.B. eines Pathogens. FMMD reagiert empfindlich auf Temper-
aturänderungen aufgrund der Signalabhängigkeit von einer biologischen Reaktion, des
Magnetisierungsverhaltens der magnetischen Marker und des Widerstands der miniatur-
isierten Induktionsspulenumgebung.

Folglich ahmen wir anwendungsnahe anstelle Labor-basierter Bedingungen nach, um die
thermischen Abhängigkeiten verschiedener Aspekte der FMMD-Signalerfassung zu unter-
suchen. Wir fanden Hinweise auf sich ändernde Signalschwankungen in Abhängigkeit von
konstanten Umgebungstemperaturniveaus. Um optimale Eingangs- bzw. Anregungssignale
für thermische Stabilität und Signalinvariabilität zu finden, schlagen wir daher außer-
dem eine Methodik vor, um Eingangs- und Umgebungseinflüsse rechnerisch zu testen.
Unser zeitabhängiges 3-Parameter-Modell nutzt nicht ganzzahlige Padé-Annäherungen,
um der thermischen Dynamik der FMMD-Sensoreinheit zu folgen. Die Einbeziehung der
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Rückkopplung von Joule-Erwärmung unterstützt die physikalische Bedeutung des Modells.
Eine Kreuzidentifikation mit FEA in COMSOL verspricht Potenzial für die Analyse ther-
mischer und elektromagnetischer Eigenschaften, sowie die Möglichkeit zum Sensordesign
im Computer. Darüber hinaus is es möglich, niederfrequente Eingangsschemata für die
Anregungsfelder von FMMD zu finden, welche die Genauigkeit bei der Messung biologischer
Sonden verbessern und gleichzeitig die Messdauer minimal halten. Die Fehleranfälligkeit
für den Nutzer des magnetischen Messgeräts in Bezug auf die Probenhandhabung in PoCT
kann verringert werden und die Funktionalität in Bezug auf die Probenvorbereitung im
MH kann verbessert werden.



v

List of Figures

2.1 Shows the general domain structure of ferromagnetic materials (a), and the
magnetic moment orientations without of superparamagnetic particles (b)
and paramagnetic material (c) in the absence of an external magnetic field
[67]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.2 Schematic of a hysteresis loop magnetization Curve of a ferromagnetic
material [68]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.3 Schematic of the alignment of magnetic dipole moments and the total
magnetization with respect to applied field [72]. . . . . . . . . . . . . . . . . 10

2.4 Magnetization curve of superparamagnetic materials based on the Langevin
function for different temperatures (A) and different particle sizes (B). . . . 11

2.5 Illustration taken from [73] shows the principle of a magnetic particle
spectroscopy (MPS) measurement. (A) shows a schematic of a magnetic
nanoparticle, consisting of a magnetic core material and a matrix layer
around it to bind diverse biological or chemical recognition molecules. A
sinusoidal excitation magnetic field and the magnetic response of the particle
is indicated. (B) shows the schematic fast fourier transform (FFT) for a
single excitation frequency, while (C) shows the FFT for the special case of
MPS with dual frequency magnetic excitation. More information about the
special case of dual-frequency excitation are given in section 2.3. . . . . . . 12

2.6 Illustration of the Frequency Mixing Magnetic Detection Principle taken
from [77]. Figure (c) shows the magnetization response over time, containing
mixing harmonics of superparamagnetic particles with nonlinear magnetiza-
tion behavior (b) to high and low frequency excitation field sinusoids (a). (e)
depicts the FFT of the induced voltage (d) resulting from the magnetization
response with the spectral components of harmonic mixture. . . . . . . . . 13

2.7 Schematic of the recombinase polymerase amplification (RPA) process,
including (A) formation of the recombinase-primer complex, (B) Scanning
for homologue desoxyribonucleic acid (DNA) sequences, (C) double helix
opening and primer insertion at the complementary site, (D) single-strand
stabilization by single-stranded binding protein (SSB)s, (E) attachment of
the DNA-polymerase and removal of the recombinase enzyme (F) elongation
of the forward and reverse primer along the strand. [93] . . . . . . . . . . . 19



vi List of Figures

3.1 Photograph of the original measurement head (left) and schematic cross-
section of the measurement head, including an illustration of the excitation
signals after application of an additional offset magnetic field via low fre-
quency (LF)-coil (right) [60]. . . . . . . . . . . . . . . . . . . . . . . . . . . 22

3.2 Readout electronics of the magnetic reader. The colored boxes highlight
different essential parts of the signal processing and excitation field genera-
tion circuitry including the MH connector, signal preamplification, signal
demodulation, filtering and more. . . . . . . . . . . . . . . . . . . . . . . . . 24

3.3 Integrated electronic circuitry for generation and amplification of an ad-
justable offset-voltage.The transparent green highlight shows the signal tap
for measurement of the offset voltage linearity. . . . . . . . . . . . . . . . . 25

3.4 Achievable magnetic field strength extracted from Hall sensor measurements
for the applied offset magnetic field B0 (red) at different digital to analog
(DAC) settings and the LF magnetic field (blue). . . . . . . . . . . . . . . . 26

3.5 Hall sensor extracted magnetic field strengths, measured at the sample posi-
tion of the MH. The recordings were performed at different LF amplitudes,
across the entire range of B0 amplitude settings. The legend indicates the
numeric amplitude setting value for the LF component. The magnetic field
strength of each B0 setting was collected ten times. The magnetic field value
at which the driver sine wave starts deforming is indicated by a red marker. 27

3.6 Mean difference magnetic field strength between each two consecutive 200
numeric amplitude value steps of Hall sensor extracted magnetic field record-
ings for different LF amplitudes. Mean (black dashed line) and 2.5×standard
deviation (STD) of the drifting data (black solid line) are indicated. The
differences at which the applied LF signal tends to deform are indicated by
red circles. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

3.7 Graphic, indicating the maximally allowed (green) and forbidden (red)
LF and B0 magnetic field settings to prevent the LF driver signal from
deforming. The yellow region indicates a buffer measure, between −3×STD
of the residues between the measured points and the linear fit. . . . . . . . 29

3.8 Offset-scan recorded with an offset magnetic field, generated through a direct
current (DC) in the LF coil in superposition to the LF magnetic field. This
scan was recorded for Synomag 70nm (left) and Perimag (right) particles
from Micromod Partikeltechnologie GmbH. . . . . . . . . . . . . . . . . . . 30

3.9 Kernel density estimate of mean differences for multiple recorded offset-scans
at 16 different LF amplitudes. . . . . . . . . . . . . . . . . . . . . . . . . . . 31

3.10 The graphic depicts the LF magnetic field strength for different digital
potentiometer settings, starting from two different initial temperatures. . . 33

3.11 The plot shows the dependence of LF,high frequency (HF) and detection
coil resistance on temperature. . . . . . . . . . . . . . . . . . . . . . . . . . 34



List of Figures vii

3.12 Change of absolute and relative LF-magnetic field strength in mT with
temperature. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

4.1 FMMD f1 + 2 · f2 signal component amplitude measured for sequentially
diluted enterococcus faecium in MIA (left). Change of measured signal
amplitude with temperature for different constant ambient conditions (right).
The shaded areas indicate the average error relative to the total measured
signal amplitude based on linear regression. . . . . . . . . . . . . . . . . . . 39

4.2 Block diagram of laboratory setup in three sections.1) Excitation Chain with
direct digital synthesis (DDS) chips from magnetic reader and subsequent
LF and HF power amplification, 2) MH sensor and 3) the signal pathway
including signal filtering and combined analogue (lock-in amplifieder) and
digital demodulation (in a PC) process. Blue triangles depict different am-
plifier types, grey rectangles depict signal filters, yellow colors indicate signal
generation or readout components. Red text indicates the demodulated
amplitude signal, depicted in figure 4.3. . . . . . . . . . . . . . . . . . . . . 40

4.3 The upper subplot depicts the demodulated signal amplitude at f1 + 2 · f2,
the middle subplot depicts the measured temperature on the coil surface
and the lower subplot depicts the ambient temperature away from the MH.
Red and green background colors indicate on and off states of the excitation
amplitudes, respectively. The grey background color indicates unrecorded
intervals. The color markings on the plotted line indicate different samples
(blue, red, yellow circles) or no sample (green triangles). . . . . . . . . . . . 42

5.1 Block diagram of a lumped parameter model for the LF coil surface temper-
ature. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

5.2 Block diagram of a lumped parameter model for the LF coil surface temper-
ature with Padé approximations to enhance model accuracy [59]. . . . . . . 52

5.3 A and B are the measured ambient temperature inputs used for system
identification (A) and validation (B). C and D depict the averaged power
input used in each case. And E and F shows the system response to the
inputs A-D (solid lines) and the measured data compared to it (dashed lines). 54

5.4 Block diagram of a lumped parameter model for the LF coil surface temper-
ature depending on the changes in resistance with temperature. . . . . . . . 56

5.5 Plots A and B exemplarily show slowly changing LF measurement schemes.
Plots C and D show the corresponding lumped parameter model (LPM) and
COMSOL model responses. Which model output belongs to which input is
additionally color-coded. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

5.6 Plots A-D show examples for LF measurement schemes with an increasing
rate of change in supplied electrical current along the vertical arrow on the
right side of the input graphs. Plots E-H show the corresponding LPM and
COMSOL model responses. Along the indication arrow on the right side of
plots E-H, the discrepancy between the models increases. . . . . . . . . . . 62



viii List of Figures

6.1 Equivalent logic for a pulse width modulation (PWM) controller with differ-
entially adjustable heating and measurement LF amplitude and schematic
of controlled temperature using this logic. . . . . . . . . . . . . . . . . . . . 66

6.2 Schematic of the measurement head cross section, including the temperature
sensor position. (A) Uncontrolled LF power input step. (B) Uncontrolled
temperature output corresponding to the input depicted in (A). (C) Pulse
width modulated low frequency power input. (D) Adjustable temperature
output corresponding to the PWM input depicted in (C). Adopted and
modified from [59]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

6.3 Recorded characterization data for feedback temperature control, sample
position temperature and ambient (laboratory) temperature of 16 ◦C, 18 ◦C,
21 ◦C, 23 ◦C (A-D) and linear exemplary dependency of controller tempera-
ture vs. sample position temperature at 21 ◦C (E). The standard deviation
bars in E are scaled by 20× and indicate the stability of the temperature
control at sample position. Adopted and modified from [59]. . . . . . . . . . 68

6.4 Gel image of RPA inside measurement head and water bath at different
incubation temperatures. Adopted and modified from [59]. . . . . . . . . . . 71

6.5 Gel image of RPA inside measurement head and water bath at different
incubation times. Adopted and modified from [59]. . . . . . . . . . . . . . . 71

6.6 Linear heat-up and cool-down relationship of Ts and Tf at 16 ◦C, 18 ◦C,
21 ◦C and 23 ◦C ambient temperature. The same linear relation is zoomed in
(plot inset) to the region of RPA operating temperatures with linear model-
estimated calibration curves for 10 ◦C, 13 ◦C, 26 ◦C and 29 ◦C ambient
temperature. Adopted and modified from [59]. . . . . . . . . . . . . . . . . 73

6.7 Delay time estimation for the sample position LPM. The red line indicates
a slope-adjusted regression line at three times the standard deviation of the
initial piece of the measured dataset. The green curve indicates the average
input power to the system that causes the temperature output behavior
(blue curve). Adopted and modified from [59]. . . . . . . . . . . . . . . . . . 75

6.8 Combined model system block diagram with PWM controlled average power
input, TSET the desired control temperature and KS a scaling factor for the
control action at the sample position [59]. . . . . . . . . . . . . . . . . . . . 76

6.9 Ambient temperature input profile (top), duty cycle of the average power
input (mid) and controlled temperature at the feedback position (blue) and
sample position (purple) (bottom). . . . . . . . . . . . . . . . . . . . . . . . 77

A.1 Digital Oscilloscope snapshot with a deformed LF excitation sine wave,
measured at TP11 (test point for low frequency output to the MH). The
sine wave flattens at the lower peaks. . . . . . . . . . . . . . . . . . . . . . . 81

B.1 Schematic of the measurement process with the 2020 version of the mobile
magnetic reader. Snapshots of the measurement interface are shown. . . . . 82



List of Figures ix

C.1 Two sectional views B and C with rectangular cutting paths through the
measurement head cylinder at different rotational orientations of the cylinder. 83

E.1 Demodulated signal amplitude of f1 + 2f2 during offset scan (left) and
corresponding temperature behavior of the MH (right). The local minima
and maxima used for fitting are indicated by red and green dots. . . . . . . 87

G.1 Exemplary single layer test coil isothermal contours at maximum electrical
input current for original monotonously increasing measurement scheme.
The screenshot was taken from COMSOL, version 6.2.0.415 simulation panel. 93

G.2 Exemplary single layer test coil magnetic flux density at maximum electrical
input current for original monotonously increasing measurement scheme.
The screenshot was taken from COMSOL, version 6.2.0.415 simulation panel. 94

G.3 Exemplary total measurement head current density at maximum electrical in-
put current for original monotonously increasing measurement scheme. Eddy
currents in the measurement head housing are indicated. The screenshot
was taken from COMSOL, version 6.2.0.415 simulation panel. . . . . . . . . 95

G.4 Exemplary total measurement head magnetic flux distribution at maximum
electrical input current for original monotonously increasing measurement
scheme. The screenshot was taken from COMSOL, version 6.2.0.415 simula-
tion panel. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

H.1 Technisches Hilfswerk (THW) emergency vehicles and exemplary Battery
types (A) that can be connected to a magnetic reader integrated TRACO
POWER DC/DC Converter of the 20WIN series (B) via a ICE certified
NL2FX 2-pole plug (female connector in figure B). In C) the signal differences
between stationary and mobile usage was tested for a series of synomag 70
nm magnetic particles. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

I.1 Screen shots of temperature recordings in the MH (green graph) of the
magnetic reader during offset scans with settings of LF500 and LF1000. A
National Instruments data acquisition card (DAQ) and a custom LabView
Software were used for data acquisition. The white, yellow and red graphs
are recorded at different locations on the magnetic reader printed circuit
board (PCB). The blue graph indicates the temperature outside of the
magnetic reader. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98



x



xi

List of Tables

2.1 Definition and units of important measures in heat transfer studies. This
table was adopted from [83] and modified by Dr. Kody Powell. . . . . . . . 15

3.1 Coil parameters (resistance, inductance and mutual inductance) of different
measurement heads used in experiments. The coil was characterized using a
LC-meter HM8018 from HAMEG. . . . . . . . . . . . . . . . . . . . . . . . 23

6.1 Estimated model parameters for LPM at feedback and sample position [59]. 74

6.2 Statistical measures to evaluate the simulation quality based on measured
data [59]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74



xii



xiii

List of Acronyms

AC alternating current

ACS AC suceptometry

AMF alternating magnetic field

BPF band pass filter

CCD charge-coupled device

CFU colony forming units

CV coefficient of variation

DAC digital to analog

DAQ data acquisition card

DC direct current

DDS direct digital synthesis

DE differential evolution

DNA desoxyribonucleic acid

dNTP desoxynucleotide triphosphate

EM electromagnet

EMF electromotive force

FEA finite element analysis

FEM finite element method

FFT fast fourier transform

FMMD Frequency Mixing Magnetic Detection

GND ground

HF high frequency

IC integrated circuit

IFC immunofiltration column



xiv List of Acronyms

IQR interquartile range

KDE kernel density estimate

LAMP loop mediated isothermal amplification

LF low frequency

LM Levenberg-Marquardt

LNA low noise amplifier

LoD Limit of Detection

LPF low pass filter

LPM lumped parameter model

MH measurement head

MIA magnetic immunoassay

MISO multi-input single-output

MNP magnetic nanoparticles

MPI magnetic particle imaging

MPS magnetic particle spectroscopy

MRI magnetic resonance imaging

NA nucleic acid

NASBA nucleic acid sequence based amplification

NP nanoparticles

NRMSE normalized root mean square error

PCB printed circuit board

PCR polymerase chain reaction

PEEK polyether ether ketone

PoC Point of Care

PoCT Point of Care Testing

PWM pulse width modulation

RCA rolling cycle amplification

RNA ribonucleic acid

RMSE root mean square error

RPA recombinase polymerase amplification

SEE standard error of estimate

SMD surface mounted device



List of Acronyms xv

SNR signal-to-noise-ratio

SPION superparamagnetic iron oxide nanoparticles

SPM superparamagnetic

SQUID superconducting quantum interference device

SSB single-stranded binding protein

ssDNA single-stranded desoxyribonucleic acid

STD standard deviation

TBE Tris Borate Ethylene Diamine Tetraacetic Acid

TEM transmission electron microscopy

TF transfer function

THW Technisches Hilfswerk



xvi



xvii

Contents

Abstract i

Zusammenfassung iii

List of Acronyms xiii

1 Introduction 1

2 Theoretical Background 5

2.1 Basics of Magnetic Materials . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.1.1 Ferromagnetism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.1.2 Superparamagnetism . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.2 Magnetic Particle Imaging . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.3 Frequency Mixing Magnetic Detection . . . . . . . . . . . . . . . . . . . . . 13

2.3.1 Principle of Frequency Mixing Magnetic Detection . . . . . . . . . . 13

2.4 Heat Transfer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.4.1 Thermal Conduction . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.4.2 Convection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.4.3 Radiation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.4.4 Steady State & Transient Formulation of Heat Transfer Problems . . 17

2.5 Nucleic Acid Amplification . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.5.1 Recombinase Polymerase Amplification . . . . . . . . . . . . . . . . 18



xviii Contents

3 Advancements and Challenges of the Magnetic Reader System 21

3.1 FMMD Instrumentation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

3.1.1 Measurement Head . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

3.1.2 Magnetic Reader . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

3.2 Mobile Offset-Field Scanner Integrated Circuit and Magnetic Field Charac-
terization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

3.2.1 Internal Analog Offset Field Scan . . . . . . . . . . . . . . . . . . . . 29

3.3 Stability of Excitation Signals . . . . . . . . . . . . . . . . . . . . . . . . . . 30

3.4 Concluding Discussion and Outlook . . . . . . . . . . . . . . . . . . . . . . 35

4 Temperature Dependency of the FMMD Signal 37

4.1 Magnetic Immunoassay Application Readout . . . . . . . . . . . . . . . . . 37

4.1.1 Immunofiltration Column Preparation . . . . . . . . . . . . . . . . . 38

4.1.2 Sandwich Immunoassay Preparation . . . . . . . . . . . . . . . . . . 38

4.1.3 Temperature Dependence of Anti-Enterococcus Assay . . . . . . . . 38

4.2 Temperature Dependency of the Magnetic Sample . . . . . . . . . . . . . . 39

4.2.1 Laboratory Grade FMMD Setup . . . . . . . . . . . . . . . . . . . . 40

4.2.2 The Heat Gun Experiment . . . . . . . . . . . . . . . . . . . . . . . 41

4.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

5 Low Frequency Coil System Modelling and Minimization of Resistance
Fluctuations 47

5.1 Readout Electronic Independent Lumped Parameter Model . . . . . . . . . 48

5.1.1 Model Structure Design . . . . . . . . . . . . . . . . . . . . . . . . . 48

5.1.2 Model Parameter Estimation . . . . . . . . . . . . . . . . . . . . . . 49

5.1.3 Model Performance Metrics . . . . . . . . . . . . . . . . . . . . . . . 50

5.1.4 Measurement Head Thermal Lumped Parameter Model . . . . . . . 50

5.1.5 System Identification and Validation . . . . . . . . . . . . . . . . . . 53



Contents xix

5.2 LF-Scanning and Measurement Schemes . . . . . . . . . . . . . . . . . . . . 54

5.2.1 Resistance Feedback . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

5.3 Transient COMSOL Finite Element Modelling of a Single Layer Coil . . . . 57

5.3.1 Finite Element Model Setup . . . . . . . . . . . . . . . . . . . . . . . 57

5.4 Model Comparison . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

5.5 Outlook: Towards an Optimal Measurement Scheme . . . . . . . . . . . . . 63

6 Isothermal Amplification using Temperature Controlled Frequency Mix-
ing Magnetic Detection Sensor Unit 65

6.1 Pulse Width Modulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

6.2 Controller Performance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

6.3 Recombinase Polymerase Amplification in the FMMD Sensor Unit . . . . . 69

6.3.1 RPA Reagents and Execution . . . . . . . . . . . . . . . . . . . . . . 69

6.3.2 RPA validation using Gel-Electrophoresis . . . . . . . . . . . . . . . 70

6.4 Linear Extrapolation Model . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

6.5 Model for Regulated Sample Position Temperature Simulation . . . . . . . 73

6.5.1 Delay Time Estimation . . . . . . . . . . . . . . . . . . . . . . . . . 75

6.5.2 Combined Lumped Parameter Model System . . . . . . . . . . . . . 76

6.6 Remarks and Outlook for the Sample Position Temperature Prediction . . . 77

Conclusions and Outlook 79

A Deformation of Sine 81

B GUI and Measurement Process 82

C Measurement Head Geometry 83

D Mathematical Temperature Correction Algorithm 84

E FMMD Signal and Temperature Time Constant Investigation 86



xx Contents

F Convection Coefficient Estimation 88

F.1 Theoretical Dimensionless Number Correlations of the Convection Coefficient 88

G COMSOL Simulation Results 92

H Mobile Power Supply 97

I Temperature during Offset Excitation Amplitude Investigation 98

Bibliography 99

Acknowledgements 111



1

Chapter 1

Introduction

Drinking water hygiene is fundamental to modern civilization due to many known water-
borne pathogens such as bacteria and viruses [1, 2, 3, 4], some of which are tied to lasting
diseases [5, 6, 7, 8, 9]. In Europe and the Western world, clean drinking water is generally
ensured through waste water treatment, good hygiene conditions, and advanced sanitation
facilities [3]. But even in industrialized countries, disasters such as floods (flooding in
Germany, Ahrtal, 2021) or droughts can occur. In such cases, sewage treatment plants
may be flooded, and contaminated water may mix with drinking water or seep into the
groundwater. Water treatment can consequently not be maintained. Accordingly, fast
action must be taken to prevent the spread of disease waves. To do so, the first step is, to
identify the germs present in order to be able to assess appropriate measures.

The Federal Agency for Technical Relief (THW [10]) is a German disaster relief organization
operating both domestically and abroad. In addition to providing medical, technical, and
logistical first aid, the THW also sets up a needs-based ad hoc infrastructure, organizes
volunteers, and conducts drinking water testing. This is possibly followed by the installation
of mobile purification plants. The standard method of the THW for conducting germination
testing is a on-site cell culture technology combined with fluorescence dye detection using
the Tecta® system from IDEXX [11]. The advantage of this technology is its particularly
high sensitivity and low detection limits of just a few colony-forming units, in order to
comply with German drinking water regulations. However, even with this sophisticated
system, depending on the type of organism, it takes 24 − 72 h to determine a test result.

