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Abstract

The world of biomedical diagnostics is vast, and novel sensing devices with out-
standing capabilities enable advanced clinical and technical applications. One di-
agnostic field of high research interest is biomagnetic measurement, where sens-
ing devices are used to measure the magnetic field emanating from the human
body. These measurements can be used by medical experts to monitor the ac-
tivity of organs such as the heart or brain, and to diagnose the causes of patho-
logical disorders like cardiac arrhythmias and seizures. Artificial signals such as
from implanted deep brain stimulation (DBS) electrodes can bemeasured aswell,
enabling post-op localization. One approach to measure extremely small bio-
magnetic signals is to use a sensing device based on the magnetoelectric e"ect.
Such magnetoelectric (ME) sensors o"er particularly valuable benefits over com-
peting sensor systems, like the low-cost MEMS manufacturing processes, room-
temperature operation, and a limit of detection (LOD) in the pT/

→
Hz range.

The scope of this dissertation includes finite element method (FEM) modeling
and simulation of ME magnetic field sensors, arrays of ME sensors, as well as
combined models including simplified and magnetic resonance imaging (MRI)
based human heads as excitation sources for sensor arrays. The ME sensor be-
havior is simulated through excitation with homogeneous and inhomogeneous
magnetic fields, di"erent orientations and positions of the sensors, as well as dif-
ferent excitation mechanisms, including a small coil around the ME sensor or a
dipole source inside a human head.

Results show that cantilever ME sensors exhibit highly position-dependent sensi-
tivity and a simple theoretical point-sensor approximation at the geometric center
of the sensor is not accurate. The point of highest sensitivity along the cantilever
long axis is located at a distance of approximately 17% of the free sensor length
from the clamped position. Furthermore, simulations with a combined model
consisting of three orthogonal ME sensors and a simplified human head contain-
ing a dipole source show highly position- and direction-dependent behavior of
the individual sensors in the array. The sensor output depends on the position
and orientation of the source inside of the head, as well as the location and ori-
entation of the individual sensors inside the array, as the ME sensors exhibit a
strong sinusoidal dependence with a maximum response at incident magnetic
field angles that are parallel to the long axis of the cantilever. Lastly, improving
the head model and using an MRI-based head geometry, combined with an ar-
ray of fifteen ME sensors, results in valuable insights on the magnetic crosstalk
e"ect between adjacent ME sensors in array configurations. Within such an array
in a homogeneous excitation field, the outermost ME sensors exhibit significantly
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less crosstalk than the innermost sensors, and crosstalk decreases with increasing
distance between neighboring sensors, down to a negligible e"ect at a distance of
5 cm, which corresponds to approximately 20 sensor widths.

The dissertation consists of an introductory chapter, followed by two chapters
on the fundamentals of ME sensors and the utilized simulation models. After
that, three chapters which consist of the main journal publications including an
overview of the author’s contribution and a summary of their key scientific find-
ings follow. Finally, the thesis closes with a chapter containing a summary of the
scientific contribution, discussion of the results, and outlook on potential future
studies in the field of ME sensor modeling and simulation, based on the insights
provided by this dissertation.
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Zusammenfassung

Die Welt der biomedizinischen Diagnostik ist umfangreich und neuartige Sen-
sorsysteme mit herausragenden Eigenschaften ermöglichen fortschrittliche kli-
nische und technische Anwendungen. Eines der diagnostischen Fachgebiete mit
hohem Forschungsinteresse sind biomagnetische Messungen, durch die das ma-
gnetische Feld des menschlichen Körpers detektiert werden kann. Mit Hilfe die-
ser Messungen könnenmedizinische Expertinnen und Experten die Aktivität von
Organen wie beispielsweise des Herzens oder des Gehirns überwachen und Ur-
sachen pathologischer Störungen wie Arrhythmien oder Krampfanfällen diagno-
stizieren. Künstliche Signale wie solche, die durch implantierte Elektroden für die
tiefe Hirnstimulation (deep brain stimulation, DBS) erzeugt werden, können eben-
falls detektiert werden und ermöglichen beispielsweise die Lokalisierung des Im-
plantats imKopf imRahmen postoperativer Untersuchungen. EinAnsatz, um sol-
che extrem schwachen biomagnetischen Signale zu detektieren, ist die Nutzung
eines Sensors, dessen Funktionsweise auf dem magnetoelektrischen (ME) E"ekt
beruht. SolcheME-Sensoren bieten bedeutsameVorteile gegenüber konkurrieren-
den Sensorsystemen, beispielsweise kostengünstige MEMS-Fertigungsprozesse,
Betrieb bei Raumtemperatur und eine Detektionsgrenze (limit of detection, LOD)
im Bereich von pT/

→
Hz.

Der Umfang dieser Dissertation beinhaltet die Modellierung und Simulation auf
Basis der Finite-Elemente-Methode (finite elementmethod, FEM)von einzelnenME-
Sensoren und Arrays von ME-Sensoren, sowie kombinierte Modelle mit ME-Sen-
soren und einem vereinfachten oder realistischen menschlichen Kopfmodell auf
Basis vonMagnetresonanztomographie- (MRT)Messungen als Anregungsquelle
für die Sensorarrays. Das Verhalten von ME-Sensoren wird simuliert unter dem
Einfluss von homogenen und inhomogenen Anregungsmagnetfeldern, verschie-
denen Ausrichtungen und Positionen der Sensoren, sowie je nach Modell unter-
schiedlichenAnregungsmechanismen, einschließlich einer umden Sensor befind-
lichen Ringspule oder einer im menschlichen Kopf befindlichen Dipolquelle.

Die Ergebnisse zeigen, dass ME-Sensoren auf Biegebalkenbasis stark positionsab-
hängige Empfindlichkeiten aufweisen und einfache theoretische Näherungen als
Punktsensoren in ihrem geometrischen Zentrum ungenau sind. Der Punkt der
höchsten Empfindlichkeit entlang der langen Achse des Biegebalkens ist ca. 17%
der freien Sensorlänge vom geklemmten Ende entfernt. Weiterhin zeigen Simula-
tionenmit einemkombiniertenModell, bestehend aus drei zueinander orthogonal
angeordneten Sensoren und einem vereinfachten menschlichen Kopf einschließ-
lich Dipolquelle, ein hochgradig positions- und richtungsabhängiges Verhalten
von individuellen Sensoren im Array. Das Sensorsignal hängt sowohl von der Po-
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sition und Orientierung der Dipolquelle im Kopf als auch der des individuellen
Sensors im Array ab, da ME-Sensoren eine sinusoidale Richtungsabhängigkeit
aufweisen. Dadurch bedingt entsteht die höchste Sensorantwort bei parallel zur
Längsachse des Biegebalkens anliegenden Feldern und sie wird minimal bei Fel-
dern, die orthogonal zur Längsachse anliegen. Schließlich liefert die Verwendung
eines akkurateren und verbesserten Kopfmodells auf Basis von MRT-Messungen
in Kombination mit einem Array aus fünfzehn ME-Sensoren wertvolle Erkennt-
nisse zummagnetischen Übersprechen (crosstalk) zwischen benachbarten Senso-
ren in verschiedenen Arraykonfigurationen. In einem solchen Array innerhalb ei-
nes homogenen Anregungsfeldes weisen die am weitesten außen liegenden Sen-
soren ein erheblich geringeres Übersprechen auf als die innen liegenden Sensoren
und der E"ekt nimmt mit steigendem Abstand zwischen benachbarten Sensoren
ab, bis zu einemvernachlässigbarenWert bei einer Entfernung von 5 cm,was etwa
der 20-fachen Breite des Sensors entspricht.

Diese Dissertation besteht aus einem einleitenden Kapitel, gefolgt von zwei Ka-
piteln zu den Grundlagen von ME-Sensoren und den verwendeten Simulations-
modellen. Die drei darau"olgenden Kapitel enthalten die wissenschaftlichen Ver-
ö"entlichungen als Erstautor, einschließlich jeweils eines Überblicks über die den
geleisteten Beitrag desAutors und einer Zusammenfassung derwesentlichenwis-
senschaftlichen Erkenntnisse. Die Doktorarbeit schließt abmit einemKapitel, wel-
ches die Zusammenfassung des geleisteten Forschungsbeitrags, eine Diskussion
der Ergebnisse, sowie einen Ausblick auf mögliche zukünftige Untersuchungen
auf dem Gebiet der Modellierung und Simulation von ME-Sensoren beinhaltet,
basierend auf den Erkenntnissen aus dieser Dissertation.
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Chapter 1

Introduction

1.1 Aim and Scope of this Dissertation
The human body is a profoundly complex, yet elegantly simple biological ma-
chine. Like many other machines, its functioning relies on the flow of electrical
currents. Within the body, current flow consists of ionic currents through biolog-
ical tissues like nerve and muscle cells; a phenomenon which has been of remark-
able research interest since at least the 19th century [1]. Ionic currents control the
body’s activity from down at the cell level all the way up to organs such as the
heart and brain. The discovery that electric currents, in general, caused magnetic
fields was made in the early 19th century by Hans Oersted and soon after formu-
lated into the crucial Biot-Savart law by Jean-Baptiste Biot and Felix Savart [2, 3].

Many essential medical diagnostics principles function by measuring the electri-
cal activity of the body. Electrodes are placed on the surface of the skin and record
the electrical potentials relative to reference points. Well-known applications of
this measurement principle include recording the heart activity in an electrocar-
diogram (ECG), or the brain activity in an electroencephalogram (EEG). These
electrical measurements are relatively simple to perform, cost-e"ective, widely
available, and o"er high temporal resolution. However, they also come with the
inherent drawbacks of electrical measurements such as comparatively low spa-
tial resolution (which may also negatively impact the temporal resolution [4]),
requirements of direct contact with a patient’s skin (often using conductive gel
between the skin and electrode), and the risk of incorrect positioning of elec-
trodes or reversal of leads [5]. In order to overcome these drawbacks and either
replace or complement electrical measurements, magnetic measurements based
on the underlying bioelectrical activity can be performed. These magnetic mea-
surements o"er benefits such as higher spatial resolution and increased patient
comfort. Particularly interesting applications arise due to the ability of magnetic
field measurement to be taken contactlessly and over small distances. This gives
rise to the ability to perform, for example, a fetal MCG in which the cardiac activ-
ity of a fetus is magnetically recorded through the maternal abdomen, allowing
non-invasive diagnosis of potentially threatening conditions such as arrythmias
as early as in the 13th week of pregnancy [6].

Over the last decades, many di"erent magnetometer concepts have emerged from
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Chapter 1. Introduction

various scientific disciplines such as engineering, astronomy, or medicine. These
sensor systems are promising in the field of biomagnetic measurements, and each
of them contains a suite of benefits and drawbacks in certain categories. Among
the selection of relevant sensor systems that fall within the context of this thesis
are superconducting quantum interference device (SQUID) magnetometers [7–
9], optically pumped magnetometers (OPMs) [10, 11], fluxgate magnetometers
[12–14], and magnetoelectric (ME) magnetic field sensors [15–17].

SQUIDmagnetometers have been in use for industrial and academic applications,
as well as clinical diagnostics for many decades [7], and remain the gold stan-
dard in many biomagnetic measurements [6, 18]. These devices function by the
principle of superconduction and utilize Josephson junctions as their active ele-
ment, enabling a supercurrent to flow in the junction between superconductors
[7], [19]. As the measured impedance of the SQUID loop (i.e. the voltage across
the Josephson junctions) is a function of the external magnetic flux, the device’s
sensing principle is transducing magnetic flux into an electric voltage [7]. Based
on this measurement principle, SQUIDs can function in di"erent varieties, such
as the DC SQUIDwith two junctions or the RF SQUID with a single junction, and
can achieve otherwise unmatched field resolutions in the order of magnitude of
10-17 T [18]. However, they also come with severe challenges and, because of
that, are usually only found in large clinics such as university hospitals or in re-
search institutions. Among their main drawbacks is their high financial cost, both
in initial acquisition and in maintenance. They require cryogenic cooling with
liquid helium [7], large magnetically shielded chambers due to their system size,
and severely ill patients often need to be transported over long distances to the
location of these rare devices, making large-scale clinical point of care (POC) or
ambulatory diagnostics extremely challenging.

OPMs saw a rise in popularity for use in biomedical applications due to their com-
paratively lower cost at similar magnetic field resolutions compared to
SQUIDs. Shah and Wakai report sensitivities of 6–10 fT/

→
Hz under ideal con-

ditions and a 3-dB bandwidth of around 100 Hz, which would principally make
their magnetometer suitable for biomagnetic applications such asMEG andMCG
[10]. A major limitation of OPM sensors, however, is their sensitivity to ambient
background magnetic fields, such as environmental interferences from the power
grid at 60 Hz (in the USA) and generally lower bandwidth than SQUIDs – which
is an additional trade-o" to their sensitivity [10], [11]. While these devices reach
impressive sensitivities, their operation outside of magnetically shielded cham-
bers is challenging due to their inherent susceptibility to external interferences.
Although they cannot immediately replace SQUID devices in every regard as of
today, future studies such as the investigation of OPM arrays [10] or pulsedOPMs
that can operate without shielding [20] might be very promising for the clinical
applications of tomorrow.

Another sensingdevice used formeasurements ofweakmagnetic fields is the flux-
gate magnetometer. Historically, fluxgate magnetometers became interesting be-
cause of their stability, sensitivity, cheaper operation than SQUIDs and – contrary
to OPMs – their ability to measure the components of the magnetic field directly
and therefore act as vector magnetometers [12]. The combination of properties
such as their high sensitivity, high dynamic range and excellent o"set stability
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Chapter 1. Introduction

makes them the most widely used type of magnetometer in space applications
[13]. Although classical fluxgate magnetometers are not suitable for general mea-
surements of the extremelyweak biomagnetic fields of the human body, recent de-
velopments for this sensor type show promising results in medical applications,
such as the ability to detect the R-peak of theQRS complex of a human cardiogram
[14].

In the following, this dissertation will focus on ME sensors as novel devices for
measuring extremely small biomagnetic signals. Measurements with these sen-
sors are based on the magnetoelectric e"ect. Sensing devices based on the mag-
netoelectric e"ect utilize the physical principles of magnetostriction and piezo-
electricity to transduce a magnetic field into an electric potential [21–23]. Most
commonly, such sensors consist of cantilever beams with a composite material
layer structure, where the layers are separated by function, i.e., they consist of
a separate substrate layer, magnetostrictive layer, and piezoelectric layer. This is
done in order to utilize the indirect magnetoelectric e"ect, which is much more
pronounced than the direct magnetoelectric e"ect [22–25]. Within the category
of ME sensors, di"erent approaches for the sensing principle are used. For the
approach of direct detection in resonant bending mode, a cantilever ME sensor is
designed in such a way that its mechanical resonance frequency matches the fre-
quency of the measured magnetic field, as operating in resonant bending mode
sharply increases the ME sensor’s sensitivity [17, 26]. In some cases, matching
the mechanical frequency to the magnetic field is not feasible, e.g., in direct mea-
surements of the brain activity with typical frequencies well below 100 Hz. In
such cases, frequency conversion techniques can be performed to enable wide-
band measurements at low frequencies with resonant sensors [27]. A di"erent
approach is chosen with so-called!E-e"ect ME sensors. This variation functions
by utilizing a change in the Young’s modulus dependent on the ambient magnetic
field [28]. It is electrically excited at a frequency far above that of the measured
magnetic field, resulting in the sensor’s ability to detect small biomagnetic fields
with increased sensitivity utilizing the concept of detuning [29].

Another highly promising approach in state-of-the-art ME sensor research is the
surface acoustic wave (SAW) sensor principle, which was already discussed for
potential use cases in oscillators and delay lines as early as 1979 [30]. In recent in-
vestigations on magnetoelectric SAW sensors, the magnetic material is placed on
a delay line between two interdigital transducer (IDT) electrodes that are utilized
to excite and receive Love waves, which then travel through the delay line [31].
Through the magnetoelastic e"ect, an external magnetic excitation field changes
the elastic properties of themagneticmaterial and results in a delayed signal prop-
agation between the two IDTs. The delay imposed on an acoustic wave traveling
through the sensor geometry is measured and evaluated to enable extremely low
LOD magnetic field sensing.

As the research interest in various ME sensor technologies is ever growing, de-
tailed insights into the working principles and behaviors of these sensing devices
are necessary in order to foster their potential for real-world applications. Focal
points need to be set for research hypotheses, and theoretical as well as experi-
mental investigations must be conducted with meticulous detail. This work fo-
cuses on modeling and 3D finite element method (FEM) simulation of cantilever
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Chapter 1. Introduction

Figure 1.1 – An overview of the ME sensor research models covered in this
thesis. Contributions are made in the areas of localized excitation, sensor ar-
rays, directional sensitivity, as well as combined head and sensor models.

ME sensors in resonant bending mode for direct detection. The models are im-
plemented and simulations are performed using the commercial FEM modeling
software Comsol Multiphysics (Comsol Inc.) [32]. Additional postprocessing
steps such as data extraction and result visualization are performed in Matlab
(The Mathworks Inc.) [33]. The range of models that were developed and inves-
tigated during this PhD study covers single ME sensors under homogeneous and
inhomogeneous magnetic excitation fields, di"erent array configurations of up to
fifteen ME sensors, and the combination of ME sensor models with simplified
and MRI-based human head models for joint multiscale simulations. The latter
approach includes electric dipole sources contained in the human head anatomy,
leading to the creation and propagation of a magnetic field through the head’s tis-
sue layers, an air environment, and into an array of ME sensors. Figure 1.1 gives
an overview of the research interests within the area of ME sensor modeling that
are covered in this dissertation.