Therefore, it is of great interest to the THW to develop Point of Care (PoC) systems, that
can be deployed mobily and detect germs selectively with a fast response time. Ideally,
even multiple types of organisms can be quantified simultaneously. Furthermore, such
a detection method should be quickly and safely usable even by untrained personnel.
Accordingly, the susceptibility to errors in a single measurement should be kept very low
during device usage, even under a wide range of environmental conditions.

In 2003, Quentin Pankhurst et al., reviewed versatile use-cases of MNPs in biomedical
applications and discussed its manipulability by external magnetic field gradients at a
distance [12]. Since then, a plethora of MNP use-cases have emerged. For example, MNPs
can be coated with specific biological compounds to target a certain type of tissue and
then be used in targeted drug delivery applications [13, 14, 15, 16]. Further, magnetic fluid
hyperthermia applications are summarized in numerous reviews [17, 18, 19]. Especially in
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cancer treatment, this methodology gains increasing attention [20, 21]. Additionally, MNPs
find use in magnetic resonance imaging (MRI) or magnetic particle imaging (MPI), as
contrast agents [22, 23, 24, 25] or are used for magnetic separation purposes after labelling
biological components of interest [26, 27].

In magnetic bioassays, MNPs have also been utilized extensively as labeling agents [28,
29]. The magnetic core sizes of MNPs can be determined through different techniques.
For example, core sizes can be deduced from the dynamic magnetic response, measured
by highly sensitive and accurate superconducting quantum interference device (SQUID)
technology [30], or optical techniques like transmission electron microscopy (TEM) can be
used for direct size measurement. These approaches, however, underly severe drawbacks
for the use in biological applications or in the field. TEM for example is used to investigate
very small sample sizes, and requires destructive sample preparation (sputtering). SQUIDs
are typically cooled by liquid helium (−269 ◦C) or liquid nitrogen (−196 ◦C), which makes
the development of portable devices currently impossible. Additionally, with increasing
temperature, sensitivity decreases [31]. Alternative induction-based methods, like for
example MPS [28] or related techniques, that can be provided in compact, portable PoC
format [32, 33] and be applied at room temperature-like conditions, are way more suited
for field applications. Due to the insensitivity of the magnetic signal readout towards
sample turbidity, the magnetic bioassays can be applied in complex sample matrices like
blood, serum or waste water, still promising highly selective signals. Using optical readout
techniques, extensive sample pre-treatment would otherwise be necessary for such samples.

Besides applicability to turbid samples, the ’multiplex potential’ is a crucial factor in
the selection of a suitable technique for the detection of pathogens in waste water. The
concurrent quantification or so-called particle colorization refers to the capability to
distinguish multiple differently sized magnetic nanoparticles in a single mixture [28, 34].
By introducing biological recognition elements of different kinds and binding them to
the different particles, multiplexed magnetic bioassays become available [34, 35, 36, 37,
38, 39], which increases assay value and time-efficiency tremendously. However, it was
reported that the Limit of Detection (LoD) can deteriorate by up to 3-fold in multiplexed
bioassays [28]. Some effort has been taken to counteract the efficiency-loss - for example
Orlov et al. suggested spatial separation of different magnetically labeled, single-plex
lateral flow-assays [40] or Achtsnicht et al. presented staggered immunofiltration columns
to achieve similar [41]. However, being able to detect and separate magnetic core sizes of
different MNPs in a single solution stays challenging and to hold up to the sensitivity of
their single-plex counterparts, accurate measurement becomes even more critical, when
distinguishing nanoparticle sizes in multiplex solutions.

In the realm of magnetic bioassay sensing, MPS is an especially interesting candidate due
to the relatively simple setup compared with SQUID, TEM etc.. One form of MPS is its
dual-tone excitation variant, also called FMMD. FMMD is a relatively novel technique
first published for MIAs in 2007 by Krause and Nikitin, independently [42], [43]. FMMD
can, compared to MPS, measure additional harmonic frequencies due to the mixing of the
two distinct input frequencies with the magnetic particle response. These additional mixing
harmonics may provide further information about the magnetization state of the sample
and may unravel magnetic behavior, that otherwise would be covered. The occurance of
mixing harmonics therfore increases "the characterization potential" [44] to reconstruct
magnetic core size distributions in mixed samples of multiple particles [44, 45, 46].

It has been shown that, besides well-defined and distinct magnetic properties, the number
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of MNP types that can be distinguished from one another in a mixture is higher, as the
signal-to-noise-ratio (SNR) improves [34]. Moreover, few articles discuss MPS and MPI
signal behavior upon sample exposure to different thermal conditions, which is especially
important in PoC applications. The ones that do, found significant influence of e.g.
temperature on detection signal phase and amplitude even for small variation in sample
temperature (∼ 5 − 20 ◦C) [47],[48] based on a variety of factors. It has been discussed,
e.g., what effect the sample state (suspension, freezed dried) has on the observed signal at
different temperatures [49]. Some studies have even investigated magnetic nanothermometry
to determine a sample temperature based on signal changes in MPS and related techniques,
which also clearly indicates a dependency [50, 51, 52]. In these studies, mostly the harmonic
signals in MPS are explored at single, stable temperatures, rather than under the continous
influence of unsteady environmental or transient sample temperature conditions. Also,
in literature, we did not find a simple and practical solution to stabilize measurements
against thermal influences, without compromising the response time of the system. The
response time is influenced either by necessary preheating times, or, depending on the
ambient temperature, extensive ’off-time’ of ’simple’ thermal regulators to passively cool
down the device. Therefore, the prevention of drift in the signal and background is of
utmost importance, especially for ’in-field’ applications.

So far, these drifts have only been examined under controlled laboratory conditions. More
specifically only different constant sample temperatures were considered, transient change
or ambient temperature influence was not discussed. The temperature dependence of the
magnetization curves is adequately described in the literature [53, 54, 55, 56]. However,
the combinatorial influence of this particle-temperature dependency, with time-varying
coil resistances, temperature behavior of the bioassay carried out and transient change
in sample temperatures, must also be taken into account. This holds especially true in
a PoC environment. To optimize the sensitivity and accuracy of MPS, effort has been
taken towards frequency and amplitude optimization and their effect on different types of
MNPs [57]. Further, permanent ring magnets were suggested for offset-field application in
FMMD as a thermally independent option to not incur changes of the FMMD signal based
on additional heat introduced by external electromagnets. While this supresses additional
heat introduced by the offset-field, this approach makes FMMD "un"portable, it is not
automatized and not user-friendly as stated by the authors [58]. In comparison, our aim
is amongst others to optimize the amplitudes selected in a FMMD measurement from a
thermal and measurement duration view point in a mobile, safe and user-friendly setup.

Therefore, this work contributes to better understanding the FMMD system in an envi-
ronment with continously changing temperature conditions and to finding strategies for
prevention of thermal influences based on the selected measurement input signals that
minimize measurement downtime in the field. Besides providing evidence and magnitude
for the influence of temperature changes on different aspects of the FMMD signal, we
have investigated, whether there is a clear pattern in the temperature dependence of the
harmonic FMMD signals, based on the separate factors that influence response time and
measurement accuracy mentioned in the previous sections. Besides exploration of the drift
of excitation amplitudes in chapter 3, we recorded the FMMD responses for immunoassays
at different constant ambient conditions and the harmonic FMMD signals for unmodified
MNPs (see chapter 4). We followed a model-based approach to finding the optimal LF
voltage inputs that keep measurement downtime minimal, while causing little thermal
fluctuation in the entire measurement system, including the MNP sample (chapter 5). In
this course, we also investigated, whether simple temperature regulation algorithms suffice
for delicate biological applications that require accurate thermal control for optimized
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enzymatic reaction conditions [59] (chapter 6).

This work is part of the NANObeST project [60]. NANObeST set the aim to develop
equipment for pathogen detection in drinking water in collaboration with the THW. The
developed equipment (magnetic reader) should be usable on-site by unspecialized personell.
Besides this project, there is many further possible areas of application for the FMMD
device, as for example the testing of plant viruses [61], mycotoxins [62] or the usage on
animal farms for brucella DNA detection [63]. Due to its independence on sample turbidity
also application in medical PoC analysis of blood and serum is possible [64].
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Chapter 2

Theoretical Background

2.1 Basics of Magnetic Materials

Each atom creates a tiny magnetic field, that originates from the intrinsic spin of its
electrons and their motion around the nucleus. The product of current I circulating around
an area A, m = I · A · n⃗A with n⃗A being a vector normal to the plane, is called the the
magnetic dipole moment m. By the superposition of the electron spin and orbital motion,
the resulting magnetic moment might be zero. The magnetization of a material corresponds
to the sum of all magnetic dipole moments per unit volume V [65].

M =
1

V

N∑

n=1

mn (2.1)

The SI units in which M is typically measured are Am−1 (amperes per meter). Mind
that the magnetization M is a vector sum of all magnetic dipole moments and therefore
is a vector quantity itself [66]. Following the so-called continuum approximation, the
quantity M does not account for any local magnetic moment variations within a material
[66]. However, in terms of their magnetic behavior, materials are usually characterized by
applying an external magnetic field H and measuring the material’s magnetization response
M(H) as H changes. For most materials (e.g. dia-, para- and superpara-magnets) it
holds, that in the absence of H, the magnetic dipole moments are randomly oriented,
resulting in a net magnetization of zero. The more magnetic dipole moments align in a
certain volume, the larger the magnetization of the material within that volume. The
torque that needs to be created in order for the magnetic moments to align, depends firstly
on the strength and orientation of H and secondly on the relative orientation (angle) of
the magnetic dipole moments to H.

Depending on how the magnetic moment of a collection of atoms in a volume changes
based on the externally applied field, the material can mainly be classified into one of four
categories: Diamagnets, paramagnets, ferromagnets and superparamagnets (Antiferro -and
Ferrimagnets will not be discussed in this work). Dia- and paramagnets mostly obey a
linear dependency of the magnetization with respect to external field strength, following:
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M = χ · H (2.2)

where the proportionality constant χ is the magnetic susceptibility which generally deter-
mines how magnetizable a material is. If χ > 0 the material under test is a paramagnet.
If χ < 0 the material under test is a diamagnet. In response to small H all materials
respond according to equation (2.2). However, ferromagnets and superparamagnets exhibit
a nonlinear magnetization response for larger external fields (H > Hlinear). If H becomes
even larger all magnetic moments align and the magnetization response reaches magnetic
saturation Ms. The magnitude of the externally applied field, that is needed to drive
these types of magnets into their nonlinear regime or saturation, depends on the size of
the investigated material.

Figure 2.1: Shows the general domain structure of ferromagnetic materials (a), and the
magnetic moment orientations without of superparamagnetic particles (b) and paramagnetic
material (c) in the absence of an external magnetic field [67].

In this nonlinear case, χ depends on H and the magnetization behavior does not follow (2.2)
anymore (which will be described based on the magnetization behavior of a ferromagnetic
material in section 2.1.1).

A second field-quantity, magnetic induction B arises, when the contribution of the material
itself to the overall magnetic orientation is considered. In linear, isotropic and homogeneous
(LIH) materials, H and B are generally tied to one another by B = µ · H . The magnetic
permeability µ determines how well a magnetic force can be exerted within a certain
material. µ is measured in Hm−1 (henry per meter) and follows:

µ = µ0 · (1 + χ) (2.3)

where µ0 is the permeability of free space (µ0 = 4π · 10−7Hm−1) and 1 + χ is also called
the relative permeability µr. While µ0 is a magnetic constant, µr is a characteristic
measure of a respective material, that determines its magnetic response to external fields.
Considering the magnetization M as part of the intrinsic field contribution of the material,
the relation between M , H and B is:
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B = µ0 · (H + M) (2.4)

B is measured in T (Tesla) and describes the response of a material to an externally
applied magnetic field H.

The four types of magnetism are extensively discussed in literature [65], [66], [68]. However,
for the sake of clarity of the applied techniques in this work, the most important aspects of
ferro- and superparamagnetism will be summarized in the following sections.

2.1.1 Ferromagnetism

Once magnetized by an external magnetic field Hs larger or equal to a field that drives
the material into saturation magnetization Ms, ferromagnetic materials like iron, nickel,
cobalt and magnetite show a permanent magnetization, even in the subsequent absence
of an external field. While in most other materials, the magnetic moments are randomly
directed and eliminate each others effect, ferromagnetism originates from the formation of
magnetic domains within ferromagnetic materials. Domains are also called Weiss’ domains
and are regions in the material, where the magnetic dipole moments are aligned in parallel
and thus the

∑N
n=1 mn ≠ 0. In a neighboring domain, the magnetic moment sum is also

unequal zero, but the resulting magnetic moment direction in this domain may differ from
the previous one. The uniform magnetic moment orientation within a single domain arises
from the tendency to reach an energetically favorable state depending on short-ranged
spin interactions, the so-called exchange interactions [21]. The magnetic moment sum
of the domains is randomly distributed within a collection of domains, such that in an
unmagnetized state the net magnetization is zero. By applying a sufficiently high external
magnetic field, it is possible to drive all domains into alignment. For some materials,
like the above-mentioned, the majority of domain alignment persists, after removing the
external field, leading to a permanent magnetization of the material. The flipping of whole
domains instead of single magnetic moments upon the application of an external field,
expresses in the form of so-called Barkhausen steps in the linear regime of the magnetization
curve. The magnetization curve of such materials is nonlinear and has a hysteresis (figure
2.2)[68].

Figure 2.2 shows the magnetization behavior plotted against the applied external field and
the respective sum magnetic moment orientation in individual exemplary domains of a
ferromagnetic material. Initially, at H = 0, the magnetic dipole moments are randomly
oriented. As H grows > 0, the magnetization increases and the magnetic domains start
aligning. For H = Hs, the magnetization reaches its maximum value, where most or all
domains are aligned with the external field. When H is turned off, the material stays
magnetized at a value slightly lower than Ms, which is called the remnant magnetization
Mr. It is possible to reach M = 0 within the ferromagnet again, given that H at the
strength of the so-called coercivity field Hc is applied in the opposite direction of the
magnetization.
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Figure 2.2: Schematic of a hysteresis loop magnetization Curve of a ferromagnetic material
[68].

Besides this determined magnetization behavior, ferromagnetism is in fact temperature-
dependent. When the thermal energy in the material becomes larger than the interaction
energy of the magnetic moments inside the domains, the ferromagnetic behavior does no
longer persist and turns into the behavior of a paramagnetic material. The temperature
that is associated with the dominance of thermal energy is called the Curie-temperature
TC .

2.1.2 Superparamagnetism

Unless otherwise stated, this section will follow Alberto P. Guimaraes "Principles of
Nanomagnetism" [69]. All equations in this chapter are specifically taken from [69].

When the size of a ferromagnetic material is reduced enough, it becomes superparamagnetic.
We essentially speak of (typically) superparamagnetic iron oxide nanoparticles (SPION)s.
The sizes that are reported to be superparamagnetic vary from a few nanometers up to 100
nm, depending on the literature considered [70, 71]. The reason for this variance in literature
is, that superparamagnetism is not only size- but also material and temperature-dependent.
In fact, when the superparamagnetic (SPM) regime is reached, the magnetization of the
respective nanoparticles (NP)s can change its direction purely based on temperature.
Additionally, whether superparamagnetic behavior is measured or not, it depends on how
large the relaxation time of a magnetic particle is, relative to the measurement time.
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For intuitive understanding, consider the following scenario. A collection of magnetized
particles is placed at time t = 0 in an external field H = 0, but at a temperature T ≠ 0. The
sum magnetization of the collection will vary with time, as the thermal energy input (T ̸= 0)
activates energy state transitions. This time-varying magnetization can be described by:

dM

dt
= − 1

τ0
Me

−
KV
kBT = −M

τ
(2.5)

As part of this derivative, the relaxation time is described by the Néel-Arrhenius law:

τ = τ0e
KV
kBT (2.6)

τ0 is the inverse of the energy transition attempt frequency, K is the anisotropy energy,
V is the magnetic core volume, kB is the Boltzmann constant and T is the temperature.
The relaxation time describes the typical time between two magnetization flips. Note that
the energy barrier to overcome for a change in magnetization is the anisotropy barrier
KV and the thermal energy input to the system is described by kBT . Thus, whether
the relaxation time is large or small, strongly depends on the ratio of thermal energy, to
anisotropy energy barrier height. Furthermore, if superparamagnetism is to be measured,
the measurement time should be smaller than the relaxation time of the corresponding
particles. If the time to measure the magnetization of the particles is much larger than
the Néel relaxation time, their average value of magnetization appear to be zero. Thus, if
τ < tmeasure, superparamagnetic behavior can be observed. If τ > tmeasure, the particles
are in a blocked state, meaning a magnetization unequal to zero is observed.

Taking a large measurement time, e.g. tmeasure = 100s and a τ0 of 10−9s [69], it is possible
to recalculate the critical volume (equation (2.7)) to be in superparamagnetic state via
taking the logarithm and reformulating (2.6). The critical diameter (equation (2.8)) can
than easily be obtained exemplarily for a certain material with spherical shape at a given
temperature. These critical diameters vary, depending on the material.

V spm
crit ≈ 25kBT

K
(2.7)

Dspm
crit = (

6

π
· V spm

crit )
1
3 (2.8)

Neglecting the viscosity of the surrounding media of our hypothetical particle sample, with
these critical diameters, an instantaneous response of the orientation of the SPIONs to an
external magnetic field can be assumed. Following the concepts of randomly distributed
magnetic moment orientations elaborated in section 2.1 and [65, 66, 67, 68], the response
of superparamagnetic particles to varying H is visualized in figure 2.3.
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Figure 2.3: Schematic of the alignment of magnetic dipole moments and the total magneti-
zation with respect to applied field [72].

The higher the externally applied field, the larger the magnetization response of the
SPIONs until saturation magnetization is reached. Other than in larger ferromagnetic
materials, however, when removing H, the magnetization vanishes (M(H = 0) = 0).
Therefore, superparamagnetic magnetization is easily reversible by removing the external
field, which makes the shape of its magnetization curve non-hysteretic. Typically the
so-called Langevin function (2.9) is used to describe the magnetization’s thermal behavior
of magnetic nanoparticles in form of a non-hysteretic magnetization curve. As shown
in figure 2.4, the Langevin function provides a clear indication for superparamagnetic
instantaneous field-responsiveness.

M(H) = Ms

(

coth

(
µH

kBT

)

− kBT

µH

)

(2.9)

The argument of the Langevin function contains a dependency on magnetic field H and
temperature T .

Figure 2.4 shows the Langevin magnetization curve for a set of different temperatures (A)
and for a set of different superparamagnetic particle sizes (B). As described in section
2.1, the necessary external magnetic field, that is needed to reach the nonlinear regime or
saturation, depends on the particle size and temperature. As the temperature approaches
the Curie temperature described in the previous section 2.1.1, the magnetization behavior
gets closer to that of a paramagnetic material, generally like in the case of a ferromagnet.
However, superparamagnetism is different in that it occurs far below the Curie temperature
in the described size-regime.
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Figure 2.4: Magnetization curve of superparamagnetic materials based on the Langevin
function for different temperatures (A) and different particle sizes (B).

2.2 Magnetic Particle Imaging

This Section is adopted and modified from Tobias Knopp and Thorsten M. Buzug [72].
Measurement techniques often make use of this instantaneous and reversible magnetization
of superparamagnetic materials. This time-varying magnetization characteristic gives rise
to the use of induction-based techniques. In practice, MPI is such a technology. In MPI, a
first coil expresses a sinusoidal excitation signal (of the form shown in (2.10)), that excites
superparamagnetic particles to flip their magnetic moments.

H(t) = He · cos(2πfet) (2.10)

The superposition of this excitation signal and the time-varying magnetization of the
particles induces a voltage into a second coil, a receive or detection coil by means of
Faraday’s law of electromagnetic induction. The integral form of this law can be stated as
(2.11).

∮

S
E(l) dl = −N ·

∫

S

∂B(t)

∂t
dA = −N · d

dt
Φs(t) (2.11)

where the line integral of the electric field E along the length of a single wire loop S
equals the number of wire loops in the detection coil N multiplied by Φs, the magnetic
flux through the surface spanned by the wire loop. It can be seen, that Φs is the surface
integral of the magnetic induction B described in (2.4) over the area A enclosed by the
wire loop (Φs(t) =

∫

S B(t) dA). The left hand-side of (2.11) is also called the electromotive
force (EMF), which is the work done on a charge in the wire loop. It equals the measurable
induced voltage Uind(t) by definition as written in (2.12), equivalent to (2.11).

Uind(t) = −N · d

dt
Φs(t) (2.12)

Since the induction voltage Uind(t) depends on both, the magnetic flux change induced
by the excitation field and the magnetic flux change induced by the magnetic moment
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flipping of the particles, it can also be expressed as the sum of the voltages induced by the
excitation field and by the particles Uind(t) = Ue(t) + Up(t). It is necessary to isolate the
particle signal Up(t) from the excitation signal Ue(t). It is important, that the non-linearity
of the superparamagnetic magnetization curve in figure 2.4 is, what allows us to distinguish
the excitation signal Up(t) from the particle signal Ue(t). This is schematically shown in
Figure 2.5.

Figure 2.5: Illustration taken from [73] shows the principle of a MPS measurement. (A)
shows a schematic of a magnetic nanoparticle, consisting of a magnetic core material and
a matrix layer around it to bind diverse biological or chemical recognition molecules. A
sinusoidal excitation magnetic field and the magnetic response of the particle is indicated.
(B) shows the schematic FFT for a single excitation frequency, while (C) shows the FFT
for the special case of MPS with dual frequency magnetic excitation. More information
about the special case of dual-frequency excitation are given in section 2.3.

For small amplitudes of the sinusoidal excitation field He, the magnetization behavior of
magnetic materials follows the linear relationship χ = M

H , stemming from (2.2). If the
nonlinear behavior of the magnetization curve is subject of investigation, however, a larger
amplitude of He is necessary. Therefore, in MPI, typically excitation alternating magnetic
field (AMF)s similar to He ∼ 20mT with frequencies fe between 20kHz - 40kHz are utilized
[21].

When MPI is not used as an imaging modality, but rather to detect the presence and
characterize magnetic particles or even biological entities like proteins, nucleic acids,
therapeutic drugs, bound fluorescence dyes or quantum dots [73], it is usually called MPS.
The signal acquisition, investigation of influences and further developments of a MPS-like
system are the topic of this work, therefore the spatial encoding or image reconstruction
strategies for MPI respectively, will not be discussed and can be found elsewhere [74], [75],
[76].
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2.3 Frequency Mixing Magnetic Detection

2.3.1 Principle of Frequency Mixing Magnetic Detection

Frequency mixing magnetic detection (FMMD) can be viewed as a dual-tone mode of the
previously discussed MPS technique, as it is also measuring the magnetic particle response
in terms of an applied excitation stimulus [42]. However, in contrast to MPS, which uses
a sinusoidal, single-tone AMF (see (2.10)) to excite a magnetic particle sample, FMMD
utilizes a two-tone excitation strategy, by simultaneously applying two sinusoidal AMFs.
This excitation field can be formulated as (2.13).