These detailed multiscale simulations have the potential for providing relevant
theoretical insights that would otherwise be challenging to obtain with exper-
imental measurement setups alone. The main findings of this dissertation are
documented in the form of three peer-reviewed and published journal articles,
each contributing to the previously mentioned research topics. The next section
will give a brief outline of the contents of this work, including the main concepts
of each journal article.
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Chapter 1. Introduction

1.2 Outline
This dissertation is structured into seven chapters, with this introduction being the
first. Chapter 2 gives an overview of the physical fundamentals required to under-
stand the contents of this work. It contains Section 2.1, which gives an overview
of biomagnetic measurements. Following that, Section 2.2 describesmagnetoelec-
tric sensors and their working principles, including subsections on magnetostric-
tion, piezoelectricity, and the magnetoelectric e"ect. Lastly, Section 2.3 o"ers an
overview of the topic of FEMmodeling and simulation, which is themainmethod
of obtaining results and the scientific backbone of this work. Following the fun-
damentals, Chapter 3 briefly introduces the implemented simulation models pre-
sented in this thesis. It is divided into the Section 3.1 describing the ME sensor
model theory utilized in this dissertation and Section 3.2 and its subsections, de-
scribing the simulation models utilized in the three first-author journal publica-
tions. Following the fundamentals and methods, Chapters 4, 5, and 6 each repre-
sent the scientific contributions that were achieved during the author’s doctoral
studies in the form of peer-reviewed journal articles. Starting with Chapter 4, an
ME sensor under localized inhomogeneous magnetic field excitation via a small
circular coil is presented. Following that, Chapter 5 is dedicated to a combined
ME sensor and simplified human head model in a joint multiscale simulation.
Lastly, Chapter 6 presents a combined ME sensor array and MRI-based human
head model, which contains fifteen individual ME sensors in di"erent array con-
figurations. Each of the three chapters on the peer-reviewed journal publications
include a short introduction with a statement about the author’s contribution to
the work, the complete published journal article, and a summary of the key find-
ings and scientific implications of the article. Lastly, Chapter 7 finalizes the dis-
sertation by giving a summary of the presented work in Section 7.1, discussing
the results and their implications in Section 7.2, and by o"ering an outlook on
potential future research interests related to the findings of this dissertation in
Section 7.3.
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Chapter 2

Fundamentals

The scope of this dissertation covers the modeling and simulation of ME sensors
and their interaction with magnetic fields from di"erent excitation sources and
within various modeling frameworks. The obtained results are based on numer-
ical simulations utilizing FEM models. The following chapter aims to provide
fundamental context for the understanding of this work and its results. It briefly
describes the topics of biomagnetic measurements in Section 2.1, magnetoelectric
sensors in Section 2.2, and the finite element method in Section 2.3.

2.1 Biomagnetic Measurements
As outlined in the introduction to this thesis, biomagnetic measurements are cru-
cial for both clinical applications as well as academic research. Dating back many
decades, researchers were always keen to study human physiology and the bio-
electric phenomena originating from our bodies. While the electric activity of
organs such as the heart or brain was fundamentally understood and utilized
in clinical diagnostics, the magnetic field emanating from the same activity had
yet to be thoroughly investigated. In the 1960s, Researchers like Gerhard Baule,
Richard McFee and David Cohen studied magnetic fields emanating from the hu-
man body caused due to its electrical activity. Baule andMcFeewent on and even-
tually recorded the world’s first MCG in 1963 [34, 35]. In one of his works, Cohen
demonstrated that magnetic measurements containedQRS and T-wave structures
similar to those of an electrocardiogram [36]. Cohen pointed out – in a pivotal
statement – that both MCG and ECG were “powered from the same source” and
stated important di"erences between the two concepts, while also listing benefits
of magnetic measurements and forecasting its importance in future research and
diagnostics [36].

Figure 2.1 shows two photographs published in a research article by Hämäläinen
et al. in 1993 [37]. (a) depicts a SQUID magnetometer system which is located
inside a magnetically shielded room at Helsinki University of Technology. The
122-channel neuromagnetometer with its helmet-shaped, liquid-helium-filled de-
war surrounds a person’s head during the measurement process. (b) shows the
24-channel neurogradiometer in Helsinki. The photograph is taken without the
surrounding helium dewar of the machine above a human brain model to illus-
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(a) (b)

Figure 2.1 – Two photographs published in a 1993 research article from
Hämäläinen et al. (a) shows a person sitting in the SQUID magnetome-
ter system, located inside a magnetically shielded room at the Helsinki Uni-
versity of Technology (from [37]). (b) The 24-channel neurogradiometer in
Helsinki is shown without the surrounding helium-filled dewar above a hu-
man brain model to illustrate the measurement distance and shape of the
concave gradiometer measuring head (from [37], reprinted with permission
from M. Hämäläinen, R. Hari, R. J. Ilmoniemi, J. Knuutila, and O. V. Lounas-
maa, “Magnetoencephalography—theory, instrumentation, and applications
to noninvasive studies of the working human brain,” Rev. Mod. Phys.,
vol. 65, no. 2, pp. 413–497, Apr. 1993, doi: 10.1103/RevModPhys.65.413,
© 1993 The American Physical Society).

trate the measurement distance and concave shape of the gradiometer measuring
head.

In contrast to the large-scale SQUID magnetometer which requires helium cool-
ing andmagnetically shielded chambers to operate, newly emerging technologies
such asME sensors do not require these to operate andhave additional advantages
such as low-cost fabrication, as well as the potential for passive and unshielded
operation without the requirement of external cooling or heating (as reiterated
from Chapter 1) [15, 17]. Figure 2.2 shows a photograph of a modern packaged
and assembled ME sensor on a printed circuit board (PCB) manufactured by the
Fraunhofer Institute for Silicon Technology (ISIT) in Itzehoe, Germany [38].

While ME sensors are currently not as sensitive as SQUID devices and therefore
not yet suitable for some of the most demanding applications like MEG, the tech-
nology is rapidly growing and its capabilities quickly improving. Novel appli-
cation concepts like real-time magnetic localization of ultrasound probes, mag-
netic detection of positions and orientations of deep brain stimulation (DBS) elec-
trodes, or magnetic motion analysis for swallowing detection in individuals suf-
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Figure 2.2 – A modern packaged and assembled ME sensor device on a
printed PCB (from [38], licensed under Creative Commons Attribution li-
cense CC BY 4.0, https://creativecommons.org/licenses/by/4.0/).

fering from dysphagia are flexible and suitable use cases for biomagnetic mea-
surements with ME sensors [39–42]. In the future, cost-e!cient, highly sensitive,
and flexible measurements could be possible with these devices that can already
be manufactured with comparatively simple MEMS processes.

Figure 2.3 gives a qualitative overview of various biomagnetic sources with their
corresponding magnetic noise density (T/

→
Hz) and frequency range. Addition-

ally, several magnetic field sensing devices are incorporated in the figure, based
on their corresponding limit of detection (LOD) and bandwidth [38, 43]. This
comparison illustrates the requirements of di"erentmedical applications and how
suitable for them current sensor technologies are.

Using a suitable sensing device for a specific biomagnetic measurement, i.e., con-
sidering key requirements like bandwidth, dynamic range and sensitivity, is cru-
cial. As Figure 2.3 depicts, ME sensors at resonance can achieve an extremely low
LOD only at specific frequencies and narrow bandwidths. While this is a limita-
tion for certain applications, techniques such as frequency conversion can be ap-
plied to adjust the resonance frequency of the device in order to match required
applications such as MCG or MMG [27]. As described in the introduction to this
thesis, SQUIDmagnetometers are currently considered the gold standard for bio-
magnetic measurements and clinical applications. Other sensor technologies are
rapidly improving, and ME sensors may soon become suitable for a wider range
of clinical and research applications in the future. In order to help understanding
the working principle of ME sensor technology, the following sections will pro-
vide details on the physical e"ects utilized for measurements with ME sensors.

2.2 Magnetoelectric Sensors
The existence of a material exhibiting a linear causality between its electric polar-
ization and an appliedmagnetic fieldwas first hypothesized by Landau and Lifshitz
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Figure 2.3 – A qualitative comparison of magnetic noise density values
(T/

→
Hz) for di"erent biomedical applications and relatedmagneticmeasure-

ment devices. While devices such as the ME sensor at resonance can accom-
plish LODs suitable for applications related to magnetocardiography or deep
brain stimulation electrodes, the SQUID magnetometer is the gold standard
for biomagnetic measurements (based on [38, 43]).

in 1958, then later predicted theoretically within Cr2O3 by Dzyaloshinskii in 1959,
and finally proven experimentally in the very same material by Astrov in 1960 in
the former Soviet Union [21, 22]. Today, many di"erent approaches for magneto-
electric sensors exist in literature, with some examples of them presented in the
introductory chapter to this thesis. The basis for their functioning, however, comes
down to three crucial physical e"ects, namely: magnetostriction, piezoelectricity,
and the magnetoelectric e"ect. The following sections will briefly introduce these
e"ects and highlight their importance for the operation of ME sensors.

2.2.1 Magnetostriction
The lowly humming noise of an electric power adapter plugged into a wall outlet
is something most people are familiar with. Within these devices, transformers
are responsible for turning the supplied 230 V of the outlet into amuch lower volt-
age suitable to charge the batteries of smartphones, operate computers, and power
countless other household appliances. What causes the audible humming is the
same principle that allows us to operate ME sensors in the first place: the magne-
tostrictive e"ect. It describes themagnetoelastic coupling inside anisotropic ferro-
magnetic crystal structures leading to elastic deformation based onmagnetization
of the material [19]. In 1842, James Prescott Joule discovered that some materials
would exhibit a change in shapewhile maintaining a constant volume in response
to an applied magnetic field – the e"ect that we know as Joule magnetostriction
today [19, 44]. The change in shape can manifest as an elongation of a material
by a length !L when a"ected by an external magnetic field. This elongation is
caused by the orientation of magnetic domains inside the material and is depen-
dent on the strength and direction of the external magnetic field, as illustrated in
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(a) (b)

(c) (d)

Figure 2.4 – An illustration of the magnetostrictive e"ect. In (a), no exter-
nal magnetic field is applied to the material and the magnetic domains are
oriented stochastically (or to a certain degree organized in di"erent Weiss do-
mains), and therefore in sum exhibit no net magnetization. In (b), adding
an external magnetic field results in energetically favorable domains expand-
ing at the expense of unfavorable domains, and further increasing the field
strength in (c) results in total favorable domain expansion. An even further
increase results in the rotation and alignment of the magnetic domain orien-
tation with the magnetic field direction of the externally applied field (based
on [45, 46]).