H(t) = H1 · cos(2πf1t) + H2 · cos(2πf2t) (2.13)

Figure 2.6: Illustration of the Frequency Mixing Magnetic Detection Principle taken from
[77]. Figure (c) shows the magnetization response over time, containing mixing harmonics
of superparamagnetic particles with nonlinear magnetization behavior (b) to high and low
frequency excitation field sinusoids (a). (e) depicts the FFT of the induced voltage (d)
resulting from the magnetization response with the spectral components of harmonic mixture.

In this strategy, a LF, high amplitude driving field component H2, with frequency f2 is
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superimposed to a HF, low amplitude probing field component H1, with frequency f1.
While the driving field is responsible to drive the MNPs into their nonlinear magnetization
regime, the probing field is responsible to probe that nonlinear magnetization region.
This leads to a discernible set of mixing harmonics in the response signal. These mixing
harmonics at the sum and difference frequencies of the different excitation fields change as
different particle concentrations and sizes are introduced to the measurement system. The
principle of FMMD is shown graphically in figure 2.6.

The frequency selection of the driving and probing field components has some physical
leeway. Typically, the frequency f2 of the LF component is selected between 4-100 Hz, while
f1 of the HF component is selected as multiple 10ths of kHz. Besides factors like 50 Hz
noise from power sources in Europe or 60 Hz in North America, the frequency selection
depends on the used coil geometry and its resonance frequency. The higher LF AMF
amplitudes the power electronics allow for, the smaller the particles, which can be driven
into their non-linearity. However, typically LF-fields between 16 − 20 mT can be generated
in mobile setups. The HF-field amplitudes are typically chosen around 1 − 2 mT.

Review and explanation of the subtleties in FMMD technology can be looked up in the
recently published review from Krause and Engelmann [77]. Mathematical derivation of
the occurrence of additional harmonics when applying an additional static offset excitation-
field, specifically in FMMD was first published by Krause et al. [42]. Additional literature
on the intricacies of specific scanning modes for MPI and FMMD technology, e.g., the
measurement using an additional offset magnetic field can be read upon elsewhere [45], [58,
78, 79, 80]. The usage of so-called measurement schemes as an excitation input will be
discussed in section 5.2. Some applications using offset-scanning FMMD are also discussed
in [78] and [58].

2.4 Heat Transfer

Unless otherwise stated, this section will follow concepts explained in [81], [82] and [83].
All thermal constants in this thesis are taken from [83, 84, 85, 86].

A very simple, yet general definition of heat transfer is provided in [87]: "Heat transfer or
heat is thermal energy in transit, due to a spatial difference in temperature." The three
transport laws that govern the ways of heat propagation are introduced in this section.

1. Conductive heat transfer described by Fourier’s Law

2. Convective heat transfer described by Newtons law of cooling

3. Radiative heat transfer described by the Stefan-Boltzmann law

Generally, the topic of heat transfer provides ways to estimate and calculate heat transfer
rates q and thus heat fluxes q′′.

Before discussing heat transfer modes, some variables need to be explicitly defined, that
otherwise may vary depending on the literature used. The definitions can be found in table
2.1.
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Quantity Meaning Symbol Units

Thermal Energy Sum of kinetic energy associ-
ated with microscopic behav-
ior in matter

U J or J
kg

Temperature A means of indirectly measur-
ing the thermal energy stored
in matter

T ◦C or K

Heat Amount of thermal energy
that is transferred

Q J

Heat Rate Thermal energy transfer per
unit time

q W

Heat Flux Thermal energy transfer per
unit time and unit area

q′′ W
m2

Heat Generation
Rate

Thermal energy generated per
unit time and unit volume

q̇ W
m3

Table 2.1: Definition and units of important measures in heat transfer studies. This table
was adopted from [83] and modified by Dr. Kody Powell.

2.4.1 Thermal Conduction

Typically, good electrical conductors are also good thermal conductors. Thermal conduction
is associated with atoms in solids, fluids or gases, that become excited by heat and start
vibrating. The vibration then effects neighboring atoms, which transfers the energy from
regions of intense vibrations to regions of less intense vibrations, or in other terms, from
hot to cold. Fourier’s law describes the one-dimensional case of heat conduction. It can be
seen in (2.14).

q′′

x = −k · dT

dx
(2.14)

, where q′′

x is the heat flux in x-direction, k is the thermal conductivity which is a material
property and dT

dx is the change of temperature in x-direction. Although the thermal
conductivity can be very small, depending on the material, it is always a positive number.
Thus the negative sign belongs to the latter term. It exists, because heat always travels
from hot to cold. In other words, if the temperature decreases in positive x-direction, q′′

will be positive. If the temperature increases in positive x-direction however, q′′ will be
negative.

In practical applications, one often encounters complexities beyond the ideal assumptions
of Fourier’s law. Real-world materials might exhibit nonlinear behavior, where thermal
conductivity varies with temperature. Furthermore, in composite materials, the differing
conductivities of constituent materials add layers of complexity to heat conduction analysis.
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2.4.2 Convection

Convection is a mode of heat transfer that occurs between an object in contact with a
surrounding fluid. Lets consider a fan, installed perpendicular to a heated plate blowing
air alongside it. The air will cool down the heated plate by "forced convection". Without
a fan, however, convection might still occur based on a temperature difference within
the fluid surrounding the heated plate. Here, we talk about "natural convection", where
buoyancy-forces are the driving factor for creating the temperature differences in the fluid.
These types of convection can also coexist in the form of "mixed convection". The heat
rate due to convection can be expressed with Newton’s law of cooling (2.15), regardless of
the type of convection occurring.

qconv = hA(Ts − T∞) (2.15)

Here, qconv is the heat rate due to convection. A is the normal area to the direction of the
heat flow (similar to the area in any heat flux - perpendicular to the direction of heat flow),
Ts is the surface temperature of the body and T∞ is the temperature of the surrounding
fluid by convention. The heat transfer convection coefficient h has the units W

m2
·K

, so that
the heat rate due to convection qconv is typically given in Watts. The convection coefficient
h is determined by the fluid properties, the geometry of the object of interest, the flow
regime (laminar, turbulent) and additional factors like the velocity of the surrounding fluid
etc.

The complexity associated with convection therefore mostly evolves around determining
the convection coefficient h. Generally, to determine h reliably, a thorough understanding
of fluid mechanics is necessary. However, this is far beyond what will be discussed in this
work.

Depending on the dimensionality of the problem at hand, simpler but significantly faster
estimations of h can be performed by thermal resistance network analysis or dimensionless
number correlations, ranging from general natural convection coefficient estimation [83] to
specifically the determination of flow regime shifts in, e.g., vertical heated cylinders [88].

2.4.3 Radiation

Besides convection, radiation is another form of heat dissipation that can occur in systems.
Other than convection, radiation can also occur in a vacuum. Generally, all bodies emit a
temperature- and surface-dependent amount of energy in form of electromagnetic waves.
A perfect radiator or "black body" can be described by the Stefan-Boltzmann law (2.16).

eb(T ) = σT 4
b (2.16)

eb(T ) is the emissive power of a black body. The subscript ”b” indicates that here, it
is specifically described for a black body. σ is the Stefan-Boltzmann constant (σ =
5.670... · 10−8 W

m2K4 ). Since the absolute temperature in the Stefan-Boltzmann law is to the
fourth power, radiation typically becomes less important for small temperature and more
important for large temperature applications.
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For most applications however, ideal radiators are not involved in heat transfer studies.
Instead, ε is introduced as the surface emissivity of a body, a scaling factor for how emissive
a surface is, so that e(T ) = εeb(T ) = σεT . Note that e(T ) is typically given in W

m2 , the
same unit as the heat flux defined in 2.1. The counter part of ε is the surface absorptivity.
In literature, the absorptivity is typically denoted with α, but since the thermal diffusivity
will later be denoted with α, let us denote it as a. The absorption of thermal energy occurs,
when a surface is irradiated with electromagnetic waves G and depends on the absorptivity
of the surface. Alike e(T ), G is also given in W

m2 . Furthermore, it is not a single absolute
temperature of the object that matters, but rather a temperature difference to the fourth
power between the radiator and either another body or the surrounding media. The special
case of surface-to-ambient radiation is of specific importance to this work, as a way of heat
dissipation in large open surroundings. It can be assumed that the surroundings act as a
black body, which leads to Gsur = σT 4

sur.

As both, G and e(T ) are in W
m2 , the heat flux can then be expressed as (2.17)

q′′

rad = εe(T ) − aG (2.17)

If we insert (2.16) into (2.17) and further assume that ε = a, the much simplified radiation
rate equation becomes (2.18).

qrad = q′′

rad · A = εσA(T 4
s − T 4

surr) (2.18)

Here, qrad expresses the heat rate due to radiation and Ts and Tsur describe the temperatures
of a surface-to-surroundings radiation process.

2.4.4 Steady State & Transient Formulation of Heat Transfer Problems

A special case of the first law of thermodynamics1, if the state of matter does not change, is
q = dU

dt = mcdT
dt = ρcV dT

dt . This gives rise to the energy storage term in the time dependent
formulation of any transient heat conduction problem.

In an energy balance, this would be the energy accumulation term of a small volume
element ∆V = ∆x∆y∆z. The sum of the differences of all energy rates (flux times normal
area) in and out of the control volume equal the sum of the fluxes times the respective
areas plus a heat generation rate q̇. Replacing the fluxes by Fourier’s law separately in x,y
and z direction and adding the special case of the first law of thermodynamics discussed
above, one arrives at the general, transient three dimensional heat conduction equation
written as (2.19).

∂T

∂t
= α

(

∂2T

∂x2
+

∂2T

∂y2
+

∂2T

∂z2

)

+ q̇ = α∇2T (2.19)

1Internal energy of a system has to be equal to the work being done by the system on its surroundings
and the heat flowing into the system, Q̇ = Ẇ +

dU
dt

, where Q̇ = q
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where the thermal diffusivity α is a measure of the heat transfer rate inside a material, the
definition of which is shown in (2.20).

α =
k

ρcp
(2.20)

with ρ, the density and cp the specific heat capacity of the material.

From here, the stationary case for equation (2.19) can easily be reached by eliminating the
time dependency of the problem (dT

dt = 0), in which case the object of interest also loses its
ability to store heat. Sometimes, stationary studies can be helpful, when the temperature
does not change, or even in simulations to get a rough estimation of the average convection
coefficient h. However, most real systems obey a behavior that changes with time.

Fortunately, engineers and scientists today can apply many sophisticated software-strategies
like COMSOL or FeniCs to avoid tedious or even impossible calculations and modelling by
hand depending on the complexity of the problem of interest.

2.5 Nucleic Acid Amplification

In some applications, magnetically marked DNA can be detected using FMMD. In the
working group of magnetic biosensors, Abuawad et al. reported magnetically labeled DNA
assay design and detection utilizing FMMD to test for Brucella in livestock animals [63].
The analytes tested in these assays typically need up-concentration by polymerase chain
reaction (PCR) before analysis can be performed. Amplification techniques like PCR
require laboratories. Innovative technologies to replace this traditional DNA amplification
approach help to facilitate this process and make it mobily accessible. Further, we see
the potential for FMMD to be used to track reaction kinetics of labeled components in
real-time. We tested the principles of DNA amplification in the MH unit of the magnetic
reader in this work (see chapter 6). Therefore, this section will give an introduction to a
popular isothermal alternative to PCR, the RPA. In general, whenever nucleic acid (NA)
analysis lacks sensitivity to detect small amounts of material, when an excessive amount
of NA material is needed for extended experimental studies and/or typically prior to any
genotyping, the "amplification", or namely more accurate, "multiplication" of NA strands
is of utmost importance. While the standard methodology to do so in a laboratory setting
remains the PCR, many techniques have evolved to simplify, speed up and/or increase the
yield of NA amplification.

2.5.1 Recombinase Polymerase Amplification

Over 20 years after the invention of PCR 2, RPA was developed by Piepenburg et al. in
2006 and commercialized by TwistDx™ [93]. RPA is a DNA amplification technique that

2In 1993, Karry B. Mullis was awarded with the noble prize for the 1983-invention of the PCR, a
technology to amplify DNA. A mixture of the original DNA sequence to be amplified, dNTPs, the heat-
resistant Taq-polymerase, primers and cofactors, participates in a sequence of well-controlled temperature
shifts. These phases of the temperature cycle are called denaturation, annealing and elongation. Literature
on the exact principle of PCR exists in excess and can be found elsewhere [89, 90, 91, 92]
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does not require temperature cycling, but typically performs amplification at a constant
temperature between 37-42◦C. In other words, RPA is an isothermal NA amplification
technique. Isothermal techniques carry the advantage of simplicity and make expensive
temperature cycling equipment futile. The heating and cooling process in PCR requires
a considerable amount of time, that can be saved in a RPA process, making it especially
interesting for remote applications.

Figure 2.7: Schematic of the RPA process, including (A) formation of the recombinase-
primer complex, (B) Scanning for homologue DNA sequences, (C) double helix opening and
primer insertion at the complementary site, (D) single-strand stabilization by SSBs, (E)
attachment of the DNA-polymerase and removal of the recombinase enzyme (F) elongation
of the forward and reverse primer along the strand. [93]

In order to achieve this constant temperature procedure, additional enzymes are necessary
to denature the double helix, stabilize the resulting single-stranded desoxyribonucleic
acid (ssDNA) and promote the assembly, compared to the heating cycle driven PCR
process. Ivan Lobato and Ciara O’Sullivan nicely reviewed the process as shown in figure
2.7.

First, the recombinase protein forms a complex with designed forward and reverse oligonu-
cleotide primers. These primers are specific to a part of the target DNA. Recombinases
are enzymes that catalyze the hybridization process of two ssDNA strands (or of a primer
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and its complementary part of a ssDNA sequence). Additionally, the recombinase-primer
complex is able to transiently open the double helix of the DNA to scan for homologue
base-sequences that match the primer sequence. Upon finding a complementary sequence
to the primer, it can be inserted to initiate the starting point for replication. This happens
in forward and reverse direction simultaneously. Since the opened up DNA is likely to
re-anneal under the given constant temperature conditions, SSBs help stabilizing the
ssDNA strands. After this stabilization process, the DNA-polymerase starts to insert
complementary desoxynucleotide triphosphate (dNTP)s to the ssDNA sequence the primer-
recombinase complex is bound to. The elongation process with dNTPs can then start in
forward and reverse direction.

Compared to PCR, the denaturation step is achieved without heating the sample. The
process is replaced by using the recombinase enzyme that can open up the double helix of
DNA. Furthermore, other then in PCR due to the temperature regulation, the stabilization
at constant temperature conditions is achieved, again using additional proteins (SSB) that
support the ssDNA stability.
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Chapter 3

Advancements and Challenges of

the Magnetic Reader System

This chapter deals with the state of readout and sensor technology for FMMD, initially
introduced in 2007 by Hans-Joachim Krause [42] and adjusted by Stefan Achtsnicht in 2020
[94]. It discusses the considerations and characterization of an offset-scanner implemented
in the handheld electronic readout unit and touches on important considerations for its
mobile application. Section 3.1 briefly summarizes the FMMD instrumentation, including
the sensory unit and the mobile electronic readout and suggests additional literature. In
section 3.2, we will introduce the implementation of offset (B0)-scanning technology in
the context of mobile FMMD. We will characterize the interplay of applicable B0-field
and LF-field amplitudes, given the available power supply and power amplifiers in the
mobile version of the readout unit, henceforth called the magnetic reader. In section 3.3,
the stability of excitation signals will be discussed with respect to temperature induced
excitation signal deviations. A concluding remark in section 3.4 will summarize the
offset-scanner implementation. Possibilities and limitations of a mobile offset-scanner
versus traditional offset-scans with a stationary setup in terms of available magnetic field
strengths and potential influences on the signal readout will be pointed out. This section
will also highlight the LF-amplitude scan in FMMD, introduced very recently [46] as a
forward-thinking alternative to the offset-scan approach. This approach will be specifically
looked at from the perspective of thermal drift correction and temperature effects on the
FMMD signal readout in chapter 4 later on.

3.1 FMMD Instrumentation

Generally, the magnetic particle detection and signal acquisition with FMMD can be
achieved using a two-component system. The first component is the sensor unit, which
contains the excitation and induction-coils, hereafter referred to as the MH. The second
component is the electronic readout unit that contains the circuitry for power supply, signal
amplification, signal demodulation and filtering. This unit is the magnetic reader. Besides
signal propagation and processing, it contains a Nextion Touch-Display (NX4827K043), a
SD card storage, an ESP32 with Wi-Fi and bluetooth connectivity and a bar -or QR code
reader.
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3.1.1 Measurement Head

The sensor unit used in FMMD is a miniaturized induction coil setup, shielded by an
eloxated aluminum housing. Three coil bodies are concentrically aligned within that
housing, using thermoplastic polyether ether ketone (PEEK) coil holders. The outermost
LF-coil is directly wrapped around a HF-coil, separated only by a small scotch tape
stripe. With a small air gap to the HF-coil, the innermost PEEK structure will hold
the differentially wound induction coil. This detection coil, captures the FMMD signal
generated by the flipping action of dual-frequency excited superparamagnetic particles that
will be placed in the hollow center of the cylindrical sensor geometry. The coils were wound
using a copper wire with 0.18 mm diameter. The winding numbers are typically 2200
windings in the LF-coil, 500 windings in the HF-coil and 250 windings in each differential
part of the detection coil. In figure 3.1 an exemplary schematic of the MH and a photograph
of the housing can be seen. The exact geometrical dimensions of the MH housing and coil
holders can be found in the technical drawings in appendix C.

Figure 3.1: Photograph of the original measurement head (left) and schematic cross-section
of the measurement head, including an illustration of the excitation signals after application
of an additional offset magnetic field via LF-coil (right) [60].

Figure 3.1 also shows the principle of applying an additional offset-field by applying an
additional DC through the LF coil component. This principle will be explained in 3.2 in
more depth.

Besides connections to the lines of driver (LF) and probing (HF) field currents as well as a
connection that forwards the induced particle signal to the preamplification circuitry of
the magnetic reader, a ground (GND) connection and connections to the installed digital
temperature sensor DS18B20 from Dallas semiconductors are established using a i/o Dsub-9
connector. This i/o plug is connected to its female counterpart on the magnetic reader,
described in the section 3.1.2.

In this work two different MHs were used. Let us call them A1 and A3. Important electrical
characteristics of the coils in these measurement heads can be found in table 3.1.
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MH Coil Type Inductance Resistance Mutual Inductance

A1 LF 53.1 mH 96 Ω M(LF, HF ) = 7.7 mH

A3 LF − 75.8 Ω −
A1 HF 1.6 mH 20.1 Ω M(LF, D) = 171 µH

A3 HF − 37.5 Ω −
A1 Detection 829 µH 17.2 Ω M(HF, D) = 131 µH

A3 Detection − 17.3 Ω −

Table 3.1: Coil parameters (resistance, inductance and mutual inductance) of different
measurement heads used in experiments. The coil was characterized using a LC-meter
HM8018 from HAMEG.

The mutual inductance was measured to test if for high temperatures, we observe a
volumetric expansion. The measurement was performed by separately connecting the
HF-coil to the LF-coil, the HF-coil to the detection coil and the LF-coil to the detection
coil in series, respectively and measuring the total inductance of the serial connections.
Following formula 3.1, the mutual inductance was calculated.

M =
1

2
· (Lserial − L1 − L2) (3.1)

where Lserial is the serial inductance of the two respective coils connected in series and L1

and L2 are the corresponding single inductances [95].

No changes in inductance were observed when heating up the measurement head. Therefore,
the COMSOL simulations discussed in chapter 5 do not consider volume expansion.

3.1.2 Magnetic Reader

The PCB of the magnetic reader is shown in figure 3.2.

The core piece of the magnetic reader is a Arduino Due microcontroller, U5 ATSAM3X8EA-
AU (marked in yellow) via which the DDS surface mounted device (SMD) chips (green) are
set to desired frequencies. It also manages other key functions such as the power amplifiers
(red) for excitation signal generation and signal preamplification circuitry (grey) and the
frequency settings for the implemented tandem demodulation (bright blue). The DAC
settings for application of a DC through the LF-coil (orange) that internally generates
an offset-voltage for the application of an offset magnetic field in the MH (figure 3.1) is
likewise controlled by the microcontroller.

Most of the concepts and functioning of these circuit components have already been
comprehensively described in previous studies [94], [96]. Therefore, a full explanation
of the setup will not be repeated here. Instead, this chapter focusses on device-internal
offset-field application and introduces specific challenges related to the reliable application
of the mobile version of the magnetic reader in crisis areas for PoC applications.
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Figure 3.2: Readout electronics of the magnetic reader. The colored boxes highlight different
essential parts of the signal processing and excitation field generation circuitry including
the MH connector, signal preamplification, signal demodulation, filtering and more.

As a side project, a compact circuitry was put together to support mobile power supply,
which is detailed in the supplementary material H.

3.2 Mobile Offset-Field Scanner Integrated Circuit and Mag-

netic Field Characterization

An extension of the FMMD principle followed thoroughly in recent years was the application
of an additional offset-field (B0), described in 2.3 superimposed to the HF and LF magnetic
fields. The shapes of the offset-scans were reported to be characteristic for certain magnetic
core sizes and materials of superparamagnetic nanoparticles [96], [78]. In order to perform
an offset scan, one first needs to generate an offset-voltage which, until recently, was
achieved by an additional external electromagnet (EM) with an active cooling module in a
stationary laboratory setting [94], [96] or an additional pair of permanent ring-magnets
[94], [58]. In the 2020 version of the magnetic reader, a major change was the integration
of a circuitry for internal offset-field generation [60]. Here, the application of this circuitry
in a practical context will be characterized. Figure 3.3 shows the corresponding integrated
circuit (IC) via an analog devices AD5620 DAC for offset-application.

The first characterization measurement was carried out, measuring the voltage at R159
(transparent green) in the DAC offset circuit of the magnetic reader V2020 (3.3) with an
oscilloscope tip connected to a digital oscilloscope to test the linearity of the offset-voltage
generation and its voltage saturation.

After successful voltage linearity verification in the implemented offset-voltage generating
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Figure 3.3: Integrated electronic circuitry for generation and amplification of an adjustable
offset-voltage.The transparent green highlight shows the signal tap for measurement of the
offset voltage linearity.

circuitry, the LF and B0 magnetic field amplitudes were determined in terms of their linearity
and stand-alone maximum magnetic field-strength (figure 3.4) with a secondary magnetic
sensor (Hall sensor of type Allegro 1324) at the sample position of the measurement head.
The Hall sensor was used to measure the offset magnetic field strength in the connected
MH, generated through the DC voltage in the LF excitation coil. It was also used in
combination with a lock-in amplifier to measure the LF excitation field amplitude, locked
in at the frequency f2 = 62Hz of the LF-signal. While the lock-in measurements were
conducted analogously, the DC measurements were performed by connecting the magnetic
reader and Hall sensor to a National Instruments DAQ,type USB-6251. The signal was
tracked in a custom LabVIEW program for automatized and digitalized data extraction
and storage [94].

The digital 12-bit potentiometer offers settings of amplitude between 0 to 4095 (which
totals a resolution of 4096 values). In case of the B0-field, 0 is defined as the minimum
value, while 4095 is defined as the maximum value. The maximum offset field strength is
already reached at values of approximately 2800, which is indicated by an abrupt flattening
of the green curve in figure 3.4. The graph was recorded with a step-width of 200. In
the case of the LF magnetic field (red curve in 3.4), the amplitude is controlled inversely,
ranging from 4095 (minimum) to 0 (maximum). Therefore, high field strengths correspond
to low step values.

With R2 values of 0.99-1.0, clear linear relationships are observed for both the offset-field
and the LF-field. To translate numeric amplitude setting values to field-strength, these fits
will be used in the further data analysis.

An important aspect is the limitation imposed by the supply voltage (±15 V) and the
maximum coil current (≈ 250 mA). This maximally available power must be considered
when simultaneously applying an LF-field signal and an offset-field to the LF coil. For
example, the maximum achievable LF-field amplitude can no longer be applied once a certain
offset field is reached. If the LF amplitude is further increased, the result is a distorted sine
wave applied to the LF coil. Since a distorted driver signal in frequency-mixing magnetic
detection leads to the generation of additional intermodulation frequencies, such distortion
of the excitation must be strictly avoided. Therefore, a strategy for characterization of the
interplay between LF-amplitude and offset-field was developed. This results in indication
graphics, that give an orientation for the determination of the maximum applicable offset-
field for each applied LF-field before a deformation of the LF driver field occurs.
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Figure 3.4: Achievable magnetic field strength extracted from Hall sensor measurements for
the applied offset magnetic field B0 (red) at different DAC settings and the LF magnetic
field (blue).

This indication graphics was deduced from multiple complete offset-field scans. The
magnetic field was measured with a Hall probe at the sample position, similar to the
validation of magnetic field linearity shown in Figure 3.4. For each scan, a specific LF
amplitude was selected. If the entire offset-field scan could be performed without distortion
of the LF driver signal, the corresponding LF amplitude is applicable across the entire range
of offset-fields. As discussed before, the smallest possible distortion will create unpredictable
output in the FMMD-signal. The visual identification of sine wave deformations in the
oscilloscope is therefore not sufficient. To unveil the magnetic field settings, at which
deformation happens, first the offset-scans were recorded by changing the B0 amplitude by
about 0.8mT, equivalent to a change in numeric amplitude value of 200 each step (similar
to the procedure in figure 3.4). This scan was repeated using different LF amplitude
settings. The data were recorded using the National Instruments DAQ, each step (each
setting) being recorded for ca. 30 seconds (or 10 data points, respectively) (figure 3.5).

At a certain point of each offset-scan, a clear saturation was observed. For some offset
scan recordings in the lower LF magnetic-field amplitude region, this saturation occurs
as the maximally allowed digital potentiometer setting is reached. Thus, these scans are
not limited by the maximally allowed coil currents. For example, at the LF setting of 800
numeric amplitude value, and the maximum achievable B0 setting of 2800, saturation sets
in. In this case, still both magnetic fields (BLF and B0) can be used at its set amplitude
and they add up to the sum of offset magnetic field and the positive peak amplitude of
the LF field. At higher LF amplitude settings however (e.g. LF0 in the most severe case),
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while still keeping the maximum B0 setting of 2800, the saturation sets in significantly
earlier then in the previously discussed case. Here, the limitation is given by the maximally
allowed coil currents.
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Figure 3.5: Hall sensor extracted magnetic field strengths, measured at the sample position
of the MH. The recordings were performed at different LF amplitudes, across the entire
range of B0 amplitude settings. The legend indicates the numeric amplitude setting value
for the LF component. The magnetic field strength of each B0 setting was collected ten
times. The magnetic field value at which the driver sine wave starts deforming is indicated
by a red marker.

To identify the ’deformation points’, the difference of the means of each two consecutive
steps was calculated and is depicted in figure 3.6 to find any deviation in step-height within
the given 200 offset or 50 LF amplitude step resolution, respectively. The indices used
on the horizontal axis are the number of averaged step distances from the original data
collection. It becomes obvious, that besides a ’natural’ occurring signal drift (which will be
discussed in 3.3), a sharp kink in the sets of mean differences for each LF setting arises. For
the offset-scans, recorded with lower LF settings (1500,1000,800,600,550), the kinks indicate
the previously mentioned maxima. However, the higher the LF-field amplitude setting (the
lower the LF setting), the sooner the kink leaves 2.5×STD of the data with ’natural’ drift.
This is due to reaching the maximum coil current already at lower offset magnetic fields,
because of an increased LF driving field alternating current (AC). Crossing the −2.5×STD
mark (equivalent to approx. 1% tolerance level, assuming normally distributed data) was
defined as the point of signal deformation and is indicated with a red circle.

With this definition, the index at which the mean difference signal starts redirecting
strongly, depends on the resolution of the recording. However, it will give an orientation to
what LF and B0 magnetic-field strengths can maximally be achieved simultaneously with
a good degree of confidence.
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Figure 3.6: Mean difference magnetic field strength between each two consecutive 200
numeric amplitude value steps of Hall sensor extracted magnetic field recordings for different
LF amplitudes. Mean (black dashed line) and 2.5×STD of the drifting data (black solid
line) are indicated. The differences at which the applied LF signal tends to deform are
indicated by red circles.

For a more intuitive understanding, the identified ’deformation points’ were translated to
the initial offset-scan collection. To not overcrowd the depiction, the collected data were
averaged for each step in the set of offset scans at each LF setting in figure 3.5 B.

One can see at which measured magnetic field strengths the LF and B0 settings resulted
in a deformed sine wave. If the magnetic field strengths of these ’deformation points’ are
now mapped against the LF amplitude at which the deformation occurred, the previously
announced indication graphic can be created.

Figure 3.7 therefore shows which B0 and LF magnetic field strengths are allowed (green)
to be used simultaneously and which settings are forbidden (red) to prevent any excitation
signal deformations. While this mapping shows a clear linear relationship, small deviations
can already have drastic effects on the signal readout. The sharp transition between valid
and forbidden region can therefore cause problems. To prevent accidentally selecting
forbidden settings, an easy solution to make sure one can ever only select valid settings,
despite small magnetic field fluctuations due to e.g. changing conditions in the surroundings,
is introducing a buffer measure. The yellow marked area in figure 3.7 indicates this safety
measure for any magnetic field fluctuations using −3×STDs of the residue of the measured
data to the linear regression line. This results in ’safe’ settings for the green region that



3.2. Mobile Offset-Field Scanner Integrated Circuit and Magnetic Field

Characterization

29

will not deform the driver sine wave, even when considering the signal drift. Nuances of
this signal drift will be discussed in 3.3.
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Figure 3.7: Graphic, indicating the maximally allowed (green) and forbidden (red) LF and
B0 magnetic field settings to prevent the LF driver signal from deforming. The yellow
region indicates a buffer measure, between −3×STD of the residues between the measured
points and the linear fit.

3.2.1 Internal Analog Offset Field Scan

Finally, the internally generated offset magnetic field was applied to SPM NPs and an
automatized internal analog offset field scan was exemplarily recorded for synomag and
perimag particles (figure 3.8) from Micromod Partikeltechnologie GmbH. These particles
are commonly used in FMMD. When modified with a biocompatible matrix, they can
be used for antibody or DNA modification. This allows for flexible usage in magnetic
bioassays.

Similar graphs can be found in multiple peer-reviewed journal articles, where they consti-
tuted the basis for an approach to estimate a magnetic particle size, either depending on
the position of zeros and extremes or later based on log-normal fits without considering the
positions of zeros [78], [97]. Additionally, in an in silico study from Engelmann et al., the
core-size dependent changes in offset-scan intensities [79] were investigated. However, in
these contexts, the offset-scans were recorded using a stationary setup. This setup utilizes
an additional external EM for offset-field application.
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Figure 3.8: Offset-scan recorded with an offset magnetic field, generated through a DC in
the LF coil in superposition to the LF magnetic field. This scan was recorded for Synomag
70nm (left) and Perimag (right) particles from Micromod Partikeltechnologie GmbH.

While generating up to 24 mT offset field strength by applying higher electrical currents,
it required additional water cooling infrastructure, due to significantly higher rates of
heat-generation. This hinders mobile usability. As compared to the laboratory setup,
only half the offset-field magnitude can be applied in the mobile setting. The maximum
applicable B0-field in the internal offset-scanner is limited to ca. 11mT, even when applying
a suitable (allowed) LF magnetic field that does not lead to deformation of the excitation
signals. The maximum reachable LF amplitude, while maintaining the highest possible B0

amplitude is also limited to ca. 12mT. The clear advantage, however, is its general mobile
applicability.

3.3 Stability of Excitation Signals

The underlying type of distribution of the data population in the analysis of the change
in mean differences (figure 3.5 B) is unknown. It can be estimated, however, using the
so-called kernel density estimate (KDE) [98], [99]. In the present case, it provides an
estimate of the relative likelihood to measure (observe) values of a certain magnitude
between two different B0 settings for a certain LF setting and can give additional insight
into how the applied magnetic field strengths behaves throughout the measurement.

Often, even though a data distribution is not perfectly symmetrical, a very good first
estimate is a Gaussian normal distribution [100]. The principle of KDE is, to use a kernel
K (e.g. a function describing a normal distribution) of the form:
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K(x) =
1√
2π

exp

(

−x2

2

)

(3.2)

and overlay it to each measured data point.
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Figure 3.9: Kernel density estimate of mean differences for multiple recorded offset-scans
at 16 different LF amplitudes.

The bandwidth h (in other words, the factor that determines the width of the estimated
distributions) was estimated by silverman’s rule of thumb [100]:

h = 0.9 · min

(

σ̂,
IQR

1.34

)

· n−1/5 (3.3)

Here, n is the number of data points, σ̂ is the STD of a dataset, that is used to estimate
the width of the selected kernel. Alternatively a fraction of the interquartile range (IQR)
can be utilized for a similar purpose. It is scaled by 1

1.34 to bring it to a similar scale as
the STD. The bandwidth h is used rather than the STD σ because we do not know if the
underlying distribution is actually normal.

Finally, knowing the bandwidth and the type of distribution and summing up all distribu-
tions around all measured data points of a single LF setting, will lead to an estimate for
the probability density of certain "step heights" to occur (figure 3.9).
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f̂(x) =
1

nh

n∑

i=1

K

(
x − xi

h

)

(3.4)

In formula 3.4, f̂(x) is the function that describes the complete density distribution
estimation and K is the kernel for a normal distribution from equation 3.2.

The estimated probability density distributions in figure 3.9 of magnetic-field strengths
differences for the settings LF1500-LF550 generally show two narrow peaks. The higher-
valued peak represents the setting-separated magnetic-field differences up to the maximum
possible magnetic-fields (maximum coil currents). The second and smaller peak reflects the
portion of differences after the maximally possible fields are already reached. As the LF
setting gets lower (the magnetic-field amplitude gets higher), the ratio of the large-to-small
probability density peaks get smaller until its basically inverted. This is associated with
the progressively earlier deformation of the driver sine wave. An interesting observation is
that the shifting process does not seem to be clearly definite for the measured data, but
rather continuous - already starting at settings where the driver sine wave does not deform.
More specifically, the large peak already varies in width and height, before the excitation
signal deforms (between LF1500-LF550). This suggest a LF and/or B0 excitation signal
change/drift. This drift was partially also identified from figure 3.5B in section 3.2 and can
possibly be associated with changes in temperature in the coil environment. In fact, the
maximum coil current might be so strongly dependent on temperature that (when using
the highest possible field settings for LF and B0) a very small thermal shift can already
cause intermodulation frequencies to be induced, which may severely alter our frequency
mixing signal. In the end of section 3.2, it was concluded that a simple buffer measure like
−3×STDs in the valid region of settings makes the determination of allowed amplitude
settings ’safe’. Because of this amplitude reduction by −3×STDs however, the maximally
possible magnetic-field amplitudes are not utilized, which can be crucial.

This holds especially true e.g., for smaller SPM NPs with a high magnetization saturation.
Additionally, the scanning mode of the magnetic reader plays an important role, as it
introduces either additional heat or less heat. Not indicating a buffer measure however,
slight temperature changes can already fraud the FMMD signal by altering the excitation
signal shape.

Another indication of a temperature dependency is that the drift of total magnetic field
amplitude in figure 3.5 becomes more severe for offset scans, after reaching higher maximum
achievable magnetic fields (maximum coil currents). The fact that the highest achievable
magnetic field strength changes is already an indication for a change in temperature.
Additionally, the offset-scans that reached higher maximum magnetic field strengths (e.g.
at settings of LF350 and LF500) were the ones that experienced the lowest temperature
during their data acquisition (see appendix I) compared to other data samples. Lower
temperatures lead to lower resistances, which generally allow for higher electrical currents.
This consequently increased the saturation values initially.
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Figure 3.10: The graphic depicts the LF magnetic field strength for different digital
potentiometer settings, starting from two different initial temperatures.

The magnetic reader is voltage-regulated, it delivers a defined voltage but does not provide
a direct regulation of electrical currents. Consequently, the higher the load resistance, the
lower the electrical currents. Since the highest load resistance in the present setup is the
LF coil, its heat dissipation was hypothesized to be the major contributor for a change in
MH temperature. In order to specifically measure, that there is a temperature-dependence
of the LF magnetic field amplitude, its magnitude was tracked for different settings.

Initially, the measurement was started with a coil temperature of approximately 294 K.
The same measurement was repeated, starting at 314 K, see figure 3.10. This proved, that
there is a change in LF excitation amplitude that declined as the temperature equilibrated.

From temperature-independent inductances and mutual inductances, it was concluded that
the volume expansion was negligible. However, the resistances of LF,HF and detection
coils changed by about 8 to 10% in a temperature range of ca. 20 K (figure 3.11), which in
turn results in changes for e.g. the applied LF excitation field by a similar amount (see
figure 3.12).
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temperature.
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While the HF and detection coils are also affected by the changes in temperature, the
major contributor to resistive heat generation is the LF coil component. This resistive
heating is sufficient reason to investigate a possible countermeasure. Chapter 5 will suggest
strategies to improve the stability of the LF coil resistance. Automatically, this will lead
to an improvement in temperature stability of the entire induction coil sensor.

3.4 Concluding Discussion and Outlook

The magnetic reader internal offset magnetic field generation was characterized in terms
of its maximum applicable field, while still applying LF-amplitudes suitable for FMMD
measurements. It was shown that, although limited by the magnetic field scanning range,
internal offset-scans can be automatically recorded. Depending on the application and used
magnetic particle type, this implementation, together with the determination of allowed
settings, enables mobile offset-scans.

The scanning range, however, is a crucial factor that limits the size of magnetic particles
that can be used in assay applications, as the nonlinear part of their magnetization curve
needs to be reached by the applicable driver-field amplitude.

Furthermore, it was found that besides the electrical current-limitation, thermal effects play
a critical role when selecting settings for offset-scans as well as in general terms of excitation
signal stability. While the resistive heat in case of the magnetic reader internally generated
magnetic offset field is not as strong as from the external EM in the stationary setup [96],
[94], [101], [37], [41] the strategies for cooling the device in a mobile setting are harshly
limited, whereas the stationary setup is water-cooled. The wire resistances of the coils in
the MH were shown to change by about 10% in a 20K temperature range. Besides the
effects of a temperature-induced change in LF amplitude, the B0 amplitude, plotted on the
x-axis of the offset-scans, can lead to an unintended position change of zeros and extremes
compared to the stationary measurements when not using a temperature-corrected offset
magnetic field reference. In a practical context, this is especially challenging when the
conditions in which the magnetic reader is operated are constantly changing.

The temperature of the coils in the MH is not solely determined by the LF-currents, although
the LF coil is the biggest contributor to heat development. The rate of temperature change
in the MH, depends specifically on the difference between ambient temperature and MH
temperature, which may make the regulation of thermal influences in a mobile setting
more challenging, as a stable laboratory condition can not be assumed.

In 2022 Timur Bikulov introduced a scanning principle [46] for FMMD that is closely
related to strategies applied in AC suceptometry (ACS). The principle is relying on a
change in LF amplitude rather than an additional offset-field for scanning the particle
sample. This approach does not suffer from the limitation of maximum field-magnitude
in mobile deployment in the same way. Eliminating the need for a static offset-field also
simplifies the determination of influential factors, like resistance changes.

In this context, this work will investigate strategies of keeping the resistance changes
minimal and therefore attempting to optimize FMMD reliability in terms of temperature
sensitivity. This will be discussed in chapter 5.
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Chapter 4

Temperature Dependency of the

FMMD Signal

Besides the thermally induced changes in driver amplitude and settings, discussed in
chapter 3, changes during FMMD signal acquisition of magnetic immunoassays, which were
recorded under different temperature-controlled environmental conditions, were observed.
Additionally, indications of signal change associated with the sample temperature were
observed. Therefore, using a laboratory grade setup, the amplitude of the harmonic
signal f1 ± 2 · f2 will be exemplarily investigated over longer time periods. In trial to
prevent possible changes caused by thermal drift, a 2-point temperature regulation will be
implemented. Both, the LF coil surface temperature and changes in the environmental
temperature were tracked. It will be discussed whether the signal drift is constant and
reproducible in both cases.

4.1 Magnetic Immunoassay Application Readout

As laid out in the introduction 1, the final target is to quantify pathogenic compounds
sensitively, fast and reliably using the FMMD device for drinking water analysis, dairy
industry or at animal farms. For some of these applications, it is necessary to detect
very low concentrations of the respective bacteria due to strict regulations for the number
of colony forming units (CFU) that are considered critical. Furthermore it is desirable
to differentiate between different pathogenic components in a single measurement, using
multiple types of magnetic beads and separating their magnetic signals. Therefore, it is
especially important to keep the variation in the signal low and to reduce error sources in
the measurement.

Signal variations in MIAs were tested by measuring the FMMD harmonic component
f1 ± 2 · f2 for different enterococcus faecium analyte concentrations in a sandwich type
immunoassay.
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4.1.1 Immunofiltration Column Preparation

For the detection of enterococcus faecium, ABICAP immunofiltration column (IFC)s [102],
purchased from Senova GmbH (Weimar, Germany) were prepared in collaboration with
the Fraunhofer IME in Aachen, equivalently to the procedure described in [61] and for
different applications in [103], [104], [105], [62]. In short, IFCs with a pore size of 20-50
µm in diameter were first treated in an ethanol bath in a desiccator for ca. 20-30 minutes
for degassing purposes. A thorough rinsing with 50% ethanol and 50% water followed by
deionized water and an immobilization buffer for primary antibody coating was performed.
The IFCs were afterwards stored in carbonate buffer.

4.1.2 Sandwich Immunoassay Preparation

The following assay preparation steps for the Anti-enterococcus sandwich MIA were per-
formed at room temperature (20-25°C) following an internal SOP [106]. The filter was
pre-coated with antibodies, specific to the enterococcus bacteria as described in 4.1.1. The
analyte solution was applied to the filter column and incubated for ca. 15 minutes. After
washing, the biotinylated secondary antibodies were then applied to the IFC and incubated
for 10 minutes. After another washing step, the magnetic particle solution was applied.
In this step, the secondary antibodies were modified with magnetic nanoparticles. Here,
Nanomag®-CLD/synomag®-CLD hybrid particles with 700 nm hydrodynamic diameter in a
dextran matrix were used. The steptavidinated surface enabled binding to the biotinylation
of the secondary antibodies. Last, a final washing step was performed.

4.1.3 Temperature Dependence of Anti-Enterococcus Assay

The measurements of enterococcus faecium were carried out in regulated constant ambient
conditions in specialized thermally regulated incubation chambers (typically used for cell-
culture purposes) at 4, 15, 21, 28 and 37°C. A dilution series was prepared and each assay
was performed twice for the analyte concentrations 250 · 106, 15.6 · 106, 977 · 103, 61.03 · 103,
3.81 · 103 CFU/ml, respectively. Since, at the time of these experiments no temperature
controller was installed, the measurement device was always pre-heated in the respective
surrounding conditions for 70 minutes. The excitation amplitudes were turned on to reach
a thermal saturation and prevent signal variation caused by resistance and setting changes
(discussed in chapter 3). After inserting a sample filter column, a temperature adaptation
time of 10 minutes was kept. The influence of sample heating on the FMMD signal in
particular will be discussed in section 4.2.

The dependence of the average measured signal on temperature, as shown in Figure 4.1 is
modelled using the linear regression given by ŷi = axi + b. The residuals are the differences
of the measured signal yi and trend line value ŷi, namely ri = yi − ŷi. The standard
deviation of the residuals therefore is:

σr =

√
√
√
√

1

n − 1

n∑

i=1

r2
i (4.1)
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Relating the STD of residuals to the mean of the measured data RSD = σr

ȳ × 100%, where
ȳ is the mean, puts the fluctuations in context of the overall signal magnitude.
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Figure 4.1: FMMD f1 + 2 · f2 signal component amplitude measured for sequentially diluted
enterococcus faecium in MIA (left). Change of measured signal amplitude with temperature
for different constant ambient conditions (right). The shaded areas indicate the average
error relative to the total measured signal amplitude based on linear regression.

First and foremost, one notices that the signal variations are not associated with a clear
direction. Lower signal amplitudes decrease with temperature, while larger signals increase
with temperature. Qualitatively, if the measured signal is closer to the background signal,
the trend seems to be more negative, while the trend becomes more positive as the signal
amplitude rises. This may indicate, that the background drifts differently for altering
temperature conditions, compared to the signal generated by higher amounts of magnetic
nanoparticles. The accuracy of each measurement is associated with the fluctuations of
the measured values around the average amplitude in different measurement conditions.
However, with ca. 2-5% signal variance around the linear regression, even at constant
ambient conditions, we observe variations in the fluctuation. It is not only important how
large the relative variance is, it is also crucial that a reliable and constant measure of
accuracy can be provided.

4.2 Temperature Dependency of the Magnetic Sample

Aim of the next section is to analyze a temperature regulated example measurement in
terms of sample heating influence on the signal. Special attention has been paid to the
setup used to execute the measurements, regulate the LF coil temperature and remove
potential signal line couplings from the prototype magnetic reader.
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4.2.1 Laboratory Grade FMMD Setup

The quartz crystal and DDS chips from the PCB of the mobile magnetic reader were
used to generate excitation signals of the high (HF) and low frequency (LF) components.
The LF excitation component was calculated as f2 = 2·338·50000000

228 , where 50 MHz is the
stable clock frequency stemming from the crystal oscillator of the magnetic reader and
338 is the DDS setting needed in the present configuration to achieve the low frequency
component f2 at circa 62 Hz. Similarily f1 was calculated to be 40554 Hz. The filtering,
signal demodulation and data acquisition units of the magnetic reader were replaced with
laboratory grade equipment. Also, python scripts were adopted for the communication
with power amplifiers. The 2-point temperature regulation was also implemented in the
respective program, with the logic represented in section 6.1.