Figure 2.4.

At the initial stage without an applied external magnetic field, a magnetostrictive
material with length L0 exhibits magnetic domains which are not uniformly ori-
ented, as depicted in Figure 2.4 (a). Upon applying an external magnetic field
ωH1, the magnetic domains which are oriented energetically favorable to the di-
rection of the field expand, while unfavorably oriented ones contract, as seen in
(b) [45]. Further increasing the magnetic field strength results in the entire mate-
rial exhibiting a complete energetically favorable domain expansion (c) and even
further increase of the field strength results in rotation and alignment of the mag-
netic domain orientationwith the field direction, leading to a saturation condition
(d) [45]. The resulting elongation of the material is illustrated under each subfig-
ure with an additional !L segment and corresponds with the orientation of the
electron hulls, which is directly a"ected by the magnetic moments through the
electrons’ spin-orbit coupling [46], [47].

In the case of Joule magnetostriction, this change in length !L relative to the ini-
tial length without applied magnetic field L0 can be used to calculate the mag-
netostrictive constant ε and the material may exhibit elongation or contraction
depending on the sign of this constant [45]:
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(a) (b) (c) (d)

Figure 2.5 – The direct piezoelectric e"ect is illustrated in (a) and (b). The
externally applied force ωF1 stretches thematerial in vertical direction, while ωF2

compresses it, resulting in opposite polarization signs andmeasurable electric
potentials. In (c) and (d), the inverse piezoelectric e"ect is demonstrated,
where applied electric fields with di"erent signs result in either stretching or
compression of the material. The applied forces and voltages are marked in
red, while the resulting behavior is highlighted in blue (based on [49]).

ε =
!L

L0
. (2.1)

An important coe!cient used throughout the simulations presented in this thesis
is the piezomagnetic coe!cient dm. Analogously to the use of the piezoelectric
coe!cient d to describe electromechanical coupling in piezoelectric materials, the
piezomagnetic coe!cient dm (a third order tensor) describes the change of the
magnetostriction tensor ω (a tensor consisting of several magnetostriction con-
stants) depending on a change in applied magnetic field intensity ωH [46, 48]:

dm =
ϑω

ϑ ωH

. (2.2)

As transducers of an external magnetic field to a measurable electric potential,
ME sensors would not be functional without utilizing materials that exhibit the
magnetostrictive e"ect. Combined with the principle of piezoelectricity, which is
the subject of the following section, these sensing devices become operational.

2.2.2 Piezoelectricity
A lot of daily appliances, ranging fromcigarette lighters andmicrophones to printer
ink jets, utilize some variation of the piezoelectric e"ect. It describes the property
of certain crystalline materials to exhibit a change of electric polarization within
the material in reaction to its elastic deformation. Consequently, the polarization
change results in an electric potential, the sign of which depends on the properties
of the crystal and varies between the material being stretched or compressed in
a certain direction, as illustrated in Figures 2.5 (a) and (b). The opposite of this
e"ect is called inverse piezoelectric e"ect. Here, applying an electric field to the
material results in stretching or compression of it, depending on the sign of the
voltage and the crystal structure. Figures 2.5 (c) and (d) illustrate the reaction of
the material to opposite polarizations of a connected voltage source.
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(a) (b) (c)

Figure 2.6 – Two-dimensional illustration of a quartz crystal and its centers of
charge (a) without externally applied force, (b) with externally applied force
ωF1 along the polar axis, and (c)with externally applied force ωF2 perpendicular
to the polar axis (based on [43, 53]).

As a relational value for the charge per area (C/m2) on the surface of the polar-
ized material, the electric flux density ωD can be calculated from the piezoelectric
coe!cient d multiplied with the mechanical stress T [50]:

ωD = dT . (2.3)

Conversely, for the inverse piezoelectric e"ect, the mechanical strain S is depen-
dent on the electric field strength ωE and the same piezoelectric coe!cient d, which
is generally a third order tensor [46]:

S = d ωE. (2.4)

In order to exhibit piezoelectric properties, a crystal has to consist of point groups
without an inversion center, a condition which is a prerequisite for the existence
of a polar axis within the structure that enables the e"ect to occur [49, 51, 52].
Figure 2.6 illustrates the piezoelectric e"ect on an exemplary 2D quartz crystal
structure [53]. In Figure 2.6 (a), a quartz crystal with its negatively charged oxy-
gen and positively charged silicon atoms is given. Without applying any external
forces, the structure is in equilibrium and the centers of the negative and positive
charges are aligned. This state results in a neutral charge of the material. If an
external force ωF1 is applied along the polar axis, the centers of the negative and
positive charges shift, resulting in a polarization of the material. This relation-
ship between direction of the applied force and polarization is called longitudinal
piezoelectric e"ect and is illustrated in Figure 2.6 (b). If an external force ωF2 is
applied in perpendicular direction, the polarization occurs orthogonally to the
applied force, resulting in the transverse piezoelectric e"ect [43].

The piezoelectric e"ect is a crucial part of the functioning principle forME sensors.
In conjunction with the magnetostrictive e"ect, it enables the occurrence of the
magnetoelectric e"ect which will be described in the following section.
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Figure 2.7 – The interconnections between magnetoelasticity, piezoelectricity,
andmagnetoelectricity. Based on the coupling of di"erent e"ects andmaterial
properties, the pathways of the direct and indirectME e"ects can be identified
(based on [43, 56]).

2.2.3 Magnetoelectric E!ect
The magnetoelectric e"ect (ME e"ect) is the namesake for ME sensors and con-
sists of the combination of the magnetostrictive and piezoelectric e"ects. It de-
scribes the change of an electric field depending on the change of amagnetic field.
In the context of ME sensor research, this relationship is known as the ME coe!-
cient εME:

ϑ ωE = εMEϑ ωH. (2.5)

Two types of ME e"ects are known: the direct and indirect ME e"ect. While the
direct e"ect is exhibited in single-phase materials that combine magnetostrictive
and piezoelectric properties [54], the much more pronounced indirect ME e"ect
can be achieved by joining di"erent materials with either piezoelectric or magne-
tostrictive properties into a composite material [25]. These composite materials
consist of mechanically coupled piezoelectric and magnetostrictive layers, each
subject to the corresponding e"ect based on their material parameters. Figure 2.7
illustrates the connection between magnetoelasticity, piezoelectricity, and magne-
toelectricity. The pathways that the direct and indirect ME e"ects follow can be
highlighted: While the direct ME e"ect would lead from a magnetic field ωH to a
polarization ωP via the ME coe!cient εME, the indirect ME e"ect of a composite
material is based on the magnetic field leading to a mechanical strain S inside
the magnetostrictive material via the piezomagnetic coe!cient dm , which in turn
results in a mechanical stress T and the subsequent polarization ωP of the piezo-
electric material via the piezoelectric coe!cient d. [25, 43, 55].

The sensor models described in this dissertation simulate composite materials ex-
hibiting the indirect ME e"ect in order to leverage the increased sensitivity of
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the resulting sensor systems. The combined magnetic, electrical, and mechani-
cal properties of the separate material layers enable the ME sensor to function as
a measurement device capable of sensing extremely weak biomagnetic fields in a
variety of frequency ranges and applications.

2.3 Finite Element Method
The finite elementmethod is a powerful numerical calculationmethod that can be
used to solve extensive systems of di"erential equations. It is of major importance
in several fields of engineering, physics, and mathematics in both research and
industry. Automotive developers rely on FEM to calculate mechanical stresses
and strains on a vehicle’s drivetrain components, aerospace engineers utilize it to
model heat transfer rates between di"erent materials in an aircraft, and biomedi-
cal researchers apply it to simulate fluid flow in microfluidic channels of lab-on-
chip biosensors.

The concept of the method is to break down extremely complex problems, which
cannot be handled by conventional or analytical methods (e.g. due to the com-
plexity of their materials, geometry, boundary conditions, or number of degrees
of freedom) into a finite number of small, interconnected elements. After this
breakdown (or discretization) step, the initial geometry can be represented as
a mesh of elements and their connected nodes. Depending on the nature of the
problem, di"erent boundary conditions, material parameters, and physical e"ects
can then be prescribed to di"erentmesh elements. In a simple case, the calculation
of stress and strain experienced by a metallic cantilever beam that is fixed on one
end and displaced on the other end can be performed. Here, the relation between
force, sti"ness of the material, and displacement can be utilized to calculate the
stress and strain in each node of the mesh, and therefore in the entire geometry. A
crucial part of this simulated behavior is to calculate the sti"ness matrix for each
mesh element, which is performed by either direct or iterative solvers, such as the
Galerkin method of weighted residuals. Once the sti"ness matrix of each element
is obtained, knowledge of the interconnections of the mesh elements allows for
constructing the global sti"ness matrix and therefore enables solving the equa-
tion for the desired variable in the entire cantilever geometry. One thing to keep
in mind is that FEM simulation results are always numerical approximations of
the ideal solution, and therefore not ideal themselves. The quality of said solu-
tion highly depends on the number of degrees of freedom of the model. This, in
turn, is dependent on utilized physics, boundary conditions, number, and shape
of mesh elements – the finer the resolution of the mesh, the higher the number
of degrees of freedom. In practical applications, one must find a compromise
between the better approximation of a solution resulting from a high number of
degrees of freedom and the computational requirements like processing power,
memory use, and calculation time [57, 58].