In this setup the first demodulation step at f1 was done analoguesly using a lock-in amplifier
and the second demodulation step was performed digitally in the software at 2 · f2.
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Figure 4.2: Block diagram of laboratory setup in three sections.1) Excitation Chain with
DDS chips from magnetic reader and subsequent LF and HF power amplification, 2) MH
sensor and 3) the signal pathway including signal filtering and combined analogue (lock-in
amplifieder) and digital demodulation (in a PC) process. Blue triangles depict different
amplifier types, grey rectangles depict signal filters, yellow colors indicate signal generation
or readout components. Red text indicates the demodulated amplitude signal, depicted in
figure 4.3.

The acquired MH sensor induction signal was low noise amplified with a 20 dB gain. The
gain factor has an influence on how much the device noise contributes, so it can actually
influence if we see signal in the spectrum analyzer or not. This was also the reason a
potentiometer was used for tuning the fundamental frequency f1. The signal subsequently
was bandpass filtered between 39-41 kHz using a band pass filter (BPF) SR650 from
Stanford® Research. This frequency band was observed in the spectrum analyzer and
contains all harmonics in the given frequency range. Afterwards the signal was low pass
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filtered and amplified again using the low noise amplifier (LNA) with integrated low pass
filter (LPF) SR560 from Stanford® Research. A sampling rate of 1000000 samples per
second for the ≈ 50 kHz signal was used. The Lock-In amplifier (SR830 DSP from Stanford®

Research) was used for the first analogue demodulation step at f1, provided by one of the
reference DDS chips in the magnetic reader. The signal was fed to the USB-6251 DAQ
from National Instruments. Since the USB-6251 DAQ is limited to an input of ± 1 V, a
voltage divider was installed in front of the measuring card input.

With python scripts, it is possible to record the data fed to the National Instruments
DAQ (USB-6251), drive the spectrum analyzer and control temperature regulation of
the MH. With that it is possible to regulate the temperature to different levels and
measuring particles at diverse but constantly regulated offset temperatures. Except for
drastic ambient influences, this duty-cycle control enables us to exclude environmental
temperature influence to a large extend and only observe sample behaviors and its effects
on the detection signal (e.g. putting samples from different initial temperatures).

(To prevent phase differences between excitation/reference signals, when changing a DDS
frequency, one should reset the DDS chips after every frequency change to synchronize the
phases of respective parts.)

The second demodulation step was performed digitally, according to:

A =

√
√
√
√
√

(

1

N

N∑

i=1

xi · sin(2π(2f2)ti)

)2

+

(

1

N

N∑

i=1

xi · cos(2π(2f2)ti)

)2

(4.2)

where xi is the sampled signal sample at time ti. N is the total number of samples. The
demodulation frequency f is programmed to be 2 · f2. The signal was windowed with a
Hanning window before digital demodulation.

An important finding while setting up the laboratory equipment and sensor was, that the
DS18B20 temperature sensor had been inexpertly located near the light barrier for sample
insertion detection in some MH sensors. The light barrier requires a pull-down resistor.
The Joule heating from this resistor altered the temperature measurement that was taken
as a coil temperature reference in some previous works. Therefore, the sensor was relocated
and affixed on the coil surface with thermal paste and cable ties. All measurements in this
work were then conducted using this updated assembly.

4.2.2 The Heat Gun Experiment

Using a 2-point controller we can significantly reduce the heat up time by selecting a lower
regulation temperature than the equilibrium temperature the MH sensor would eventually
reach in continuous operation. However, by using a PWM approach, we will decrease the
on-time of the excitation amplitudes, when ever the MH gets too hot and needs to cool
passively. Therefore, this approach will be specifically used for the analysis of temperature
influence on the signals and for biological applications at regulated temperatures (also see
chapter 6). Finding a more suited solution to reduce heat up time and simultaneously
increase excitation amplitude on-time will be discussed in chapter 5. A possible portable
active cooling feature will be suggested in the outlook 6.6.
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In the following experiments, a heat gun was used to influence the ambient temperature
around the MH and observe the effects on the implemented controller and harmonic
acquisition.
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Figure 4.3: The upper subplot depicts the demodulated signal amplitude at f1 + 2 · f2, the
middle subplot depicts the measured temperature on the coil surface and the lower subplot
depicts the ambient temperature away from the MH. Red and green background colors
indicate on and off states of the excitation amplitudes, respectively. The grey background
color indicates unrecorded intervals. The color markings on the plotted line indicate different
samples (blue, red, yellow circles) or no sample (green triangles).

The red areas in Figure 4.3 indicate that the excitation amplitudes were switched off during
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that period for regulatory purposes. The green regions, are regions of active measurement,
where the LF and HF excitation amplitudes are turned on. A continous signal with
low amplitude variance can be achieved, when the sample is not taken out of the MH
sensor for a while (sample heat up allowed). In case of continous thermal regulation with
inserted sample, the constant sample tempertaure leads to mostly stable signals with very
low variance, most probably caused by thermal regulation. However, when inserting a
sample, the experienced signal drift clearly depends on the sample’s initial temperature
and the type and or concentration of magnetic nanoparticles used. For the (blue) high
concentration sample, the MH is brought out of thermal balance, everytime the sample
is inserted although the demodulated amplitude stays relatively constant. This is not
the case for all other investigated samples. To quantify the signal change, the relative
signal change before and after drift up to visual saturation was calculated. The No Sample
measurement (green triangles) was used as a background signal, to be subtracted from
the signal amplitudes before and after drift. The Sample 2 (red circles) signal saturates
after around 12.24% amplitude drift. For Sample 1, a 8.9% drift was calculated. Sample 3
(yellow circles) has a very low particle concentration, and a signal cannot be differentiated
from the background. Interestingly, the recorded signals for Sample 3 also do not alter
upon sample insertion.

From 40800 to 42000 day seconds, the samples come from originally lower ambient tem-
peratures (RT), than what the MH is regulated to. This seems to counteract the change
in MH temperature and keeps it inside the measuring range. In general, the variation
in sample temperature may be strongly dominated by the heat capacity of the sample
holder rather than the magnetic nanoparticles themselves. It remains unclear to which
exact extent temperature-related changes of the particles’ magnetization contribute to the
observed changes in FMMD signal. In MPS systems, it was simulated and measured that
temperatures between −20 ◦C and 75 ◦C already have noticable influence on the shape of
the magnetization curve and therefore on the spectral magnitude of measured harmonic
components [48]. It was also shown, that the influence of temperature becomes more
pronounced, the higher the order of the harmonics measured. This holds especially true for
freezed dried samples with supressed brownian relaxation [48]. Furthermore, James Wells
and coauthors have shown, that different particle types actually obey different behavior at
diverse tempertaures, by comparing harmonic amplitude ratios and phases of MPS and
MPI signals [47]. Depending on the type of magnetic nanoparticle used, the harmonic
amplitudes indicated anything between 2% up to 20% signal variation in a temperature
span of 20 K [47]. Another study from Draack and collegues investigated temperature
and viscosity dependence of MPS signals and established a clear connection between the
harmonic signal amplitude and viscosity of the surrounding medium in brownian relax-
ation dominated samples [49]. It was proven, that this behavior translates into derivative
techniques like MPI [49].

In assay applications of the FMMD technology we use filter matrices for the biological
components to be captured (see section 4.1.1). In these immunofiltration columns, we
neither have completely dried samples, nor liquid suspensions. It is likely, that the
different relaxation contributions vary with liquid content, that naturally changes due to
evaporation, especially in higher tempertaure. While the mentioned studies may not be
directly translatable to the temperature influence on the FMMD technology, it is evident,
that the sample temperature needs to be regulated or kept constant to provide accurate
measurements upon sample insertion. Especially in PoC settings, where we do not want
an increase in measurement duration due to waiting times for device and sample heat-up.
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The rise of ambient temperature at around 42000 dayseconds was caused by a heat gun.
Due to this temperature increase in combination with preliminary cooling of Sample 1,
the downward regulation is prolonged and thus the off -time of the excitation amplitudes
increased. Therefore, the efficiency of the controller algorithm is impaired. The ambient
conditions also seems to influence the rate of signal change.

It is furthermore observable that for any decreasing ambient temperature interval in the
measurement (Figure 4.3), the signal also decreases, even when the LF coil temperature is
rising, although the magnitude of change is very little here since we work in a controlled
environment. Since the MH system is not completely closed, there may be a contradic-
tive relation of the FMMD signal with the ambient temperature and with the LF coil
temperature, which leads to difficulties interpreting the results.

4.3 Conclusions

We have seen that the FMMD signal amplitude alters upon acquisition at different constant
ambient conditions in section 4.1.3. We also exemplarily studied changes in the signal for
a thermally regulated sensor unit. As described in section 4.2, the surroundings of the
measurement head sensor were artificially heated, and the influence of temperature changes
on the PWM controller as well as on the f1 + 2 · f2 signal component were investigated.
The time constant τ of the signal is sensitive to the initial sample temperature. In the
assay application, no clear indication of linearity was observed, which may make the use
of predictive algorithms more complicated. Different drift duration and a signal drift
differences between 8.9% and 12.2% of the total signal amplitude were observed in the
temperature regulated magnetic particle measurements. Meanwhile, signal variations of up
to 5% in the bioassays at constant ambient temperatures were calculated. The seperation
of the signal alterations that originate from a change in magnetization of the particles,
variations in the assay temperature or thermal mass of the sampleholder are therefore not
straight forward. Nevertheless, the magnitude of the observed changes highlights the need
to develop more general methods (e.g., the numerical approach in chapter 5) to better
understand the thermal behavior at different situations.

The measurement schemes presented in chapter 5 do not regulate the temperature to a
specific value. Instead, they keep temperature fluctuations in both the measuring head and
the sample as low as possible. This leads to more stable signal recording. This assumption
is also supported in this chapter by the measured data shown in Figure 4.3. Specifically,
from 40000s - 41000s, it can be observed that a constant measurement signal can be
achieved for a constant sample temperature. Thus, achieving a constant temperature for
magnetic particle samples is more important than achieving a specific target temperature.
In the case of assay applications, for example, reaction kinetics, binding behavior, and, at
higher temperatures, the evaporation of liquid in the filter column could have an additional
influence on the signal behavior.

Reaching necessary sensitivity limits for bacterial concentration detection of single digit
CFU to fulfill drinking water testing requirements is impossible at the current stage of
development. In comparison to the Tecta® system from IDEXX [11], there is a trade off
between sensitivity and response time, that needs to be considered. According to the
THW, in many situations the advantages of rapid on-site testing outweigh the drawbacks of
more time-consuming laboratory procedures with higher sensitivities. For example, quick
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initial testing of e.g. legionella contaminations in the pipes of accommodations in crisis
areas would already be a significant improvement. In other words, the FMMD technology
provides the advantages of mobility, ease of use, very high selectivity and faster response
time, whereas the gold standard Tecta® system provides maximum sensitivity. For FMMD,
an increase in sensitivity can maybe be reached by additional procedures like the magnetic
separation and sample preconcentration to improve sensitivity of subsequent measurement.
In this approach, an increase in sensitivity by a factor 103 is expected.

The FMMD signal behavior suggests that both rate of temperature change and particle
sample influence the readout in ways that are difficult to predict. This is also supported
by earlier findings of the magnetic sensors group in appendix E.
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Chapter 5

Low Frequency Coil System

Modelling and Minimization of

Resistance Fluctuations

In chapter 3 we have seen that the wire resistances of LF, HF excitation and detection
coil change with temperature. A change in temperature in the immediate induction coil
environment is inherently generated upon application of the LF excitation currents by
means of the generated resistive heat. This also influences the amplitude settings, that
carefully need to be selected in the offset scanning approach, to ensure that the LF driver
signal does not deform. When settings are too high, the excitation signal is deformed,
which leads to intermodulation frequencies in the FMMD signal readout. In chapter 4 we
looked at the influence of additional thermal effects on the harmonic signal readout of
FMMD. This readout may be influenced by the change in detection coil resistance, but also
by a change of the sample temperature upon insertion into a heated MH sensor. Additional
influences in field-applications may be constituted by environmental temperature changes
and therefore varying convective cooling. We have also seen a substantial error in the
readout of an immuno-assay signal in incubation rooms at different temperatures.

Determining an exact analytical function that the temperature-dependent FMMD signal
follows for magnetic immuno- or DNA-assays, thus remains challenging (also see Appendix
E, estimation of time constants). Given the nested dependencies in the system shown in
the function description 5.1,

SF MMD = S({Ri(Ti)}3
i=1, ν(Ts(Tamb, PLF )), M(Ts(Tamb, PLF ))) (5.1)

a complete mathematical or even phenomenological separation of thermal effects on the
FMMD signal may not be as not straightforward as initially expected. The LF-, HF-
and detection coil resistances {Ri(Ti)}3

i=1, the reaction kinetics of a biological sample
ν(Ts(Tamb, PLF )) and the magnetization curve M(Ts(Tamb, PLF )) of the SPM particles all
depend on the sample temperature, which in turn depends on the ambient temperature
and the heating power PLF that is supplied by the magnetic reader.

For example, in chapter 4 we have seen f1 ± 2 · f2 FMMD signal amplitude acquisition of
biological Enterococcus Faecium assay calibration curves (SF MMD). The concentration
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intervals that can be reliably measured and therefore the error ranges were shown to
relate to changes in the temperature in some way. Whether the observed signal changes
depend on changes in the coil resistances, magnetization curves or are dependent on
the biological reaction behavior is unclear. Rather than finding an analytical solution
or mathematical correction algorithm (see appendix D), we decided to follow numerical
approaches to better understand the thermal behavior of the sensor, explore thermal
regulation strategies to circumvent these challenges and built a theoretical understanding
of the problem. Numerically, the problem can be observed in its entirety and a separation
into singular effects may not be necessary from an engineering perspective.

More specifically, in this chapter we will suggest different model developments to simplify
investigation of transient thermal MH behavior depending on ambient conditions. In
section 5.1, we suggest a linear LPM to approximate the thermal behavior at the LF coil
surface. In section 5.2, we will introduce the methodology of LF measurement schemes for
FMMD signal acquisition as an alternative to the offset scans discussed in chapter 3. By
adding a resistance feedback to the linear LPM, we will receive a nonlinear model that
incorporates the temperature coefficient of resistance. This model will be compared to a
multiphysics finite element method (FEM) of a single-layer test coil utilizing a variety of
different LF measurement scheme inputs, to test the validity of the LPM with additional
physical constraints.

To achieve stable FMMD signals, [96] reported significant waiting times for coil heat-up,
sometimes with time periods as long as 70-80 minutes to reach stable temperatures without
regulation strategies. This is not practicable in a PoC setting for obvious reasons. We
will therefore discuss how to access the identification of an optimal measurement scheme,
that causes the least thermal fluctuation and therefore yields maximum excitation signal
and detection coil resistance stability. This approach offers absolutely no measurement
downtime compared to traditional approaches like duty cycle regulation. While a PWM
strategy may have significant benefits in terms of regulation to a desired temperature (which
will be discussed and applied for an example use case in chapter 6), it carries the significant
drawback of increased excitation signal ’off-time’, even under laboratory conditions, which
can clearly be seen from approaches discussed in [96] in a stationary laboratory setup.
Depending on the surrounding environmental conditions, this challenge may become even
more predominant, which underlines the importance of alternative approaches.

The following sections have been taken, adopted and modified from [59] to some extent.
Supplementary data to support or discuss the claims will be presented. Additional and
ongoing research will be shared.

5.1 Readout Electronic Independent Lumped Parameter

Model

5.1.1 Model Structure Design

The general model structure was designed using a grey box approach. The following
assumptions (logical derivations based on physical intuition or measurement) were made
to design the basic model structure:
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1. The peak current through the LF coil was 240 mA, yielding a power dissipation of
approximately 2.4 W, whereas the HF coil current of 20 mA led to just 7 mW of
heating power, 350-fold lower than the LF power. Therefore, the first assumption is,
that the LF power contributes significantly more to MH heating than the HF coil
power. Due to this circumstance, we will ignore HF coil heating in the following and
just consider LF coil heating.

2. The ambient temperature influences the heating and cooling processes of the MH
(heat dissipation is influenced by the temperature difference between the system
under test and its surroundings - Newton’s law of cooling, Stefan - Boltzmann law).

3. From 1 and 2, it follows that the model has at least two inputs (ambient temperature
and average LF power).

4. Heat transfer is a non-integer order process (hence, Padé approximations in the
heating and cooling paths).

5. The MH can store a certain amount of heat energy (it has a heat capacity, respectively)
denoted by Cvol.

The simulation was set up using MATLAB Simulink (version R2023b). As a numerical
method for solving the model equations, the auto-select Bogacki-Shampine solver was used.

5.1.2 Model Parameter Estimation

The free model parameters (KLF ,KAMB, Cvol, a1 − d5) in case of the linear LPM were
estimated by solving a least squares optimization problem. Its objective or cost-function
definition can be seen in equation 5.2, where yp is the predicted value and ym is the
measured value.

J = min
n∑

i=1

(yp,i − ym,i)
2 (5.2)

This optimization problem was solved using the parameter estimator of the system identifi-
cation toolbox in MATLAB, which iteratively combines different parameters and compares
a measured dataset to the model output for each iterative set of parameters. This process
is repeated until a cost-function minimum is reached.

Alternatively, the python package ’mystic’ can be utilized with the differential evolution
’diffev2 ’ function call to optimize parameters using a squared error objective function from
’numpy’. This was done in case of the resistance feedback model described in 5.2.1. For
the initial parameter estimate, two strategies were applied. The first one involved manual
initial guess adjustment, based on the estimated parameters for the previous model or if
applicable literature values (as for example for the temperature coefficient of resistance α).
The second approach relied on defining parameter ranges. The initial parameter guess was
then randomly selected from the respective range. The advantage of the python approach
for parameter optimization is, that it is more accessible and easier to customize in terms
of tolerances and solution population definition, which determines how long one iteration
may take.
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5.1.3 Model Performance Metrics

To compare the measured data to the simulated model output, the normalized root mean
square error (NRMSE) was determined. Normalization can be performed with respect
to the mean of the measured response data or with respect to the range of data points
(ymax − ymin). Depending on whether the NRMSE is normalized with respect to the mean
or the range of the measured dataset, it is sometimes also called coefficient of variation (CV).
The latter was used in this study and the NRMSE was calculated according to Equation
5.3.

NRMSE =

√
1
n

∑n
i=1(ymi

− ypi
)2

ym,max − ym,min
(5.3)

with the number of measurements, n, the measured value ymi
and the predicted value

ypi
. The residual variance between the measured data and the simulated output for an

estimated set of model parameters is lower when the NRMSE value is small. Furthermore,
considering a predictor variable (number of inputs to the system) adjusted statistical metric,
the standard error of estimate (SEE) was used in the linear/multi-linear models. Closely
related to the root mean square error (RMSE), it accounts for the degrees of freedom in
the system (see equation 5.4).

SEE =

√
1
n

∑n
i=1(ymi

− ypi
)2

n − p
(5.4)

with p being the predictor variable, accounting for the number of independent variables in
the system under test. Accordingly, for additional intuitive depiction, the % agreement
was calculated based on the adjusted R2 value.

These measures were also used in the optimization process of the python approach to
parameter estimation for each input. To determine the parameter distribution function in
5.4, kernel density estimation was used which is introduced in 3.3.

5.1.4 Measurement Head Thermal Lumped Parameter Model

Using a LPM approach, we can evaluate the transient thermal behavior of our system for
arbitrary ambient temperature inputs at the location of interest. Of course, in reality the
MH underlies a spatially varying temperature distribution that changes radially throughout
its cylindrical shape. The zero-dimensional assumption of the lumped parameter model
considers solely the transient temperature behavior. In other words, this model structure
is limited to predicting a single point temperature. However, major contributor to power
dissipation is the LF coil, and simplification of the overall spatially varying wire temperature
to a single representative point is valid due to the typically small temperature gradients along
the wire. This holds especially true in the context of the lumped capacitance approximation.
Formally, if the Biot number ≪ 0.1, the lumped capacitance assumption - the assumption
of internally uniform temperature distribution - is valid [87, 107]. Conduction is a fast
process compared to convection in this case, so that the spatial change of temperature is
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marginal. With a characteristic length of Lc = 0.005m, the thermal conductivity of copper
kCu ≈ 385 W

m K [84] and an estimated natural convection coefficient of h̄ ≈ 9.97 W/(m2 K)

(calculated according to scenario B in appendix F), the Biot number equates to Bi = hLc

k ≈
1.29 · 10−4 ≪ 0.1.

The LPM interconnects the temperature output of the system T (t) (LF coil temperature
measured on the LF surface with a DS18B20 temperature sensor) to the average dissipated
power from the LF coil (PLF ) and the ambient temperature (TAMB) through an effective
thermal capacitance term 1

Cvol
. A feedback loop of the output temperature to the TAMB

input shows the cooling/heating dependence on the temperature difference of the MH and
its surroundings.

To explain this, let us first introduce the system represented as the underlying differential
equation:

dT (t)

dt
+

KAMB

Cvol
T (t) =

KLF

Cvol
PLF +

KAMB

Cvol
TAMB(t) (5.5)

The term Cvol
dT (t)

dt may remind of the energy storage term in the heat conduction equation
(see chapter 2, section 2.4) without the spatial dependencies of thermal diffusivity, that is
density and thermal conductivity. It is the core piece that allows transient analysis and
influences the time constant of the system. KLF ,KAMB,Cvol are the main parameters in
the model. KAMB, KLF scale the influence of the system inputs PLF and TAMB on the
MH’s thermal output behavior.

Generally, the right side of the equation is a function, describing the inputs of the system,
equivalent to the standard heat conduction description. Based on the heat conduction
equation supplemented by the assumptions defined in 5.1.1, the model structure was
iteratively determined. A more intuitive way to depict this system and a typical approach
in control theory is the illustration as a block diagram. Each part in the block diagram
represents either an input, an output, a constant or a Laplace-transformed portion of the
underlying differential equation that determines the system dynamics. Figure 5.1 shows
the block diagram that represents the thermal behavior of the MH in time.

+
-

Figure 5.1: Block diagram of a lumped parameter model for the LF coil surface temperature.

In this block diagram, s is called the complex frequency variable (or Laplace parameter)
resulting from the Laplace transform representing time derivatives at the order of the
potency of s. The linearity of each transfer function in this first model structure allows
the scaling of the input measures for achieving proportional changes in the model output.
As can be seen easily from the differential form of the model, this is a linear first order
multi-input single-output (MISO) system.
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It was reported that heat conduction can be more accurately described by a non-integer
order process [108]. We attempted integer-order polynomial approximations (Padé approx-
imations) to model the non-integer order portion of the problem and enhance the accuracy
of the model output compared to measured data. The higher the order of approximation,
the more accurately the model output reflects the measured data. In one of the present
cases, for example, a fourth order Padé approximation improved model accuracy in terms
of the R2 value by 13% over a second order Padé approximation. This improvement dimin-
ishes strongly with higher approximation orders. The drawback is that a higher number
of parameters in the model is needed, so that the model requires higher computational
parameter estimation effort and therefore more time [109]. Exemplary second order Padé
approximations follow the form:

p∗

i =
a2s2 + a1s + a0

b2s2 + b1s + b0
(5.6)

where p∗

i denotes the Padé block, with i being representative of the approximation purpose
(heating (h) or cooling (c) influence, respectively) and ai, bi with i = 0, 1, 2 are constants.
We decided to use two blocks of second order Padé approximations to “smoothen” the effect
of each of the inputs PLF and TAMB. Multiplying the total system’s transfer function by
equation 5.6 equivalently for heating and cooling processes, enhanced the model accuracy.
In case of the heat conduction equation, this would simply mean a multiplication with a
term that represents the approximation (see equation 5.7).

dT (t)

dt
+ p∗

c

KAMB

Cvol
T (t) = p∗

h

KLF

Cvol
PLF + p∗

c

KAMB

Cvol
TAMB(t) (5.7)

Translated into the block diagram, we get figure 5.2.

+
-

Figure 5.2: Block diagram of a lumped parameter model for the LF coil surface temperature
with Padé approximations to enhance model accuracy [59].

The reason for using two blocks of second order approximations instead of one block of
fourth order was simply that the computational effort is substantially reduced for two
separate blocks in MATLAB. The values of parameters in each block can be seen in the
description of a more practical use case in chapter 6, table 6.1.

When not using MATLAB simulink as a mediator for the model in form of a block
diagram, the underlying differential equation is typically used for numerical simulations. To
demonstrate coherence, one can equivalently derive the formulation of the heat conduction
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equation by working backwards from the transfer function (TF)s of the model to equation
5.7, with the complex frequency variable s being equivalent to the time derivative d

dt .

5.1.5 System Identification and Validation

A model structure needs to be identified, for example by comparing the model output to
a set of measured input and output data from the real system. If the error between the
measured and simulated system output is acceptable, an independent second measured
dataset needs to be used to validate the identification. In the present case, the measured
output is equivalent to the temperature of the heating and cooling process of the MH
upon application of the inputs, namely the LF driver signal and a recording of the ambient
temperature TAMB during application of that signal. The error between the simulated and
the measured signal can then be iteratively minimized as suggested in 5.1.2, to find good
parameters for the model.

In graph E and F of figure 5.3, we can see that the model captures the essential dynamics
of the system very well, while seemingly ignoring faster changes in the ambient temperature
inputs. This is due to the filtering nature of the model. In fact, the partial TF of the
model output T (t) with respect to the TAMB input is very similar to the TF of a standard
first order low pass filter. It is obtainable, using the Laplace transform of equation 5.5,
that can be seen in equation 5.8. To find the relation of the output to a single input in a
multi-input system, the other input, here the average power input PLF , needs to be set
to zero. Then, we can reformulate the ratio of the system output to its input (equation
5.9) and we receive first order form that can be compared to the transfer function of a
traditional low pass filter.

T (s) =

KAMB

Cvol
· TAMB + KLF

CvolR0
· PLF

s + KAMB

Cvol

(5.8)

HTAMB
(s) =

T (s)

TAMB(s)
=

KAMB

Cvol

s + KAMB

Cvol

(5.9)

The cutoff frequency of this filter is therefore KAMB

Cvol
, which determines whether the system

responds to changes in the inputs or not, based on how rapidly it changes. For the
parameters received for the model structure, represented in figure 5.2 (shown in table 6.1),
a cutoff frequency of ≈ 0.001 Hz was calculated. This confirms the model reflects the slow
nature of temperature change. Slow changes in the input will pass the filter property and
rapid changes in the input will be attenuated.
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Figure 5.3: A and B are the measured ambient temperature inputs used for system identifi-
cation (A) and validation (B). C and D depict the averaged power input used in each case.
And E and F shows the system response to the inputs A-D (solid lines) and the measured
data compared to it (dashed lines).

5.2 LF-Scanning and Measurement Schemes

The idea of the LF scan in comparison to the offset scan is to apply different LF ampli-
tudes for a given time, rather than different magnetic offset-fields. Each of the applied
LF amplitudes originates from logarithmic selection of values and is therefore unique
during a single FMMD scan. Using this approach, the magnetization behavior of the
superparamagnetic sample can be thoroughly scanned, especially in the nonlinear regime
of the magnetization curve. The immediate technical advantages are, that no additional
offset-generating circuitry or EM is needed. Additionally, the potential risk of electrical
coupling effects between offset voltage and LF voltage in the electronic readout is mitigated.



5.2. LF-Scanning and Measurement Schemes 55

The maximally achievable coil currents can furthermore be utilized to generate higher
LF amplitudes rather than compromising between offset-field and LF amplitudes applied
through the same load resistance (LF coil). This in turn allows for a broader range of
superparamagnetic particles to be investigated and therefore widens the area of application.

The order in which the different LF field amplitudes are applied is generally variable. In the
present setup developed by Timur Bikulov, the 40 unique amplitude settings are applied
in sequence, each of which is maintained for 22s. In this work, a variety of restructured
measurement schemes were designed.

The designed measurement schemes were applied to a newly developed ’resistance feedback’
LPM and a COMSOL FEA. The aim was to identify measurement schemes, that potentially
cause less thermal and thus less resistance changes. We propose, that such an optimized
measurement scheme could then be utilized as a thermally optimized LF input in FMMD
signal acquisition, for scanning the complete magnetization curve.

5.2.1 Resistance Feedback

Often, there are multiple, even mutually inconsistent model structures used to represent
the same real system in physics under different initial conditions or with different sets of
parameters [110]. For example, selecting the average of the LF power as an input and
applying an approximation function like the Padé approximation, we can compensate
for changes in the model output, such as those that would be caused by temperature-
dependent resistances and the resulting variation in input voltage. This approach yielded
excellent performance. It works particularly well when being applied to a model whose
output is thermally regulated, ensuring that resistance fluctuations remain relatively small.
Another advantage of this approach is that the model remains linear, which reduces the
required simulation time especially for parameter optimization significantly and simplifies
its implementation. For testing the performance of designed thermal control algorithms,
the model is also very well-suited.

So while the previously discussed LPM stays valid, physical significance can be added
by feeding back the temperature output through a TF that represents a temperature-
dependent resistance, thereby influencing the input power. This allows for a more detailed
investigation of the effect of resistance change (depending on the ambient conditions) on the
applied input. This becomes especially important, if we want to minimize the measurement
time needed, when not using PWM approaches with their undefined ’off-time’ to regulate
to a desired temperature value, but rather optimize the input in terms of the least possible
temperature fluctuations for a given set of amplitudes.

In terms of model structure assumptions formulated in section 5.1.1, we add:

• A change in LF coil wire resistance due to temperature changes can be approximated
by the linear function: R0

(
1 + α(T (t) − T0)

)
, where R0 is the resistance at a tem-

perature T0 and α is the temperature coefficient of resistance. If not averaged, the
LF power input changes based on the change of wire resistance. We can modify the
resistance-dependent power input by multiplying the applied squared voltage with
the inverse of the linearly approximated resistance.



56 Chapter 5. Low Frequency Coil System Modelling and Minimization of

Resistance Fluctuations

The resulting adjustment in the model structure can be seen in figure 5.4.

1
R0[1+α(TLF-T0)]

+ -

VLF
2

Figure 5.4: Block diagram of a lumped parameter model for the LF coil surface temperature
depending on the changes in resistance with temperature.

For simplicity, the corresponding Padé approximation of the heating and cooling paths is
omitted in 5.4. The energy conservation is thus given as shown in equation 5.11.

Cth
dT (t)

dt
︸ ︷︷ ︸

rate of energy change

= −KAMBT (t)
︸ ︷︷ ︸

Qout

cooling

+ KAMBTAMB(t)
︸ ︷︷ ︸

QAMB

ambient
contribution

+
KLFV 2(t)

R0
(
1 + α(T (t) − T0)

)

︸ ︷︷ ︸

Qgen

heat generation
(5.10)

dT (t)

dt
= −KAMB

Cth

T (t) +
KAMB

Cth

TAMB(t) +
KLF

Cth

V 2(t)

R0
(
1 + α(T (t) − T0)

) (5.11)

To better understand the behavior of the system in a context of varying input signals, let
us define the effect of parameter changes more clearly. KLF acts as an amplification factor
for the influence of the V 2

R0

(
1+α(T (t)−T0)

) input on the system output T (t). Therefore, a high

KLF increases the magnitude response for all frequencies in the input. KAMB determines,
how strong the heat dissipation to the surroundings is. A high KAMB value consequently
means weaker damping or, in other words, it enhances the system’s response to faster
changes. A higher Cth will lead to larger time constants, which causes the system to react
more sensitively to low frequency components (slow changes in the input signal), and high
frequency components will be filtered more rigorously. Vice versa, a low Cth will lead to
more sensitivity towards higher frequencies in the input signal. So both, KAMB and Cvol

influence how fast changes in the input signal can be captured in the system response.
Furthermore, it is very important to notice, that the temperature coefficient of resistance
α leads to a nonlinear feedback loop. The magnetic reader is a voltage controlled system,
which means that the electrical current is not necessarily kept constant, especially when the
load resistance changes. Thus the change in resistance influences the power input inversely.
For very small values of α, the influence is minimal, as (T (t) − T0) approaches 0 and the
denominator of the feedback thus approaches 1. However, already at the order of α ≈ 0.001



5.3. Transient COMSOL Finite Element Modelling of a Single Layer Coil 57

( 1
4 of the literature value of copper), its influence on the system output can be critical. The

effect of higher α values is a stronger modulation of frequency components and therefore
might influence the amplification caused by KLF . This makes clear, that the nonlinearity
in the system makes it substantially more difficult to attribute the system behavior to a
certain parameter influence, since the significance of the change in a parameter can be
different depending on the state of the feedback. Also, nonlinear models cannot easily be
represented as transfer functions or even in state space without linearization. It is feasible,
however, to use data-driven approaches for system validation that do not necessarily require
too complicated analysis. The approach used in this work will be discussed in section 5.4.

5.3 Transient COMSOL Finite Element Modelling of a Single

Layer Coil

The adjusted LPM will be tested by using a multiphysics FEA of the problem at hand,
performed with the software COMSOL, version 6.2.0.415. To be able to robustly test the
models, a variety of different, artificially generated input shapes as described in section
5.2 were presented to both models and the corresponding outputs were compared. It
was attempted to optimize the LPM parameters by fitting the models to each other and
evaluating the objective function formulated in equation 5.2 for many iteratively adjusted
sets of parameters. Furthermore, using FEA, it is possible to investigate phenomena
like electrical, thermal and magnetic behavior over time (magnetic field amplitudes, heat
dissipation, resistance changes), magnetic shielding capabilities and the existence of eddy
currents, just to name a few. The model can also be utilized as a basis for new MH designs
or design adjustments.

Since the amount of inputs tested cause very large simulation times already, and to test
the approach in general, a simplified test problem was evaluated first, using a single-layer
test coil rather than the complete measurement head. The results and comparison of the
two models will be discussed in section 5.4. This section describes the setup of the FEA in
COMSOL.

5.3.1 Finite Element Model Setup

Problem Definiton

The single-layer coil is a first test model, the extension of which will later lead to a model
describing the total MH. The material and geometrical parameters used, correspond
to the LF coil measures used in the MH for FMMD (see section 3.1 and appendix C),
except for the number of coil turns. This study is particularly focused on the heat
transfer within the miniaturized coil system, more specifically the average and single
point change in temperature on the coil surface. We want to find the thermal reaction to
different electrical inputs, in order to find the electrical stimulus suitable for FMMD, that
creates the least thermal and resistance fluctuations possible. Validation of the models
at hand should be performed by LPM and COMSOL model output cross-comparison.
Finding the optimal measurement schemes is proposed to reduce measurement error and
increase excitation signal stability, as the resistances in the system are stabilized, while
minimizing measurement downtime. The proposed principle should be extendable to
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other magnetic scanning techniques with inductive readouts, that suffer from influences of
thermal variations.

COMSOL Physics Interface

For the base model, the packages ’magnetic fields’ and ’heat transfer in solids’ were utilized.
The corresponding multiphysics module used was ’Electromagnetic Heating’, coupling the
base model physics.

Geometry and Domains

The COMSOL model is axi-symmetric. As such, the geometry was defined in cartesian
coordinates and later rotated 360° around its central axis. The length, thickness, inner and
outer radii were globally parametrized. The wire diameter of the copper wire was 0.18 mm
with a cross-sectional area of 3 × 10−8 m2. The length of the air-filled, hollow LF cylinder,
that defined the length of the single coil layer, was 24 mm, and its diameter was set to
be 6.5 mm. The parametric design enables easy adjustment of the geometrical measures
in the model. Therefore, it can also easily be extended to the entire measurement head
geometry later on. In cartesian coordinates, a circular domain was defined as the control
volume that defined the air space in which the simulation was carried out.

The kind of coil used was specified in the Magnetic Fields tab using the homogenized
multi-turn coil option, with a number of windings N = 120. The coil conductivity was
taken as the electrical conductivity of copper, 6 × 107 S/m, divided by the temperature
dependence of resistance. The ambient temperature was subtracted from the immediate
temperature value for each time step of the electromagnetic heating multiphysics simulation
to account for the change in resistance with temperature.

External Inputs and Boundary Conditions

The electrical current input to the coil was provided by a function switch, shifting through
a variety of piecewise linear functions representing the electrical current based input
measurement schemes, described in section 5.2 and partially depicted in figure 5.5 A, B
and 5.6 A-D. In the frequency-transient study, the different amplitudes specified within
these measurement schemes were applied sinusoidally at a constant frequency of 62 Hz,
equivalent to the frequency used for LF excitation in FMMD.

As the main way of heat dissipation, the heat flux q′′

rad (heat rate qrad times the unit area,
see 2.1) was defined. This ’Surface to Ambient Radiation’ (nonlinear Neumann condition)
was then applied to the outer and inner boundary of the single layer coil. Therefore, a
surface property node was created to define surface emissivity of the coil material. A
thermal insulation boundary condition was applied to the boundary of the control volume.
More particular, a Neumann condition was applied in the form −n · q′′ = 0, so that the
heat flux at the boundary equals zero [111].

Alternatively, a fixed temperature boundary condition (Dirichlet) can be set on the
outermost boundary, forcing the temperature to decay to the ambient temperature value
TAMB, 10 cm apart from the coil center. 10 cm is the radius of the whole orbital domain
volume.
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To ensure that no magnetic field lines pass the defined air boundaries, equivalently to the
thermal insulation, a magnetic insulation boundary conditions was applied. It "sets the
tangential components of the magnetic potential to zero at the boundary n × A = 0" [112],
where A is the magnetic vector potential.

The axial symmetry conditions are automatically applied by the selected 2D axi-symmetric
model type.

Initial Conditions

The ambient properties were defined as ambient temperature TAMB = 293.15 K at an
absolute pressure of 105 Pa. Clear sky noon beam normal irradiance of 1000 W · m−2 was
used. Here, weather conditions would be adjustable in the COMSOL model. The initial
value for the temperature simulation in all domains and boundaries of the geometry was
T = T0, with T0 = TAMB. While the ambient properties were kept constant throughout
the simulation, the executed study was a frequency-transient study, taking into account the
alternating input current as well as the development of material temperature over time.

Meshing

An automatically generated fine, physics-controlled mesh was used for the multiphysics
simulations, with no mesh refinement being used.

Studies and Simulation

Using the ’Coil Geometry Analysis’ study for each input function sweep, the resistances,
linearly dependent on temperature, were extracted. A resistance at reference temperature
(293K) of ca. 3.5 Ω was the starting point for the single layer coil simulation.

Using the ’frequency-transient study’, the change in heat transfer and magnetic fields with
changing resistances over time was studied.

Exemplary images of the 2D axi-symmetric heat transfer, magnetic field and current
density simulation outputs are presented in appendix G. In the main part of this thesis,
we will focus on the average temperature response along the outer coil surface for model
cross-comparison (figure 5.5, 5.6).

The total simulation time was 1000 s with 10 second time steps. However, since the input
signal duration was 880 seconds, the simulation duration will only be visualized to that
point in time.

Simulation Post Processing

Line plots of temperature over time as well as average temperature over time and resistance
over time were extracted. As the change in resistance with temperature was defined by
a linear approximation, the resistance graphs are not shown here. Their shape behaves
congruently to the temperature simulations on a different scale.
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5.4 Model Comparison

The resistance feedback LPM was compared against the COMSOL model for different
voltage inputs to seek model identification. Since the duration for the FEA for the large
number of different inputs with relatively long simulation times (880 seconds) requires
significant computational power, the size of the time steps was selected to be relatively
large with 10 seconds. The sharper edges resulting from these larger time steps, may cause
challenges, when trying to fit the smooth LPM data. Therefore the COMSOL simulation
output was low pass filtered, to ensure smooth continuous transitions, before comparing it
to the LPM output.

The bounds for the parameter estimation process were determined using a heuristic
approach. The linear model identification in 5.1.5 yielded for example Cth = 36 (6.1),
which was the lower Cth boundary used in the estimation process for the resistance feedback
model. The upper boundary of Cth was determined by iterative testing. Similarly, the
bounds for KLF and KAMB were defined. The initial guess ranges were narrowed down
from larger ranges, specified based on multiple simulation results. After the boundaries
were defined, the parameter estimation process was repeated within the defined boundaries.
The boundary ranges are therefore defined as shown in 5.12.

KLF ∈ [0.1, 30], KAMB ∈ [0.01, 3], Cth ∈ [36, 100]. (5.12)

The initial guesses are within the intervals shown in 5.13, which correspond to parts of the
total boundary ranges.

K
(0)
LF ∈ [1, 20], K

(0)
AMB ∈ [0.01, 2], C

(0)
th ∈ [45, 95]. (5.13)

If the boundaries and initial guess ranges for the parameter estimation were to be adjusted
for every input to find the corresponding optimal parameters, we may achieve better results
for individual inputs. However, if we do so, we observe bi- or even trimodal parameter
distributions in some cases. This suggests that different sets of KLF , KAMB and Cth

parameters are viable to fullfil the model requirements. One could argue that this may be
traced back to even more inputs that are needed to test and extend the necessary parent
population. But it is more likely that the relation of the parameters to each other and
their effect on the model output repeat. For example, as shown in 5.11, the parameters
KLF and KAMB occur only in combination with Cth. If both parameters are adjusted
by the same margin, their fraction does not change. In the nonlinear environment of the
resistance feedback model, this could still apply for certain combinations of parameters.

While the variable parameters in the LPM changed for each input, the general system
dynamics could be represented very well for power inputs with a slow rate of change.
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Figure 5.5: Plots A and B exemplarily show slowly changing LF measurement schemes.
Plots C and D show the corresponding LPM and COMSOL model responses. Which model
output belongs to which input is additionally color-coded.

Here, applied electrical currents are plotted to better reference maximally achievable coil
currents. However, they can easily be scaled to a voltage applied to a reference resistance
R0 by multiplication according to Ohm’s law. This is the input that was fed to the
resistance feedback LPM. It is important to note, that the magnetic reader is a voltage
controlled system. Therefore, the COMSOL multiphysics simulations should be repeated
with constant voltage inputs, instead of constant current inputs.

As already mentioned in section 5.1.5, inputs with frequencies much higher than the cutoff
frequency force the system to react to changes on a much shorter timescale than it is
naturally equipped to handle, which may create oscillations in the solution. On the other
hand, these oscillations require small time steps for accurate resolution in the simulation.
So the generally slow system dynamics can result in a ’stiff ’ reaction, if the input magnitude
changes with a higher frequency.

In figure 5.6 C, it is observable that when the rate of change in the input power rises,
the model output seems to be more phase-deviated at first. If the rate of input change is
increased even further, the phase change cannot be compensated by parameter adjustments
anymore, leading to instabilities, as can be seen most severely in figure 5.6 H at around
400 seconds. The parameters in the model are dependent on each other. If the thermal
capacitance as a parameter is increased, KAMB has the tendency to become larger. In other
words, if the thermal energy is stored for longer, the factor that scales heat dissipation
to the surroundings also needs to increase. For this reason, the model becomes the more
unstable, the higher the discrepancy between KAMB and Cth is. The change in the fraction
of these two parameters may lead to fluctuations in the model output. For constant KAMB

and KLF , a decreasing Cth has the same consequence. In a physical context, that means
that the thermal energy can only be stored for a small amount of time if the thermal
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capacitance is small. However, if a high Cth value is selected without adjusting the scaling
factor (the influence of the input power (KLF )), the cutoff frequency of the system becomes
larger, which lets higher frequencies pass, thus influencing the output dynamics. The
COMSOL simulation does not reflect this influence of higher frequencies in the input.
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Figure 5.6: Plots A-D show examples for LF measurement schemes with an increasing
rate of change in supplied electrical current along the vertical arrow on the right side of
the input graphs. Plots E-H show the corresponding LPM and COMSOL model responses.
Along the indication arrow on the right side of plots E-H, the discrepancy between the
models increases.
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In summary, for small input power frequencies, this model works very well, assuming
literature values for the temperature coefficient of resistance of copper. Higher frequencies
in the input power, however, may lead to unstable behavior, which can be due to several
reasons:

1. Major way of heat dissipation in the COMSOL model is natural or mixed convection
and not surface to ambient radiation. The result might be different time constants in
the cooling and heating processes.

2. Solver adjustments may be necessary for reaction of the system to higher input
frequencies.

3. Padé approximations were omitted for the nonlinear model, but as stated by Oprzed-
kiewicz et al. [113], these approximations may represent the non-integer order
nature of the problem. Also, Padé approximations may mimic a missing input filter,
supporting the nonlinear LPM.

So, this difficulty may be circumvented by pre-filtering of the inputs or selecting more
suitable solvers. An adjustment of the COMSOL model may even be necessary in terms
of the dominant way of heat dissipation, rather than a change in the nonlinear LPM.
Qualitative assessment of the simulation results suggest that the LPM follows the respective
input measurement scheme more closely, which was initially expected for the given timescale.
Experimental data to compare both models or validate them individually against empirical
measurements would be necessary to make further claims.

5.5 Outlook: Towards an Optimal Measurement Scheme

Once, the current nonlinear LPM structure is validated, the model outputs can be utilized
to find the measurement scheme input that causes the least thermal changes in the system.
In order to achieve that, different metrics can be used. The standard deviations of the
temperature outputs around its mean can be a good measure if the priority is to minimize
temperature variance. This in turn minimizes resistance variance, which is one of the goals.
At the same time, the standard deviation will incorporate outliers. So an additional metric
may be the maximum temperature change, which determines the largest deviation of the
temperature from a selected reference baseline that is caused by an input. The integral
of the temperature output can also be a useful measure, as it captures the cumulative
deviation of the temperature from a baseline value over time. Minimal integral implies
minimal overall temperature fluctuation.

In future, the temperature model and the resulting input power measurement scheme
could be applied to the magnetic nanoparticles. Connection of the temperature model to a
model of the inductive coil environment of the MH may lead to a holistic approach and
testing environment for electrical property and FMMD signal variation. This way, different
MH sensor designs, new particle types with different magnetization behavior and severe
environmental influences could be tested fast and easily in a computational setting.