In order to performnumerical FEM calculations, specialized software is necessary.
Di"erent software tools exist for this purpose, ranging from specialized open-
source packages used in academia, to commercial solutions for a wide range of
industrial applications. One such commercial software is Comsol Multiphysics,
which was used to calculate the results throughout the works presented in this
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(a) (b) (c)

Figure 2.8 – The illustration shows three key aspects of setting up and eval-
uating an FEM model, on the basis of the human head model from the final
journal publication presented in Chapter 6 of this dissertation [39]. (a) de-
picts the skin layer as the outermost compartment of the head. In (b) the
geometry is then subdivided into the finite elements, which in this case re-
sults in a 3D mesh of tetrahedral elements. A typical figure of merit for the
mesh is the skewness, which is shown here. (c) shows a graphical evaluation
of the results after running the simulation. This example visualizes the mag-
netic flux density norm and direction resulting from an electric source located
inside the head geometry.

dissertation. The software o"ers a built-in material library, integrated physics
interfaces for mechanical, electrical, and magnetic models, as well as modeling
specific physical properties such as magnetostriction and piezoelectricity and the
coupling between them in multiphysics simulations. Utilizing the software’s in-
tegrated features o"ers the benefit of simple and e!cient collaboration between
researchers while assuring comparability between results. Additionally, the soft-
ware o"ers an application programming interface (API) to Matlab and similar
tools for script-based adjustments and execution of simulations, as well as post-
processing of results.

Figure 2.8 illustrates some of the key aspects of setting up and evaluating the FEM
models that are specific to this work. The model shown in the illustration is that
of the human head described in the final journal publication of this thesis [39].
It exemplifies three important stages in creating and evaluating an FEM model.
Firstly, Figure 2.8 (a) depicts the skin layer as the outermost compartment of the
head geometry. Secondly, (b) illustrates the surface of the tetrahedral finite ele-
ment mesh that the entire geometry is subdivided into and solved for. It addition-
ally visualizes the skewness of the mesh on a color scale, which is an important
figure of merit. Finally, (c) shows a graphical evaluation of the solved simula-
tion, in this case, the magnetic flux density norm and direction propagating from
a source located inside the head outwards, e.g., to the volume of an ME sensor
array geometry adjacent to the head.

Following this briefly summarized principle of the FEM and a first glimpse at one
of the model geometries created and published in the scope of this dissertation,
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the next chapter will include descriptions of and background information on the
main models that contributed to this work.
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Chapter 3

Simulation Models

A solid understanding of the physical principles behindME sensors is required to
be able to create accurate numerical models of them and evaluate simulation re-
sults. The previous chapter gave an overview of the most crucial physical e"ects
and dependencies necessary for the functioning of ME sensors. Building upon
those fundamental understandings, the following chapter will introduce the spe-
cific FEM simulationmodels thatwere created, calculated, and reported onwithin
the scope of three journal publications that contribute to this cumulative work.

3.1 ME Sensor Model Theory
In general, the theoretical ME sensor model for FEM simulation can be described
with sets of partial di"erential equations (PDEs) and constitutive equations, re-
lating to prescribed physical e"ects and material properties. Many early numeri-
cal studies were published at a time where no commercial finite element package
was available which was specifically designed to solve multiferroic systems, as
described by Blackburn et al. in 2008 [23]. To overcome this challenge, researchers
utilized versatile modeling software like Comsol Multiphysics [32], Ansys Me-
chanical [59] or CST Studio Suite [60] and manually entered the relevant equa-
tions in order to create a solvable system of PDEs [23, 61, 62].

The fundamental equations for the electromagnetic domain in the generalized sys-
tem of PDEs areMaxwell’s equations, based on a time-harmonic steady state [43]:

↑↓ ωH = ωJ + jϖ ωD, (3.1)

↑↓ ωE = ↔jϖ ωB, (3.2)

↑ · ωD = ϱv, (3.3)

↑ · ωB = 0. (3.4)
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Maxwell’s equations are given in phasor form in (3.1)–(3.4), leveraging the time-
harmonic steady state condition and the phasor definition:

ωG(t) = ↗
{
ωGe

jωt

}
. (3.5)

The electric and magnetic field intensities as well as electric and magnetic flux
densities are given with ωE, ωH , ωD and ωB. ωJ is the electric current density and ϱv
the volume charge density. In previous work on ME sensor models, the general
assumption of ωJ = 0 is made and applying the divergence to Equation (3.1) with
Equation (3.6) yields Equation (3.7) and implies that no volume charge density
exists [43, 46]:

↑ ·
(
↑↓ ωH

)
↘ 0 (3.6)

↑ · ωD = 0. (3.7)

While this is the general formulation in previous literature on ME sensor mod-
eling, depending on the complexity of the model and its setup, a volume charge
density can exist in certain material domains (leading to the formulation in Equa-
tion (3.26) later in this section).

For linear elastic materials and simplified problems such as springs or 1D can-
tilevers, Hooke’s law is a fundamental equation which defines that an applied
force F to the material with a spring constant D results in an extension displace-
ment !l [43, 63]:

F = D ·!l. (3.8)

Similarly, the law can also be stated by relating the mechanical stress T to the me-
chanical strainS via the Young’smodulusE (within the elastic limit of amaterial):

T = S · E. (3.9)

In the case of more complex, multidimensional problems such as ME sensor sim-
ulation, the general relationship betweenmechanical stress and strain is described
by a sti"ness tensor, as seen in Equation (3.10) below.

Based on the fundamental relations defined in Maxwell’s equations, Newton’s
law, linear constitutive material equations, material parameters, and elasticity re-
lations, the following equations throughout this section describe the typical setup
of PDEs and constitutive material equations used to configure a solver [23, 62, 64–
67]:

T = cEHS ↔ e→ ωE ↔ e→
m
ωH, (3.10)
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ωD = eS + ϑS ωE, (3.11)

ωB = emS + µS ωH. (3.12)

Here, T and S denote the mechanical stress and strain tensors. cEH , e and em are
the sti"ness, strain to electric field and strain to magnetic field coupling tensors;
the permittivity and permeability are denoted by ϑS and µS .

To solve for themechanical displacement ωu, electric potentialV andmagnetic vec-
tor potential ωA, which are the independent variables, the PDEs (3.13)–(3.15) are
utilized [62]:

↑ · T = ↔ςϖ
2
ωu, (3.13)

↑ · ωD = 0, (3.14)

↑ · ωB = 0. (3.15)

Here, the particle density ς, displacement vector ωu, and angular frequency ϖ are
described. Finally, Equations (3.16)–(3.18) typically link the constitutive material
Equations (3.10)–(3.12) to the PDEs (3.13)–(3.15) to delineate the sensor response
[62]:

S =
1

2

[
(↑ωu)→ +↑ωu

]
, (3.16)

ωE = ↔↑V, (3.17)

ωB = ↑↓ ωA. (3.18)

Due to the inherent gauge freedom that Equation (3.18) is subjected to, the simu-
lation models presented in this work utilize the Coulomb gauge condition:

↑ · ωA = 0. (3.19)

Simulation of multiferroic structures is relevant in many di"erent scientific fields
and for a large variety of applications. Over time, updated versions of the model-
ing tools were released and provided powerful, built-in modules to solve specif-
ically for magnetostrictive and piezoelectric properties. The modeling work in
this dissertation is performed using such built-in solvers for multiferroic materi-
als in Comsol, for the most part eliminating the need to manually configure PDEs
and use universal solvers. Instead, optimized interfaces and predefined coupling
mechanisms formagnetostriction andpiezoelectricity can be utilized, speedingup
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the build process of newmodels, simplifying collaborationwith other researchers,
and reducing the complexity for introducing advanced model environments and
components such as head models and di"erent excitation mechanisms in com-
bined models [39, 68, 69]. These built-in modules utilize the same general equa-
tion systems, relations, andmaterial parameters as the equivalent PDEs from liter-
ature described in Equations (3.10)–(3.18), but due to the nature of the component-
wisemodel configuration in Comsol, the equations are grouped bymaterial prop-
erties and physical e"ects. This means, for example, that the equation describing
the stress tensor does not incorporate electric and magnetic properties by includ-
ing both coupling coe!cients into one equation, but rather that the piezoelec-
tric and magnetostrictive materials are first configured with their own respective
stress tensors separately, and then subsequent calculations are performed using
both components. As opposed to the previously given general formulation based
on literature, the exact formulation for the built-in, component-wise set of PDEs
(as displayed within Comsol Multiphysics 6.1) can be extracted from the final
publication for this dissertation and will be described next [39]. Although di"er-
ent nomenclature may be used, the physical e"ects described are the same, e.g.,
the mechanical stress T and strain S described in Equations (3.13) and (3.16) are
equivalent to the mechanical stress S and strain ϑ given in Equations (3.20) and
(3.22).