A practical test for a biological example application will be described in chapter 6, where
RPA was used to validate that the linear LPM and the achievable control accuracy with
simple control strategies is sufficient for biological use cases.
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Chapter 6

Isothermal Amplification using

Temperature Controlled Frequency

Mixing Magnetic Detection Sensor

Unit

In this chapter, an extended PWM logic is introduced in 6.1. This controller will be used
to show feasibility of temperature controlled DNA amplification in form of RPA inside
the sensor unit. We access basic controller-performance at the sample position in section
6.2 and then test the feasibility of RPA performed in the MH in section 6.3. To foresee
changes in control performance in a real-world setting, we introduce a linear extrapolation
model to investigate thermal behavior at the sample position in section 6.4. While this
model is sufficient to investigate the effects of steady state ambient temperatures, this
chapter will also expand the LPM (shown in 5) to simulate transient temperature changes
at the sample position of the MH in a mobile (or stationary) setting. Using the original
model output as a controller input, scaling it, adding a delay term and feeding it to the
sample position part of the model, we expect that it can be used for NA amplification and
improve magnetic detection using FMMD in resource-limited settings.

In chapter 4, section 4.1.3 we considered a use case for a magnetic antibody immunoassay.
It was showcased in recorded calibration curves how biological concentration determination
differed when conducting the measurement in thermal chambers at different but constant
ambient temperature levels. To achieve a constant device and sample temperature, a
preheating time of the device of ca. 70 minutes and a preheating time for the sample of
ca. 10 minutes were necessary. The implemented regulation approach can also be applied
to help facilitate the assay preparation, and stabilize the concentration measurement
variations.

Large parts of the content in this chapter, including adopted graphs, were taken from
material published by the writer [59].
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6.1 Pulse Width Modulation

A 2-point PWM feedback controller for LF-amplitude duty cycle adjustment and therefore
controlled heat supply was implemented in the Arduino microcontroller software (version
v2.20.2) of the magnetic reader. The feedback temperature sensor used for control was a
DS18B20 sensor from Maxim Integrated Products, Inc. (San Jose, CA, USA), mounted
on the LF coil surface inside the measurement head. The suggested control algorithm
incorporates two distinct, freely selectable error ranges. A first, wider error range for
tuning the temperature in the desired interval and a second, narrower error range within
which the temperature is kept during the FMMD measurement process. This makes it
generally possible to heat up the amplification environment with maximum power fed
to the LF coil, but then regulate the heat with, e.g., only half maximum power. The
conditional equivalent logic for the duty cycle regulation within these error ranges based on
the temperature difference between the measured output temperature and the set desired
temperature input value followed the scheme in figure 6.1.

AND

NOT

NOT

≥

|Tm-Tt|

εm

εc

D

CLK

AND

OR

≥

Q
_
Q

ε+c

ε-c

ε+m

ε-m

T

Amplitude 1
Amplitude 2

Figure 6.1: Equivalent logic for a PWM controller with differentially adjustable heating
and measurement LF amplitude and schematic of controlled temperature using this logic.

Here, ϵc denotes the allowed temperature error range during heat up and tuning and
ϵm denotes the allowed temperature error range during the FMMD measurement. Tm

is the measured temperature at the LF coil surface and Tt is the set controller target
temperature. The output of this equivalent logic defines the condition that determines if
the LF amplitude is turned on or off with a first amplitude setting (Amplitude 1) or a
second amplitude setting (Amplitude 2), different from the first one. Software-wise, this
logic was implemented into the Arduino microcontroller using multi-tasking programming
with a time-slicing scheduling technique to account for the wait time of the temperature
sensor and measurement readout.

6.2 Controller Performance

Before testing the feasibility of RPA in the MH, the temperature controller should briefly
be investigated in terms of its reliability in a test (lab) setting. While performing any NA
amplification as well as during FMMD signal acquisition, the sample to be amplified or
measured is inside the sample bore of the MH. Due to geometrical restrictions, sample
and temperature sensors cannot be installed simultaneously at the current stage. Hence,
the temperature sensor used for feedback control was mounted on the surface of the LF
coil in the MH, a small distance apart from the center of the sample position. To visualize
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this, please refer to the schematic of the MH, the temperature sensor and sample position,
as well as the principle of the power to temperature conversion in Figure 6.2.
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Figure 6.2: Schematic of the measurement head cross section, including the temperature
sensor position. (A) Uncontrolled LF power input step. (B) Uncontrolled temperature
output corresponding to the input depicted in (A). (C) Pulse width modulated low frequency
power input. (D) Adjustable temperature output corresponding to the PWM input depicted
in (C). Adopted and modified from [59].

Because of distinct control and amplification locations, it is important to not only charac-
terize the controller and controllable temperature ranges at the position of the feedback
sensor, but especially to test the temperature control at the sample position that is not
directly controlled. The feedback sensor behavior was characterized for 10 different feedback
temperature settings (30, 37, 38, 39, 40, 41, 45, 48, 50, 53 ◦C) set in ascending (heating)
and descending (cooling) order between room temperature and 53 ◦C (Figure 6.3 A-D,
solid lines). The corresponding temperatures at sample position were recorded with an
epoxy-passivated temperature sensor in DI-water simultaneously (Figure 6.3 A-D, dashed
lines).

The heating and cooling profiles at the sample position were determined for several different
steady ambient conditions at 16 ◦C, 18 ◦C, 21 ◦C and 23 ◦C, similarly. To determine the
sample position temperature for any feedback controller setting, first a “calibration” was
performed. The relation of the temperature at the region of interest (sample position)
was plotted against the temperature at the more accessible LF surface location, suited for
controlling (figure 6.3 E). This way, a linear relationship of Ts (sample temperature) and
Tf (feedback temperature) could be ensured to easily select the necessary amplification
temperatures at the sample position. To initially estimate the reliability, the measured
data at the recorded ambient temperatures were used to test the PWM controller strategy
(at the sample position, where the amplification happens) in terms of heat up and cool
down time constant, hysteresis and temperature control stability. The heat up and cool
down time constants τh16−23 and τc16−23 were determined by exponential fits for each step
of the heating and cooling data, respectively (plots can be found in Supplementary Figures
S2 and S3).
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Figure 6.3: Recorded characterization data for feedback temperature control, sample position
temperature and ambient (laboratory) temperature of 16 ◦C, 18 ◦C, 21 ◦C, 23 ◦C (A-D) and
linear exemplary dependency of controller temperature vs. sample position temperature at
21 ◦C (E). The standard deviation bars in E are scaled by 20× and indicate the stability of
the temperature control at sample position. Adopted and modified from [59].

The temperature data were fitted from their inflection point to the last point of their
saturation by:

Th(t) = Kh ·
(

1 − exp

(−(t − td)

τh

))

(6.1)
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The cooling data were fitted similarly with a decreasing exponential:

Tc(t) = K0 + Kc · exp

(−(t − td)

τc

)

(6.2)

where for the heating process fit, Th(t) eventually approaches the asymptotic value Kh. For
the cooling process fit, Tc(t) eventually approaches the offset-term K0, while Kc indicates
the initial deviation from K0. The time td is the initial time and τh,c represents the
time constant. The average heating and cooling time constants were calculated to be
τh16−23 = 137.13 s and τc16−23 = 158.59 s, respectively. Therefore, for all characterized
1 − 7 ◦C step cases, 2

3 of the steady state signal was reached in less than 2.3 min for heating
and 2.7 min for cooling. The hysteresis (here, the difference in temperature level for each step
of the heating process compared to the corresponding step of the cooling process) of both,
the feedback control temperature and the sample position temperature were determined for
the same datasets. The average hysteresis of the PWM controller at feedback temperature
position was calculated to be below the resolution limit of the digital DS18B20 temperature
sensor (< 0.0625 ◦C) and therefore was not considered. The hysteresis of the temperature
control at the sample position averaged 0.29 ◦C (> 4×resolution of DS18B20). Although
temperature control accuracy is crucial to ensure consistent amplification yield, RPA is
generally feasible within a relatively large temperature span (37 − 42 ◦C). We defined a
requirement of a 1 − 2 ◦C fluctuation at maximum, while in any case staying below 42 ◦C,
which could denature RPA components. The determined hysteresis at the sample position
is therefore negligible. After reaching the desired steady temperature at the sample position,
the importance of control stability becomes obvious. Therefore, the temperature stability
of each temperature step was determined by means of its relative and absolute deviation
from the mean over a 10 min time period, equivalent to the time that is at least needed for
a recombinase polymerase amplification process [114],[115]. For all previously described
constant ambient conditions, a maximal stability error of less than 0.3% was observed.
A marginal error of 0.3% would amount to an absolute change in temperature of about
0.11 ◦C. Considering the maximum error within standard RPA operating temperature
ranges from 37 − 42 ◦C even stays below a 0.1% deviation. This peripheral temperature
instability during the amplification process will not influence the efficiency of RPAs or
most other biological reactions significantly.

6.3 Recombinase Polymerase Amplification in the FMMD

Sensor Unit

6.3.1 RPA Reagents and Execution

TwistAmp® Liquid Basic kit was obtained from TwistDx™ Ltd (Maidenhead, United
Kingdom). GeneRuler Ultra Low Range DNA Ladder, and DNA Gel Loading Dye (6×)
were purchased from Thermo Fisher Scientific™ (Langerwehe, Germany). ROTI® Prep
PCR Purification, and Agarose standard were obtained from Carl Roth GmbH (Karlsruhe,
Germany). RedSafe DNA stain (20000×) was obtained from Hiss Diagnostics GmbH
(Freiburg im Breisgau, Germany).

The RPA for positive control reactions was performed following the manufacturer’s rec-
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ommendation in the TwistAmp® Liquid Basic kit, with slight adjustments by reducing
the reagent quantities to create a total volume of 25 µL. In the RPA reaction, a master
mix was prepared containing 3.5 µL of oligo mix primers, 12.5 µL of 2× reaction buffer,
2.5 µL of 10× basic E-mix, 2.75 µL of dNTPs and 1.25µL of 20× core reaction. After
mixing, 2 µL of MgOAc and 1 µL of positive control DNA were added to start the reaction.
The RPA reaction was carried out at desired incubation temperatures and time inside the
measurement head. After the amplification, the RPA was purified using ROTI® Prep PCR
Purification kit through column centrifugation to remove reaction components. For the
visualization of RPA products, 10 µL of the purified amplicons was analyzed using agarose
gel electrophoresis on 2% agarose gel in 1× Tris Borate Ethylene Diamine Tetraacetic
Acid (TBE) buffer at 100 V for 1h. The visualization was conducted with the charge-
coupled device (CCD) camera ChemiDo™ XRS Imaging System (Bio-Rad Laboratories
Co., Ltd., Hercules, CA, USA).

6.3.2 RPA validation using Gel-Electrophoresis

To test the functionality in terms of amplifying DNA at the sample position, we performed
RPA in our temperature-controlled measurement head. The selection of RPA was based on
its rapid amplification time compared with others techniques like loop mediated isothermal
amplification (LAMP), rolling cycle amplification (RCA), nucleic acid sequence based
amplification (NASBA) with similar sensitivity and specificity [116]. The typical incubation
time of RPA is between 20-30 minutes [117]. However, several studies showed the capability
of RPA to amplify DNA in less than 10 minutes [114],[115]. We achieved rapid and efficient
amplification using our portable magnetic reader. By combining RPA with our previous
work, which demonstrated the ability to rapidly detect amplified DNA in less than 10
minutes [63], a PoC analysis system can be suggested that does not require any sample
pre-treatment in laboratories. As a proof of concept, we performed RPA amplification using
the positive control template and oligo mix primers provided in the TwistAmp® Liquid
Basic kit, which is expected to produce an amplicon of 289bp. The RPA reaction operates
at constant temperature, typically between 37 ◦C and 42 ◦C. This temperature range is
based on the optimal activity of the enzymes involved in the reaction such as recombinase
enzymes, polymerases and other components. In our study, we tested the amplification
across a range of temperatures, including 21 ◦C, 30 ◦C, 37 ◦C, 38 ◦C, 45 ◦C, and 50 ◦C.
The selection of temperatures was chosen to investigate the amplification efficiency both
within and outside the optimal operating temperature range of RPA. This way, we could
assess how the variations of temperature controlled by PWM affect the performance of
RPA amplification from the biological perspective. The amplification was done both inside
our temperature-controlled measurement head and in a water bath as a reference method.
In both cases the temperature was ranging from 30 ◦C to 50 ◦C with an incubation time
of 30 minutes. Figure 6.4 shows the gel image of the RPA products amplified inside our
measurement head and in a water bath, controlled to different temperatures. From the
gel image, we confirm the successful RPA positive control amplification as the expected
amplicons with the size of 289bp were observed at 37 ◦C and 38 ◦C in both our measurement
head and water bath. When the amplification was tested outside the operating temperature
of RPA, such as at low temperatures (21 ◦C and 30 ◦C) and at high temperatures (45 ◦C
and 50 ◦C), no bands were observed. This can be explained by the decreased activity of the
enzymes at lower temperatures and enzyme denaturation at higher temperatures, which
result in inefficient amplification and the absence of bands on the agarose gel. From this
result, we conclude that our implementation of a PWM controller regulated and controlled
the temperature of the measurement head sufficiently, as the bands were observed at
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optimal temperature range of RPA (37 ◦C and 38 ◦C), while no bands were observed at
low and high temperatures.

Measurement Head Water Bath

21°C

50°C

45°C

38°C30°C

37°C

50°C

45°C

38°C30°C

37°C

Figure 6.4: Gel image of RPA inside measurement head and water bath at different
incubation temperatures. Adopted and modified from [59].
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Figure 6.5: Gel image of RPA inside measurement head and water bath at different
incubation times. Adopted and modified from [59].

To validate the temperature stability at the sample position in terms of the amplification
performance, we performed RPA at different incubation times ranging from 10 to 30
minutes. Similar to previous investigations, the amplification was executed inside our
measurement head and in a water bath at 38 ◦C. After the amplification, the amplified
products were purified and loaded into the gel for 1 hour. As shown in figure 6.5, the band
intensities for the RPA products amplified inside the measurement head and water bath
were similar at all incubation times. This confirms that the stability of the temperature
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controlled by PWM inside the measurement head and the water bath control performance
are alike in terms of their potential for successful RPA.

6.4 Linear Extrapolation Model

After evaluating the PWM control approach and proving feasibility of RPA in the MH
unit, we want to examine the applicability of RPA in our portable magnetic reader device.

Based on the previously presented results, the requirements for a successful RPA in the
measurement head were defined as:

1. The controlled temperature at the sample position must not exceed 42 ◦C in any case,
as amplification components may denature.

2. The PWM controller reached a temperature stability error of less than 0.3% at the
sample position. With the successfully executed RPA presented in this section, this
stability is exceedingly sufficient.

3. A maximum control error of ±1 ◦C was stipulated at the sample position, as the RPA
worked well at 37 ◦C and 38 ◦C.

To first examine the applicability of RPA in the MH in a smaller ambient temperature
working range 16 ◦C − 23 ◦C, a linear extrapolation model may suffice. Starting point for
linear extrapolation is the Ts/Tf -relation curve, shown in figure 6.3 E. Similarly, curves for
other ambient conditions were derived from figure 6.3 A,B and D.

While the slopes of the linear regression of the Ts/Tf -relation curves only change marginally
for all investigated ambient conditions (see equations in figure 6.6), the Ts-axis intercept
seems to linearly depend on the ambient temperature level. For this model, we assume
that this linear dependency persists for arbitrary but steady ambient temperature values.
Therefore, linear extrapolation can be performed, estimating Ts/Tf -relation curves for
different steady ambient temperature levels. Due to the negligibly small slope changes,
we averaged the slopes of heating and cooling curves, respectively. This slope can be
kept for all predicted Ts/Tf -relation curves. The underlying linear relation between the
y-axis intercept and ambient temperature can be described for the heating process by
Ts,intercept,h = 0.2Tf,h − 1.85 and for the cooling process by Ts,intercept,c = 0.15Tf,c − 0.08,
which was obtained by mapping the intercept value versus the ambient condition and
fitting a linear function. To test the extrapolation approach, datasets for 16 ◦C, 18 ◦C and
21 ◦C were considered and the ’calibration curve’ data for 23 ◦C ambient temperature was
estimated using the model. Subsequently, we compared the data estimated by the model
to the measured data points. The real intercept of the measured data was 2.74, while the
predicted intercept with the linear extrapolation model was 3.12. For this data sample, the
measured data matches the predicted data with a R2 value of 0.96 and a SEE of 0.79 ◦C.
With the requirements for a successful RPA in the MH defined earlier, the estimation error
in our model should be < 0.89 ◦C, taking into account the maximum control fluctuation of
0.11 ◦C at the sample position. Hence, these statistical metrics confirm that an accurate
enough prediction is indeed possible relative to the measured data in the proposed steady
state ambient temperature range.
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Figure 6.6: Linear heat-up and cool-down relationship of Ts and Tf at 16 ◦C, 18 ◦C, 21 ◦C
and 23 ◦C ambient temperature. The same linear relation is zoomed in (plot inset) to the
region of RPA operating temperatures with linear model-estimated calibration curves for
10 ◦C, 13 ◦C, 26 ◦C and 29 ◦C ambient temperature. Adopted and modified from [59].

Therefore, combining the PWM approach and FMMD technology with this linear regres-
sion model provide a simple, yet functional way to control the temperature for sample
pre-processing. Moreover, the magnetization response of a magnetic nanoparticle-based
immunoassay or DNA assay can potentially even be recorded simultaneously to temperature
regulation, during the “on-time” of the duty cycle. While PWM and the linear regression
model already meet all necessary requirements for RPA in the investigated environment and
while stability errors being small for the presented data, the main limitation of the model is
its steady state assumption for ambient temperature conditions around room temperature.
Estimating error margins for predicted calibration curves turns out statistically insignificant
without testing the control approach in many different environmental conditions first.

6.5 Model for Regulated Sample Position Temperature Sim-

ulation

To overcome the steady state assumption of the extrapolation model, we postulate that
the LPM structure introduced in chapter 5 in section 5.1.4 can generally be utilized as a
multi purpose linearized model. The model output, based on which the model parameters
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are identified cannot only be used to describe the LF coil temperature. It is additionally
possible to apply the same model structure to describe the temperature at the sample
position of the MH, as the model inputs remain similar and the output just needs to
be scaled by a delay time term in case of the sample position temperature description.
Typically, transport delays occur as nonlinear elements in a first instance. Although,
the sample position temperature model is consequentially time-delayed to the LF coil
temperature model, hence nonlinear, both models remain linear relative to the TAMB and
PLF inputs. The scaled transport-delayed temperature output at the sample position can
therefore be considered as an output on the LF coil surface. Linearization of the delay
time, which could classically be done by Padé approximations, can be omitted for now,
which reduces the number of parameters in the model and makes simulations faster.

Model Parameters LPM LF Coil LPM Sample Pos.

KLF 0.302 0.317

KAMB 0.052 0.046

Cvol 36.266 45.572

a0 − a5
[1.103, 1.279, 0.001,
1.145, 1.139, 1.000]

[1.142, 1.305, 0.001,
1.048, 1.165, 1.000]

b1, b2, b4, b5
[0.737, 1.011,
0.877, 0.980]

[0.730, 1.011,
0.870, 0.980]

c0 − c5
[0.892, 0.999, 0.999,
0.839, 0.996, 1.018]

[0.806, 0.998, 0.999,
0.864, 0.995, 1.018]

d1, d2, d4, d5
[1.007, 1.007,
0.987, 0.997]

[1.010, 1.007,
0.988, 0.997]

Table 6.1: Estimated model parameters for LPM at feedback and sample position [59].

Metrics
Tf,pred Identification/

Validation
Ts,pred Identification/

Validation

NRMSE 0.049 / 0.075 0.047 / 0.066

%—Fit based on R2
adj 96.91% / 96.04% 95.28% / 93.45%

SEE 1.523 / 1.600 1.693 / 2.257

Table 6.2: Statistical measures to evaluate the simulation quality based on measured data
[59].

In other words, by adding a further conjecture to the list of assumptions in section 5.1.1 of
chapter 5, namely:

• At the sample position, the system obeys a transport delay term that describes the
time the heat needs to travel from the sensor to the sample position,

we can built a closely associated model structure design that can mimic the sample position
temperature behavior. The parameters for the corresponding parts of the model are listed
in table 6.1. The statistical metrics selected in 5.1.3 or [59], respectively, that represent
the model performance, are collected in table 6.2.
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For additional information, please refer to chapter 5 or to the peer-reviewed article [59].

6.5.1 Delay Time Estimation

While the temperature change, measured on the LF coil surface can be considered to be
instantaneous, the temperature at the sample position is a time-delayed version of it. This
is due to a nearly thermally insulating air gap between the sample holder and the coil
structures, which slows down the temperature propagation to the sample. Therefore, the
long transport delay time between the LF coil and the sample position was estimated to
be τd = 48.27s. It was determined at what time measured temperature data first exceeded
3× the standard deviation of a linear regression line fitted to the initial linear data of
the identification and validation datasets. To illustrate this more clearly, an example of a
delay-time estimation based on the validation dataset of the sample position model can be
found in figure 6.7.
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Figure 6.7: Delay time estimation for the sample position LPM. The red line indicates a
slope-adjusted regression line at three times the standard deviation of the initial piece of
the measured dataset. The green curve indicates the average input power to the system that
causes the temperature output behavior (blue curve). Adopted and modified from [59].
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6.5.2 Combined Lumped Parameter Model System

Finally, the last step was to connect the model structures of the LPM for Tf,pred and
Ts,pred by using the controlled PLF output of any controller (here, PWM as an example),
generated based on the temperature feedback from the LF coil surface and feed it to both
LPMs as the controllable input (see figure 6.8). The TAMB input is also similar in this
case for both models.

TAMB

KS

TS

Tf

PWMTSET

Figure 6.8: Combined model system block diagram with PWM controlled average power
input, TSET the desired control temperature and KS a scaling factor for the control action
at the sample position [59].

Doing this, the connected model presents the simulated control output for both the
feedback position temperature Tf,pred and the sample position temperature Ts,pred (figure
6.9), exemplarily for 38 ◦C, a typical RPA operating temperature. The initial condition fed
to the integrator of the models need to be distinct in this case — the LPM for feedback
position uses the initial value of the feedback temperature and the LPM for sample position
uses the temperature at the sample position at the start of the measurement. As was
observed in the measured data, the temperature control at the sample position is a delayed
and scaled version of the temperature at the LF coil surface. By introducing a simple
scaling factor Ks to the input of the sample position model, we are able to predict these
temperature curves at different MH positions for arbitrary ambient inputs. We propose
that this enables the selection of sensible control approaches, depending on the severeness
of ambient conditions in the field, and to further identify physical limitations for biological
use cases.
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(mid) and controlled temperature at the feedback position (blue) and sample position (purple)
(bottom).

6.6 Remarks and Outlook for the Sample Position Tempera-

ture Prediction

The feasibility of performing RPA in the measurement head of the magnetic reader device
prior to FMMD signal acquisition at continuously constant ambient conditions has been
presented using a PWM approach with the inherently generated heat from the LF excitation
coil of the system. This simple implementation has already proven to be a valuable addition
to the mobile functionality of the FMMD device for the RPA based sample preparation. A
linear relation of the sample temperature to the temperature at the position of the feedback
sensor determined the necessary control temperature to set. Despite the sample opening in
the MH, a level-shift in the ambient conditions lead to a shift of the Ts/Tf -relation curve
towards the new ambient temperature state (figure 6.6). While the feedback temperature
Tf stayed constant (as it is embedded within the MH and isolated from the environment),
the sample position temperature shifted slightly for temperatures between 16 ◦C − 23 ◦C.
To investigate the reliability of the PWM approach at ambient conditions different from
the tested ones, a linear regression model for prediction of the steady state and a LPM for
prediction of the transient behavior of the temperature at the sample position for arbitrary
ambient condition inputs was suggested.
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Conclusions and Outlook

In this work, the influences of temperature on different aspects of the FMMD response
were evaluated. It was assessed, whether the ambient conditions, the thermal behavior of
the LF coil in the sensory unit and the sample temperature, influence, excitation signal
generation or FMMD signal acquisition by any means. This work further tested simple
control approaches, discussed its drawbacks and usability and suggested a computational,
model-based strategy to assess thermal and electrical behavior of the MH with the aim
to find input power shapes that provide minimal measurement duration and maximum
thermal stability.

Notable drift in LF and offset magnetic excitation voltage amplitudes pointed towards
strong local Joule heating effects in the excitation coils of the mobile magnetic reader.
FMMD measurements of different MNP and MIAs suggested that the (sensor)temperature-
to-(FMMD) signal dependency alters based on particle type and ambient temperature
level (the temperature the sample is exposed to prior to insertion into the MH). In other
words, to some extent the FMMD signal is modulated by thermal effects. A computational
and fast way to reveal thermal behavior of the MH for arbitrary electrical input- and
ambient temperature shapes is a transient LPM framework. With our model, it is now
feasible to identify candidate measurement inputs for optimal thermal and electrical
performance in terms of fluctuation in the FMMD readout and measurement duration for
various input powers of lower frequencies. In combination with a parametric finite element
COMSOL model of the MH, this framework will also support future sensor unit designs
and investigation of its electrical and thermal properties.

For faster changing input powers, the model parameters are more difficult to identify. HF
and LF coils are in close contact to one another in the current MH design. Therefore,
the HF amplitude is also altered upon Joule heating. To improve the LPM framework, a
next step could be to extend it for a high frequency input power, that is also connected
to the resistance feedback of the LF coil. Model extension, or implementation of Padé
approximations (discussed in chapter 5) into the input paths of the resistance feedback
model, may help to achieve higher frequency input validity.

Further, we expect that upon connection of the thermal LPM to a transformer model
of the miniaturized induction coil system in the MH, the developed framework offers a
novel approach to computationally examine the FMMD signal behavior under different
input and ambient conditions, but also for different magnetization curves and particle
behaviors. The COMSOL model furthermore allows for designing a portable heat exchanger
to regulate the sample temperature independent of the coil temperature. In future, we can
also computationally estimate solar irradiation for the sensor and sample behavior and
therefore its effects on the FMMD signal in PoC applications.
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We examined the impact of ambient temperature on the induction-based recording of
magnetic signals in MIAs. Our data are based on the measurement of FMMD signals
in artificially generated surrounding conditions. This was achieved either by heat gun
application or in temperature regulated cell-culturing rooms. Some inconsistent results
were obtained, therefore field experiments would be beneficial or alternatively feeding the
developed model with temperature profiles recorded during a practical in-field test.

In the scope of this work, we also implemented a thermal control approach and proved
feasibility of RPA in the MH with the possibility of simultaneous signal acquisition (chapter
6). This could be the first step towards online reaction kinetics measurements for labeled
assays. To achieve this, the simultaneous acquisition of real-time DNA amplification FMMD
signal and the invention of data post-processing tools to extract kinetics information from
these data are important in the future.

We tested the feasibility of RPA using positive control templates which typically consist
of very ’clean’, high quality DNA. In-field samples, especially waste water may be con-
taminated by ribonucleic acid (RNA) snippets or additional proteins that can strongly
influence the amplification efficiency. This should be tested in future iterations. Further,
each organism’s DNA to be amplified will require appropriate primer design.

If time is not a critical factor, the FMMD method could also be used as a test for hazard
classification based on secondary analytes. Sensitivity could later be assessed not relative to
the colony-forming units required in, for example, drinking water regulations, but rather in
relation to the detection of specific metabolic products or toxin concentrations of pathogens.
Based on the type of toxins or metabolites involved, the corresponding pathogenic (e.g., E.
coli) stain can often be identified. Possible subsequent steps could include combinations
with next-generation DNA sequencing for bacterial identification or cell culture cultivation
for further verification. Besides, FMMD could find application in the quality control of
magnetic nanoparticle production and size distribution determination, providing a very
cheap alternative to more common procedures.
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Appendix A

Deformation of Sine

In chapter 3 the necessity of preventing intermodulation frequencies due to LF signal
deformation was discussed thoroughly. Figure A.1 shows an oscilloscope snapshot from
the deformed LF sine wave, measured at the LF output test point. THe deformation
was observed when applying a magnetic DC offset field through the LF coil, while also
applying the standard LF excitation. The total voltage extended the possible supply
voltage. Further thermal drift or poorly adjusted potentiometers in the excitation signal
generation chain can cause this variations and must be prevented.

Figure A.1: Digital Oscilloscope snapshot with a deformed LF excitation sine wave, mea-
sured at TP11 (test point for low frequency output to the MH). The sine wave flattens at
the lower peaks.
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Appendix B

GUI and Measurement Process

Typically, the operators of the suggested mobile magnetic reader device are lab technicians
who are familiar with established water analysis methods such as the IDEXX [11] system
or volunteers in the respective organization. It cannot be assumed that they have any
experience in operating a magnetic reader device. Therefore it is necessary to guide the
operators through the measurement procedure by clear instructions and information.

In collaboration with the German civil and disaster protection organization THW, a simple
measurement GUI and process was framed according to the request of untrained personnel
that will later operate the magnetic reader device to quickly evaluate contaminants in
drinking water in a crisis situation.

The measurement procedure to follow, indicated on the device’s Nextion display is described
in the following figure B.1. The Display layout and texts were designed using the Nextion
Editor software.

Choice: 
Basic/Advanced

mode

Basic: automatic measurement
Advanced: manual measurement + 
additional options

Option 1: randomized IDs
Option 2: manual ID input
Option 3: ID from Barcode/QR codeMeasurement of

background
signal

Measurement

Result Enter sample 
ID

Sample
Insertion

Assay type 
selection

Sample 
preparationStart

End

Remove 
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Figure B.1: Schematic of the measurement process with the 2020 version of the mobile
magnetic reader. Snapshots of the measurement interface are shown.



83

Appendix C

Measurement Head Geometry

Figure C.1: Two sectional views B and C with rectangular cutting paths through the
measurement head cylinder at different rotational orientations of the cylinder.
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Appendix D

Mathematical Temperature

Correction Algorithm

In the course of this project, one of the earlier attempts to correct the measured FMMD
signal for its changes with temperature was a temperature correction algorithm. The
algorithm was fundamentally based on the assumption of a purely linear dependence of the
FMMD signal on temperature measurement data. The aim was, to calculate the FMMD
signal at a certain reference temperature TR (e.g. lab temperature) based on the signal
and temperature measured at the time of recording.

This purely mathematical correction essentially consists of a function that correlates
the FMMD signal S(t) with the temperature change in the measurement head, using
a proportionality constant α. Subsequently, the signal is weighted depending on the
temperature at which the respective signal was recorded.

Generally both, FMMD signal and temperature measurement data follow the form:

S(t) = S0 + ∆S

(

1 − e−
(t−t0)

τ

)

(D.1)

T (t) = T0 + ∆T

(

1 − e−
(t−t0)

τ

)

(D.2)

with S0 and T0 as the initial signal and temperature values. The exponential expression
well describes the typical shape of the measured data. In a physic context, τ shows how
quickly the temperature and signal change with time, respectively. The assumption of
linearity between signal and temperature is given as:

S(T ) = TST0
· (1 + β∆T ) (D.3)

For this to hold true, τ needs to be approximately equal for the recorded FMMD signal and
recorded temperature data. In this case, τ is a reader-dependent parameter, meaning it is
different for each device. However, it should not be different for the acquired temperature
data and FMMD signal, when the respective data are measured using the same device.

β indicates how strongly the signal for a specific particle changes with temperature. In
other words, β is a particle-dependent parameter.
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∆S =
n∑

i=1

[S(ti) − S(t0)] · 1
∑n

i=1

[

1 − e
ti−t0

τ

] (D.4)

∆T =
n∑

i=1

[T (ti) − T (t0)] · 1
∑n

i=1

[

1 − e
ti−t0

τ

] (D.5)

For higher temperatures, the correction of the FMMD signal needs to be weighted more
strongly. Therefore, weighting was applied to the signal and temperature as the inverse of
its behavior at each point in time.

The signal at a certain reference temperature can then be calculated by equation D.6.

S(TR) =
S0 + ∆S

1 + β(T0 + ∆T − TR)
(D.6)

A major advantage of the mathematical correction in practical applications is that it is
easy to implement and can be applied instantly when the device is switched on. As a
result, the previously required warm-up phase for capturing the measurement signal is
no longer necessary. However, this solution does not address the actual changes in coil
wire resistances and thus does not prevent excitation signal deformation. Additionally,
from collected data it is unclear, if a linear dependency, e.g. a similar time constant τ for
temperature and signal, is always present (see E). Furthermore, the relation of ambient and
MH temperature should be well-known to ensure a sufficiently accurate signal correction
independent of ambient conditions. But up to date it is not evident, that we observe a
correlation, independent on the sample used. Last but not least, it should be applicable
to offset-adjusted measurements or measurement schemes with different low frequency
amplitude values in sequence. For these reasons, this approach was abandoned later in this
project [60].
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Appendix E

FMMD Signal and Temperature

Time Constant Investigation

In order for the temperature correction algorithm in D to be valid independent of the
measurement condition, the requirement is the similarity of temperature and signal time
constants. Otherwise, the assumption of proportionality between temperature and signal
may not hold true for all cases.

A priori to some of the herein discussed topics, the group of magnetic sensors has collected
many measurements of temperature and FMMD signals in lab conditions using a custom
laboratory setup ([94], [96]). The offset-scans in these measurements required a piecewise
increasing DC offset voltage of an external EM. After the acquisition of the signal at a
particular offset field, the sample was taken out of the MH and put back in again when
cooled to ambient temperature. However, without a particular thermal regulation each
consecutive offset step, increased the temperature during the measurement process further.
For each increase in temperature, an increase in signal was observed. Contrary, if the
sample was taken out, the MH cooled down a bit.

In the data analysis, we attempted to match time constants of MH temperature behavior
and FMMD signal behavior, by manual fitting. Equation E.1 was utilized to determine the
time constants of the ca. 50 taken measurements at different offset-field ’heating conditions’.
For the FMMD signals the respective formula was used, replacing temperature with signal.

T (t) = α ·
(

1 − e
t0−t

τ

)

(E.1)

α is the amplitude of temperature or FMMD signal. t0 is the starting point of the
measurement and the time constant τ of the system is the time needed to reach 1 − 1

e of
the maximum amplitude for an increasing exponential function.

The sum of squared differences was used to compare the measured data to the fitting
curve. differential evolution (DE) was then utilized to minimize the error and find an
initial parameter guess. DE helps to avoid local minima in the solution and the parameter
guess allows us to apply Levenberg-Marquardt (LM) fit refinement.
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Figure E.1: Demodulated signal amplitude of f1 + 2f2 during offset scan (left) and corre-
sponding temperature behavior of the MH (right). The local minima and maxima used for
fitting are indicated by red and green dots.

Each set of data between a local minima and maxima indication in figure E.1 was used
for the described analysis process. Within the FMMD signal time constants, the variance
was reasonable with time constants ranging from τ = 34 s to 50s, with an average of
45s, which amounts to a maximum of 32% variation in the cases that were most severe.
The amplitudes α were about 1.2mV. However, the corresponding temperature fits varied
between τ = 120s and 500s, with an average of 314s and an amplitude of 1.4°C. While
these fits could be repeated with measurements that saturate for longer to achieve better
fits, part of the target was to feed the correction algorithm with the determined τ values
after a short measurement time. This also indicates, that the time constants of heating
and signal development behave severely different or it is at least not clear which factors
determine a τ match.
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Appendix F

Convection Coefficient Estimation

A critical part in developing a model that outputs the heat distribution in a geometry, is
to determine the heat transfer coefficients in the system. Specifically, the convective heat
transfer coefficient “h” is of interest here, as it determines, how the heat-sink in the system,
natural or forced convection, will scale. Usually the average "h̄" is estimated theoretically
using natural convection correlations with the well-known dimensionless Grasshof, Prandtl
and Rayleigh numbers from which the Nusselt number can be calculated for a certain
geometry. The Nusselt number is also known as the dimensionless convective heat transfer
coefficient and is directly related to the theoretical value of “h”. However, the relation differs,
depending on the geometry of the body and the flow conditions (laminar/turbulent/mixed)
of the surrounding medium at its surface. Further, having a coefficient, directly related
to the heat dissipation in the system, is also helpful to estimate the validity of lumped
parameter approximations by utilizing the Biot number.

The following equations and relations were taken from [107].

F.1 Theoretical Dimensionless Number Correlations of the

Convection Coefficient

In the following, the theoretical convection coefficient was estimated for two different
scenarios. Further, the estimations were carried out in a simplified MH geometry. The
estimates can be used to complement the COMSOL simulations and to formally proof
wether or not lumped parameter approximations can be applied to the MH system in a
thermal context.

Lets call the two considered scenarios A and B. Both estimations do not include top and
bottom of the cylinder but for simplification consider an open cylinder (estimation of h̄ only
for vertical side walls). Scenario A focusses on the convective heat transfer coefficient on
the side walls of the aluminum housing of the MH. In Scenario B, the convection coefficient
for the copper coil, simplified as a hollow cylinder with a thickness of both, the LF and
HF coil structures, will be estimated.

The simplified cylinder geometry consists of the copper coil, assumed as a hollow cylinder
inside the aluminum housing of the measurement head. Geometrical measures needed
(lengths, diameters and thicknesses) can be extracted from the technical drawings in
appendix C. However, all used material constants and parameters are listed below:
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LAl = 0.070 m, DAl,o = 0.060 m DAl,i = 0.050 m

LCu = 0.024 m, DCu,o = 0.028 m, DCu,i = 0.015 m, tCu = 0.0065 m

GapCu−Al = RAl,i − RCu,o = 0.025 m − 0.014 m = 0.011 m

T∞ = 295 K, TAl,o = 315 K, Tcoil = 330 K

∆TA = TAl,o − T∞ = 20 K,

∆TB = Tcoil − T∞ = 35 K,

Tf,A =
TAl,o+T∞

2 = 305 K,

Tf,B = Tcoil+T∞

2 = 312.5 K,

g = 9.81 m/s2,

β ≈ 1

Tf

The kinematic viscosity and thermal diffusivity changes with Tf and hence has slightly
different values for the different scenarios.

νA = 1.63 × 10−5 m2/s,

αA = 2.24 × 10−5 m2/s,

P rA = νA/αA ≈ 0.728.

νB = 1.70 × 10−5 m2/s,

αB = 2.31 × 10−5 m2/s,

P rB ≈ 0.736

The thermal conductivities of aluminum, copper and air at the respective film temperatures
are taken from [118], were checked with reference sources [85], [84], [86] and are listed
below.

kAl = 205 W/(m K),

kCu = 385 W/(m K),

kairTf,A
= 0.0261 W/(m K),

kairTf,B
= 0.0267 W/(m K),

Variations of thermal conductivities of solids at the assumed Tf,A,B are small and therefore
not considered.

It is important to note, that the bottom and top of the cylinders, copper coil and aluminum
housing, respectively, are not negligible for effective convection coefficient estimation and
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will indeed change the coefficients. However, since the Biot number is four orders of
magnitude smaller then 1, it will not influence the validity of the lumped capacitance
approximation regardless.

The calculations follow Nellis and Klein’s approach, described in [107].

First the rayleigh number needs to be calculated as a combination of Prandtl and Grashof
numbers. It relates the buoyancy forces due to a temperature difference to the dampening
effects of viscosity.

RaL =
g β ∆T L3

ν α
. (F.1)

Clam =
0.671

[
1 + (0.492/Pr)9/16

]4/9
, Cturb =

0.13 Pr0.22

(
1 + 0.61 Pr0.81

)0.42 . (F.2)

The empirical literature correlation numbers originally stem from Churchill and Chu [119].
The same methodology was followed by Nellis and Klein [107] and is also followed here.

N̄ulam =
2

ln
(

1 +
2

Clam Ra
1/4
L

) , (F.3)

N̄uturb =
Cturb,V Ra

1/3
L

1 + 1.4 × 109 Pr/RaL
. (F.4)

The combination of laminar and turbulent free convection was taken from [120].

N̄uplate =
(

N̄u
6
lam + N̄u

6
turb

)1/6
. (F.5)

Until now, calculations for vertical plates were used. Therefore, we need to correct for the
vertical-cylinder curvature using:

ε =
1.8

N̄uplate

L

D
, (F.6)

N̄ucyl = N̄uplate · ε

ln(1 + ε)
. (F.7)

Finally the estimation of the average convection coefficient can be calculated for the vertical
cylinder side walls in scenario A and B:

h̄A,B =
kA,B

LA,B
N̄ucyl . (F.8)
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where LA,B is the length of the cylinders for either scenario.

Result for Scenario A: Aluminum housing → ambient When plugging in the
parameters from above (scenario A) into the equations F.1-F.8, we receive:

RaL ≈ 6.04 × 105, N̄uplate ≈ 15.38, N̄ucyl ≈ 16.40.

h̄A ≈ 6.12 W/(m2 K) .

Result for Scenario B: Copper coil → ambient For scenario B, we receive:

RaL ≈ 3.87 × 104, N̄uplate ≈ 8.21, N̄ucyl ≈ 8.96.

h̄B ≈ 9.97 W/(m2 K) .

Both of these exemplarily estimated average convection coefficients result in a Biot number
<< 1, which formally determines the validity of lumped capacitance approximations (see
5.1.4).

A practical overall uncertainty of ±(20–30)% is reasonable for such estimates [83, 87]. Even
for significantly higher error margins, the lumped capacitance approximation in this thesis
will stay valid.
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Appendix G

COMSOL Simulation Results

In the course of chapter 5, COMSOL simulations were carried out to investigate the coil
surface temperature as a multiphysics model result versus a lumped parameter model
output for validation. Beyond the coil surface temperature the FEA makes 2D and 3D
magnetic field, current density and temperature distribution investigation feasible. The
herein presented supplementary data exemplary shows corresponding COMSOL outputs
to emphasize its potential for measurement head design and analysis.

All of the COMSOL plots within this supplementary chapter are exemplary for the original
measurement scheme shown in figure 5.5A (bright blue color). Figure G.1 specifically, is
the equivalent 2D axi symmetric contour plot to the average temperature line plot shown in
figure 5.5 B (bright blue color). The black line is the vertical cross-section of a single-layer
homogenized multi-turn copper coil. The images G.1 and G.2 can be extended into three
dimensions by 360° rotation that turns the black line into a hollow cylinder, representing
the coil geometry.
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Figure G.1: Exemplary single layer test coil isothermal contours at maximum electrical
input current for original monotonously increasing measurement scheme. The screenshot
was taken from COMSOL, version 6.2.0.415 simulation panel.
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Figure G.2: Exemplary single layer test coil magnetic flux density at maximum electrical
input current for original monotonously increasing measurement scheme. The screenshot
was taken from COMSOL, version 6.2.0.415 simulation panel.

The FEA in COMSOL was extended from the single layer coil to the complete measurement
head structure. Due to long simulation times, this was herein restricted to be performed
for a single input measurement scheme. For comparison, the same measurement scheme
was used in the exemplary single layer coil problem from figure G.1 and G.2.
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Figure G.3: Exemplary total measurement head current density at maximum electrical
input current for original monotonously increasing measurement scheme. Eddy currents in
the measurement head housing are indicated. The screenshot was taken from COMSOL,
version 6.2.0.415 simulation panel.

From the current density plot in G.3, one can see that a partial source for heating within
the measurement head might stem from eddy currents in the aluminum housing of the MH.
Further investigation is necessary, to determine its significance.
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Figure G.4: Exemplary total measurement head magnetic flux distribution at maximum
electrical input current for original monotonously increasing measurement scheme. The
screenshot was taken from COMSOL, version 6.2.0.415 simulation panel.

Maximum magnetic field strengths of 25 mT agree well with the achieved maximum field
amplitudes that were experimentally determined using Hall sensor measurements. In the
simulation, the maximum applied electrical current was 300 mA, while the Hall sensor
measurements were performed for an older MH with a maximum coil current of 240 mA.
Therefore the magnetic field values are slightly higher in the COMSOL output, compared
to the values shown in section 3.2, figure 3.4.
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Appendix H

Mobile Power Supply

The magnetic reader needs a voltage supply of ±15 V. Multiple power source options can
be utilized mobily, due to the integration of a DC/DC Converter into the mobile version of
the magnetic reader. The TRACO POWER TEN 20-2423WIN DC/DC Converter features
a wide input voltage range of 9 − 36 V. Therefore, it is possible to connect it to either a
12 V car battery or a 24 V truck battery. Further Pb-gel batteries or different types of
commercially available drill machine batteries can be used for mobile power supply.
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Figure H.1: THW emergency vehicles and exemplary Battery types (A) that can be connected
to a magnetic reader integrated TRACO POWER DC/DC Converter of the 20WIN series
(B) via a ICE certified NL2FX 2-pole plug (female connector in figure B). In C) the signal
differences between stationary and mobile usage was tested for a series of synomag 70 nm
magnetic particles.
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Appendix I

Temperature during Offset

Excitation Amplitude Investigation

During the Hall sensor offset field scans to determine the magnetic field amplitude behavior
applied by the electrical excitation currents in the mobile version of the magnetic reader
in section 3.3, the temperature of the MH was also recorded. Exemplary temperature
recordings at settings of LF1000 and LF500 can be found in figure I.1.

Figure I.1: Screen shots of temperature recordings in the MH (green graph) of the magnetic
reader during offset scans with settings of LF500 and LF1000. A National Instruments
DAQ and a custom LabView Software were used for data acquisition. The white, yellow
and red graphs are recorded at different locations on the magnetic reader PCB. The blue
graph indicates the temperature outside of the magnetic reader.

Due to the lower temperatures at around 24 − 30 ◦C, the amplitudes at theLF500 settings
were higher compared to the amplitudes at higher MH temperature recordings as for
example for settings of LF1000 with around 37 ◦C.
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