The following equations are part of the first interface of the model, the solid me-
chanics interface. These equations couple mechanical, electrical and magnetic be-
havior of the ME sensor model and are separated into specific physics nodes with
respective terms for each of themultiferroic layers’ properties. Startingwith Equa-
tions (3.20)–(3.23), the linear elastic material node is introduced. This node con-
tains broader mechanical properties of the sensor model which are not uniquely
and specifically related to themagnetostrictive or piezoelectric layers. TheYoung’s
modulus E and Poisson’s ratio φ are parameters for the sti"ness tensor C in be-
tween themechanical stressS and the strain ϑ in the silicon substrate, as described
in Equations (3.21) and (3.23):

↔ςϖ
2
ωu = ↑ · S, (3.20)

S = C : ϑ, (3.21)

ϑ =
1

2

[
(↑ωu)→ +↑ωu

]
, (3.22)

C = C (E, φ) . (3.23)

Within the solid mechanics interface, the magnetostrictive material node is set up
next. In Equation (3.24), the stress resulting specifically due to magnetostrictive
material properties is calculated in relation to the elasticity matrix cH , the cou-
pling matrix in Voigt notation eHS , the strain and the magnetic field intensity.
Additionally, the relation between magnetic flux density ωB, relative permeability
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µrS , magnetic field intensity ωH , coupling matrix, and strain are given in Equa-
tion (3.25):

S = cH : ϑ↔ ωH · eHS, (3.24)

ωB = µ0µrS ωH + eHS : ϑ. (3.25)

The last set of equations within the solid mechanics interface covers the piezoelectric
material node with its equations specifically applicable to the piezoelectric layer,
analogous to the previously described layer equations specific to themagnetostric-
tive material:

↑ · ωD = ϱv, (3.26)

S = cE : ϑ↔ ωE · eES, (3.27)

ωD = ↼0↼rS ωE + eES : ϑ. (3.28)

The built-in formulation for Gauss’ law is given in Equation (3.26), with the elec-
tric flux density ωD and volume charge density ϱv. Analogous to the magnetostric-
tive material, the piezoelectric material’s elasticity matrix cE and coupling matrix
in Voigt notation eES are given, as well as the electric field intensity ωE and the
relative permittivity ↼rS in relation to the stress and electric flux density in Equa-
tions (3.27) and (3.28), respectively. The piezoelectric layer is modeled utiliz-
ing the stress-charge form and the magnetostrictive layer according to the stress-
magnetization form. In addition to the solid mechanics node, which is responsi-
ble for the elastic material properties and coupling between sensor layers and to
which Equations (3.20)–(3.28) are assigned to, the models shown in this disser-
tation also utilize the magnetic fields and electrostatics physics with their respective
definitions and equations. The following Equations (3.29)–(3.33) based on the
integrated physics nodes and boundary conditions of the magnetic fields and elec-
trostatics interfaces are utilized to govern the electrical and magnetic behavior of
the ME sensor and head models:

↑↓ ωH = ↽ ωE + jϖ ωD, (3.29)

ωB = ↑↓ ωA, (3.30)

ωE = ↔↑V ↔ jϖ ωA, (3.31)

ωD = ↼0↼r ωE, (3.32)
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ωB = µ0µr ωH. (3.33)

Equations (3.29) and (3.30) are part of the magnetic fields interface and use the
Ampère-Maxwell equation with ↽ as the specific conductivity and relate the mag-
netic flux density to the magnetic vector potential ωA. Equation (3.31) correlates
electric field, electric potential, and vector potential which are part of the electro-
statics interface. Lastly, the additional Equations (3.32) and (3.33) are defined
in the generic Ampère’s law node of the magnetic fields interface. These are gen-
eral constitutive equations relating electric and magnetic fields and flux densities
with their respective permittivity and permeability for materials which do not
have properties governed by the specific boundary conditions for piezoelectric-
ity or magnetostriction, e.g., the silicon substrate. In addition, the generic Equa-
tion (3.32) is used for themagnetostrictive layer as it does not exhibit piezoelectric
properties and Equation (3.33) for the piezoelectric layer, which in turn does not
exhibit magnetostrictive properties [39].

The equations that are described above enable performing 3D numerical finite-
element method simulations on the fully coupled ME sensor models, including
the magnetostrictive, piezoelectric, and magnetoelectric e"ects, several excitation
setups, aswell as twodi"erent humanheadmodels in conjunctionwithME sensor
arrays in combined multi-scale models.

3.2 Overview of Utilized Simulation Models
The following sections give a brief overview of the simulation models utilized
for each of the three first author journal publications contributing to this thesis.
The focus will be on illustrating and describing the components, geometry, and
research question of eachmodel in a nutshell, while the full publications included
in Chapters 4–6 of this dissertation contain detailed methodology, results, and
discussion.

3.2.1 Inhomogeneous Excitation Model
In the first publication, Özden et al. (2020) [68], a single ME sensor model in an
inhomogeneous excitation setup is introduced. The cantilever beam is locally sur-
rounded by a small ring-shaped copper coilwith onewinding, inducing a strongly
localized magnetic field around a small section of the sensor. The position of the
coil can be varied along the long axis of the cantilever. Figure 3.1 shows the ge-
ometry setup of this model.

The scientific question that this investigation aims to answer is whether the ME
sensor exhibits homogeneous sensitivity along its longitudinal axis, or a gradi-
ent of sensitivity along the cantilever length can be observed. Previously, studies
on this type of ME sensor assumed homogeneously applied excitation magnetic
fields. Evaluating the sensor response in a homogeneous excitation field, how-
ever, is unsuitable to provide information on specific local sensitivity di"erences
of the sensor geometry, e.g., along the longitudinal sensor axis. Because the sensor
has a size on the order of a few millimeters, post-processing steps or localization
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Figure 3.1 – An illustration of the sensor and coil model from the first main
author publication contributing to this dissertation. TheME sensor consists of
a silicon substrate with a piezoelectric and magnetostrictive layer on opposite
sides of the substrate, a clamped end, and a free end. The coil is positioned
to surround the cantilever geometry and varies its location longitudinally be-
tween the free and clamped end in y-direction. A strongly localized, inho-
mogeneous magnetic field was induced via electric current flow in the coil
and applied as an excitation field. Based on its electric response for each coil
position, local sensitivity variations along the long axis of the ME sensor are
investigated. An experimental setup for the same concept is implemented and
a comparison between simulated andmeasured results is featured in this pub-
lication (from [68], licensed under Creative Commons Attribution license CC
BY 4.0, https://creativecommons.org/licenses/by/4.0/).

algorithms cannot simply regard the device as a point sensor or assign the max-
imum sensitivity to the geometric center of the sensor. By utilizing a small coil
as a localized excitation mechanism and systematically applying this inhomoge-
neous excitation field to di"erent positions along the sensor’s long axis, the sensor
response depending on the coil position can be investigated.

In addition to the FEM model and simulation results, this sensor and excitation
setup are experimentally evaluated. The measured data shows good agreement
with the model’s behavior and validates the simulation setup. The same ME sen-
sor geometry is subsequently used in the following investigations described in the
second and third publication.

3.2.2 Combined ME Sensor and Simplified Human Head Model
The second publication, Özden et al. (2023) [69], introduces an array of three or-
thogonally placedME sensors that are geometrically identical to the single sensor
shown in the previous publication. The sensors are positioned in close proximity
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(a) (b)

Figure 3.2 – An illustration of (a) the simplified head geometry with the
3-sensor array adjacent to it and (b) a cross-section of the human head
in the x-y-plane showing the three tissue types of skin, skull, and white
matter, from outermost to innermost. The white matter domain also con-
tains an electric current point dipole source acting as the excitation mech-
anism by inducing a magnetic field through current flow inside the tissue
(from [69], licensed under Creative Commons Attribution license CC BY 4.0,
https://creativecommons.org/licenses/by/4.0/).

to each other and oriented in x-, y-, and z-direction, respectively. This orienta-
tion of the sensors serves the purpose of investigating directional dependencies
of ME sensors, i.e., how the sensor response depends on the orientation of the
sensor relative to direction and position of the magnetic field source. In addition
to the array of three ME sensors, a novelty in this paper is the excitation mecha-
nism, which consists of a simplified three-shell head model containing an electric
current point dipole inside of its innermost layer. The layers, from outermost to
innermost, are skin, skull, and white matter. Figure 3.2 gives an overview of the
utilized ME sensor array and simplified human head geometries.

The aim of this study is to investigate the influence of the head geometry and the
tissue layers’ material properties on the induction and propagation of a magnetic
field outside of the head, through the air environment, and into the sensor array.
Based on the dipole’s position and orientation, as well as the position of the sensor
array and direction of each individual sensor, the sensors’ responses for varying
array positions in front of the head are evaluated. Additionally, the field prop-
agation in the same head geometry with its material parameters set to those of
air is investigated and compared to the case with tissue parameters, highlighting
specificity and accuracy gains in using a combined sensor and head model with
realistic material parameters [69].

In order to achieve accurate results for the behavior of the three orthogonal sen-
sors, their directional sensitivity and the source dipole orientation must be taken
into account. Therefore, the constitutivematerial equations described in Section 3.1
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(a) (b)

Figure 3.3 – (a) An illustration of the anatomically detailed human head
model with its tissue compartments of skin, skull, and white matter, as well
as the electric current point dipole source located inside the white matter vol-
ume. (b) View of the head geometry with adjacent ME sensor array, posi-
tioned to detect the magnetic field induced by the current flow inside the
tissue and propagating outwards through the surrounding air environment
(from [39], licensed under Creative Commons Attribution license CC BY 4.0,
https://creativecommons.org/licenses/by/4.0/).

are adjusted by rotating the elasticity and coupling tensors for the magnetostric-
tive and piezoelectric layers according to each sensor’s orientation [69].

Setting up this combination ofME sensor array and simplified human headmodel
not only yields novel insights and contributions to the field of research, but also
sets the foundation upon which to further develop this concept of a multi-scale
model. The next publication is able to build on the fundamental ideas and lessons
learned from this paper by introducing an array with a significantly larger num-
ber of sensors and, additionally, evolve the head model from a simple three-shell
geometry to an anatomically detailed, MRI-based head model.

3.2.3 Combined ME Sensor Array and MRI-Based Human Head
Model

The third publication,Özden et al. (2024) [39], further develops and extends both
fundamental concepts of the previous work. Firstly, it introduces an array of now
up to 15 ME sensors that are simulated simultaneously. Secondly, it improves
the head model from a simple three-shell model to an anatomically detailed head
based on humanMRI data. Figure 3.3 (a) depicts a clippedmodel of the headwith
its three tissue compartments of skin, skull, andwhitematter, as well as an electric
current point dipole located in the white matter section of the head. Figure 3.3 (b)
depicts the combinedME sensor array and realistic human head model geometry
reported in this publication, with the array of 15 ME sensors located adjacent to
the surface of the skin at the right-hand side of the head.

This work aims to investigate the behavior of the 15-sensor array based on a dipole
source located inside of the anatomically detailed human head. The dipole in-
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(a) (b)

Figure 3.4 – (a) Top-down and (b) frontal view (on fixed end) of the 15-sensor
array. Between each adjacent sensor is a variable distance between 1 mm and
5 cm. This figure shows equidistant sensor placement with 5 mm between
the neighbors in both vertical and horizontal direction. The variable distance
allows investigating the magnetic crosstalk between sensors and analyze the
influence of the magnetostrictive layers on nearby ME sensors. The blue rect-
angle in (b) highlights the 3-sensor configuration for the horizontal sensor
array, the red rectangle the vertical arraywhich are included inside the full 15-
sensor array configuration (from [39], licensed under Creative Commons At-
tribution license CC BY 4.0, https://creativecommons.org/licenses/by/4.0/).

duces a magnetic field inside the head structure, which propagates outwards,
through the air environment, and into the ME sensor array. An important con-
sideration for this study is the e"ect of crosstalk between adjacent ME sensors.
Due to the high permeability of the magnetostrictive layer, localized distortions
of the magnetic field can be caused around each individual ME sensor, poten-
tially a"ecting the excitation field of adjacent sensors. Depending on the position
within the array, distance to neighboring sensors, as well as the position relative
to the source, the behavior of ME sensors could vary significantly. The sensors
are positioned in a rectangular grid with three rows of five sensor columns each
and variable distances between the sensors ranging from 0.1 mm up to 5 cm in
vertical and horizontal direction, simultaneously. Figure 3.4 illustrates one such
array configuration with the distance between neighboring sensors set to 5 mm
in vertical and horizontal directions. The array of 15 ME sensors also contains
subsets of 3-sensor arrays in horizontal configuration (sensors S2,2, S2,3, S2,4; high-
lighted in blue) and vertical configuration (sensors S1,3, S2,3, S3,3; highlighted in
red)whichwere previously used for preliminary investigations before calculating
the behavior of the full array, as depicted in Figure 3.4 (b).

A qualitative overview for preliminary simulations with the horizontal and ver-
tical 3-sensor array configurations is shown in Figure 3.5. It depicts the magnetic
flux density norm inside the MS layer, as well as the direction of the flux density
vector around the adjacent sensors inside of the air environment. The figure il-
lustrates the distortion of magnetic flux and its concentration towards the highly
permeable magnetostrictive layer geometry. For both the horizontal (a)–(b) and
vertical (c)–(d) configurations, the magnetic flux density norm inside the central
sensor is slightly lower relative to the outer sensors, which makes the presence of
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crosstalk e"ects apparent.

(a) (b)

(c) (d)

Figure 3.5 – An array of three horizontal (a)–(b) and vertical (c)–(d)ME sen-
sors located to the side of the human head. The three sensors depicted here
are located in the center of the extended 15-sensor array (S1,3, S2,3, S3,3, for the
vertical setup and S2,2, S2,3, S2,4, for the horizontal case). Preliminary studies
were performedwith only 3 sensors in order to observe di"erences in themag-
nitude of crosstalk e"ects between horizontally and vertically adjacent sensors
in the full 15-sensor array. This qualitative overview of the magnetic flux den-
sity norm inside of themagnetostrictive layer of each sensor andwithin the air
environment illustrates the distortion of magnetic flux and its concentration
towards the sensor geometry. The figure also indicates a slightly lower mag-
netic flux density norm inside the central sensor relative to the outer sensors
in both variants.

To perform a detailed investigation of the crosstalk e"ects between adjacent sen-
sors, the simulations are performed with a variable distance between the neigh-
boring sensors in the vertical and horizontal direction. At a set distance from the
head, the distance between the sensors is varied in several steps from 0.1 mm
to 50 mm for the 3-sensor array. Due to computational requirements of a very
fine mesh between sensors, the minimum distance between neighbors in the 15-
sensor model had to be increased to 5 mm. An exemplary configuration of this
distance sweep with 3 sensors is depicted in Figure 3.6, where the di"erent dis-
tances between adjacent sensors and the resulting distortion of the magnetic flux
density are illustrated. It shows the color-coded magnetic flux density norm and
the x- and y-components of the magnetic flux density vector in the sensors and
the surrounding air environment. The sensor array is located at a distance of ap-
proximately 15 mm from the surface of the head and the individual sensors are
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at a distance from each other of (a) 0.1 mm, (b) 1 mm, (c) 5 mm, (d) 10 mm, (e)
20 mm, (f) 50 mm.

Following this brief overview of the main simulation models utilized in this re-
search work, the next three chapters contain the complete published first author
journal articles contributing to this dissertation.
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(a) (b)

(c) (d)

(e) (f)

Figure 3.6 – The 3-sensor array in horizontal configuration next to the head
model in top-view. Shown are the color-coded magnetic flux density norm
and the x- and y-components of themagnetic flux density vector in the sensors
and the surrounding air environment. The sensor array is located at a distance
of approximately 15 mm from the surface of the head at its right-hand side
and the individual sensors are at a distance from each other of (a) 0.1 mm,
(b) 1 mm, (c) 5 mm, (d) 10 mm, (e) 20 mm, (f) 50 mm.
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ABSTRACT
The behavior of strain-coupled composite magnetoelectric cantilever sensors under excitation with an inhomogeneous magnetic field is
investigated. We consider a local excitation generated by a ring-shaped copper coil with one winding, variably positioned around the sensor.
3D finite-element-method simulations of the sensitivity along the longitudinal sensor axis are conducted and compared to the experimental
results. The investigated sensor consists of a 2 �m thick magnetostrictive layer [(Fe90Co10)78Si12B10] and a 2 �m thick AlN piezoelectric layer
on the opposite sides of a 350 �m thick silicon cantilever of 26.25 mm length and 2.45 mm width. The sensitivity along the sensor axis is
investigated for three different frequencies—one below the resonance frequency, one at resonance, and one above resonance. A rich position-
dependent sensitivity behavior is observed in simulations and experiments with a maximum sensitivity at ∼4 mm from the fixed end of the
cantilever for all three frequencies. Below and at the resonance frequency, a monotonously decreasing sensitivity is observed toward the free
end of the cantilever. For the frequency above resonance, we observe a position of zero sensitivity at ∼17 mm from the fixed end and a
subsequent second maximum of sensitivity. We attribute the zero sensitivity to the destructive interference of local excitation and resonance
effects.
© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5136239., s

Different sensor concepts and measurement principles for the
detection of biomagnetic fields have been introduced in the litera-
ture. Among these concepts are sensors based on the giant mag-
netoresistive (GMR) effect, giant magnetoimpedance (GMI) effect,
Hall effect, and spin-valve for use in magnetic particle imaging.1–5
Detection of labeled samples such as biomolecules and cells1–5 and
label-free detection6,7 are discussed extensively in previous publi-
cations. Grimes et al.7 and Kurlyandskaya et al.6 presented devices
for label-free detection utilizing the distinct material properties of
FeCoSiB (Metglas) and the frequency-dependent sensitivity behav-
ior of their respective devices. Brückl et al.8 described applications
of magnetoresistive devices other than sensing, such as read heads
in hard disk drives or magnetic random-access memory (MRAM)
devices, and discussed their potential applications as logic elements
or biochips.Uchiyama et al.9 andMohri et al.10 presented their work
on magnetoimpedance sensors based on amorphous wires. These

sensors demonstrate pico-tesla resolution and the capability of per-
forming biomagnetic measurements without magnetic shielding at
room temperature. Here, we consider strain-coupled composite
magnetoelectric (ME) cantilever sensors, which allow for uncooled
and unshielded magnetic-field sensing with a limit of detection in
the low pT�

√
Hz range.11–19 ME sensors are based on the mechani-

cal coupling between a magnetostrictive material layer and a piezo-
electric material layer. In cantilever-type ME sensors operated in the
resonant bending mode, the magnetostrictive layer causes deforma-
tion in the magnetic field. This deformation is converted into an
induced electric potential by a piezoelectric layer, which, in turn, can
be read out electrically. This measurement principle allows the sen-
sor to be operated passively, as opposed to requiring, e.g., a pulse
generation circuit feeding current into the device.9,10 Past research
has focused on the characterization of ME sensors in homogeneous
magnetic fields. Here, we investigate for practical applications the
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highly relevant case of ME cantilever sensors under inhomogeneous
magnetic field excitation.

As ME sensors typically have a size on the order of a few mil-
limeters, they cannot be regarded as point sensors for many bio-
magnetic measurements of interest. Therefore, there is a need to
analyze the local sensitivity of the sensor volume and to determine
if different sections of the cantilever geometry exhibit different sen-
sitivity characteristics. With this knowledge, a meaningful transfer
function may be established and allowed for correct interpretation
of measurement data. We present a theoretical and an experimental
study of the sensitivity behavior of an ME sensor excited by a single-
winding coil concentrically positioned to the longitudinal axis of the
sensor. The theoretical investigation is based on the assumption that
the simulation of the small-signal behavior of ME sensors is possi-
ble under the hypothesis of linearity for the material model at the
working point. The following constitutive equations for the coupled
system are employed:20–25

T = cEHS − et�E − etm �H, (1)

�D = eS + εS�E, (2)

�B = emS + �S �H, (3)

where �E, �H and �D, �B are the vectors of the electric and mag-
netic fields and the electric and magnetic flux density. The coupling
between piezoelectric, magnetostrictive, and mechanical behaviors
is expressed by the stiffness cEH and strain to electric field and strain
to magnetic field coupling constants e and em, respectively. �S and
εS describe the permittivity and permeability. The following equa-
tions [(4)–(6)] describe the system of partial differential equations
(PDEs):

∇ ⋅ T = −ρω2�u, (4)

∇ ⋅ �D = 0, (5)

∇ ⋅ �B = 0, (6)

which is set up for the independent variables �u, V, and �A.20 These
variables are solved for in the simulation and describe the displace-
ment vector, the electric potential, and themagnetic vector potential,
respectively. The following equations [(7)–(9)] determine the rela-
tion between thematerial equations [(1)–(3)] and the PDEs [(4)–(6)]
and enable calculating themechanic, electric, andmagnetic behavior
of the sensor:

S = 1
2
�(∇�u)t +∇�u�, (7)

�E = −∇V , (8)

�B = ∇× �A. (9)

Figure 1(a) illustrates the modeled cantilever ME sensor setup
including a cross-sectional view in the inset to illustrate the three
separate sensor layers. Table I gives the sensor geometry parameters.
The sensor is a composite consisting of three distinct and ideally

FIG. 1. (a) Geometry of the simulated cantilever ME sensor. The substrate layer
(dark gray) with the piezoelectric material on top (red) is shown with the copper coil
(brown) surrounding the geometry. The magnetostrictive layer is on the opposite
side of the substrate, as seen in the inset illustrating a cross-sectional view of the
device in the z-plane. (b) Mesh setup for the sensor, coil, and air box geometries.
A finer, hexahedral mesh is chosen for the sensor layers, while the coil and the
volume of the rectangular air box surrounding the sensor are meshed with coarser
tetrahedral elements in order to reduce computational load. The dimensions of the
simulation space shown are defined by the air box of size (W × D × H) 17.5 mm
× 39.375 mm × 17.5 mm, and the dimensions of the sensor are listed in Table I.

interfaced layers without slip. These layers are the substrate layer,
piezoelectric layer, and magnetostrictive layer. The copper coil has a
major radius of 2.0 mm and a minor radius of 0.1 mm. The excita-
tion current used in the simulations is 100 mA with a magnetic flux
density of 30 �T in the center of the coil in free space (as a linear
model is assumed, this is only relevant for interpreting the absolute
numbers). The sensor geometry including the coil is placed inside
a rectangular air box of size (W × D × H) 17.5 mm × 39.375 mm
× 17.5 mm indicated by the meshed boundaries surrounding the
cantilever in Fig. 1(b). This volume is assumed to be filled with
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TABLE I. Layer geometry and materials of the investigated ME sensor.

Free Width Height Height
Layer length (mm) (mm) experiment (�m) simulation (�m) Material

Substrate 23.25 2.45 350.00 300.00 Silicon
Piezoelectric 22.92 1.60 2.00 20.00 Aluminum nitride
Magnetostrictive 22.90 1.80 2.00 20.00 (Fe90Co10)78Si12B10
Bottom electrode 22.70 1.80 1.00 . . . Chrome-gold
Top electrode 7.50 1.40 1.00 . . . Chrome-gold

air and serves the purpose of being a well-defined and controlled
environment to apply numerical boundary conditions and inves-
tigate the disturbance of the applied magnetic field caused by the
high permeability of the magnetostrictive material in air environ-
ment.20 The sensor behavior is calculated numerically with three-
dimensional (3D) finite-element method (FEM) simulations. These
simulations are implemented in a commercial software (COMSOL
Multiphysics 5.4 with solid mechanics, magnetic fields, and electro-
statics physics). For increased computation speed and to prevent
meshing problems due to the high aspect ratio, we increased the
active layer thicknesses to 20 �m. To approximately compensate
for this active layer increase, the substrate thickness is decreased to
300 �m. The materials and their respective parameters were taken
directly from the built-in material library in COMSOL Multiphysics
5.4, with modified Young’s modulus (150 GPa) and Poisson’s ratio
(0.3) of the magnetostrictive layer according to previous measure-
ments.16,25 The bottom surface of the piezoelectric layer is grounded.
The induced electric potential at the top surface is calculated for dif-
ferent excitation coil positions and different frequencies. There are
no additional electrode layers or materials defined in the model. The

utilizedmesh is a combination of a fine hexahedral mesh with higher
resolution for the sensor layers and a coarser, tetrahedral mesh
with lower resolution for the remaining geometry of the coil and
air box.

The ME sensor used in the measurements is a magnetoelec-
tric composite fabricated by bulk-micromachining. A 350 �m thick
and double-side polished silicon wafer is used as a substrate. This
wafer thickness is based on the available standard silicon wafers
in manufacturing and has a direct influence on the resonance fre-
quency. While the resonance frequency can be tuned for specific
applications and frequency ranges by using frequency conversion,
this concept is not a focus of this work.26,27 At the piezoelectric
phase, the layer stack Ta 20/Pt 150/AlN 2000/Cr 20/Au 100 [thick-
nesses in nm] is deposited on one side of the substrate. A pulsed-
DC sputter deposition method is applied for the AlN deposition.28
The magnetostrictive phase is a 2 �m thick magnetostrictive layer
[(Fe90Co10)78Si12B10] deposited bymagnetron sputtering on a 20 nm
Ta seed layer on the other side of the substrate. Structuring of
electrodes and functional layers is conducted by a combination of
dry and wet etching techniques. Using a wafer dicing saw, ME

FIG. 2. (a) Configuration of the mea-
surement setup for the cantilever ME
sensor includes a sensor holder with
an excitation loop driven by a stepper
motor, low noise amplifier, A/D converter
(RME Fireface UFX+), stepper motor
driver with a micro-controller, magnet-
ically shielded box, and PC. (b) The
custom-made sensor holder setup con-
sists of a clamping mechanism to fix the
cantilever and a sliding mechanism con-
nected to a stepper motor to adjust the
position of the excitation loop along the
sensor longitudinal axis.
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cantilevers are fabricated. The lateral dimensions of the sensor are
given in Table I. The substrate and piezoelectric layers are 2.9 mm
long for clamping. The magnetostrictive layer is shorter than the
other layers and does not extend to the clamping area. A post-
deposition annealing is performed at 250 ○C in the presence of a
magnetic field Hanneal = 2000 Oe in order to align the unidirectional
magnetic anisotropy perpendicular to the long cantilever axis.

The experimental characterization setup is shown in Fig. 2.
It includes the sensor holder assembly with clamping and sliding
mechanisms for fixing the cantilever and moving the excitation loop
along the sensor. The slider is moved by the stepping motor, which
is controlled by using a microcontroller and a motor driver. Due
to the physical limitation of the measurement setup, only coil posi-
tions between 1.7 mm and 29.0 mm distances from the fixed end
are measured. During the measurement, the sensor holder is located
in a small magnetically shielded chamber (the magnetic noise level
at 824 Hz is less than 100 fT) to avoid the influence of the mag-
netic interference. The required magnetic DC field (BDC = 0.34 mT)
is generated by a DC coil (not shown) for biasing the ME sensor.
The test signals in the form of a one second long fixed-frequency
sine wave coming from the professional sound card (RME Fireface
UFX+) generate the local AC field inside the excitation loop fixed on
the slider. The sensor signals are amplified by the low noise ampli-
fier AD745 and digitalized by the analog-to-digital converter of the
sound card for further signal processing, consisting of fast Fourier
transform for filtering out the wanted frequency component in the
sensor response.

Figure 3 shows the simulation and experimental results. For the
simulated data, the averaged and normalized electric potential on
the surface of the piezoelectric layer without any other additional
circuitry is plotted. The averaging occurs since the entire geometry
of this layer acts as the top electrode of the device and our model
does not consider separate electrode geometries. Additionally, this
potential is normalized in order to provide comparability to themea-
surement data due to significant differences in absolute amplitude,
which are introduced by the measurement setup. For the measured
data, the normalized magnetoelectric voltage (including amplifiers
and loss mechanisms) is given. In simulations, the cantilever has
an eigenfrequency of 848 Hz for the first mode. Experimentally,
a resonance frequency of 824 Hz is observed. In both simulations
and experiments, 600 Hz and 1200 Hz were chosen as frequen-
cies below and above resonance for the study. The first important
result observed in both simulations and experiments is the highly
position-dependent and frequency-dependent sensitivity of the ME
sensor. Both give similar results, showing the same distinctive sensi-
tivity behavior. Both show a maximum sensitivity close to the fixed
end of the cantilever. In the simulations, the maximum is approxi-
mately at a distance of 3.7 mm from the coil to the fixed end, while
it is at 4.8 mm distance from the clamping in the measured data.
The voltage decreases as the coil moves toward the fixed or free
end. If the frequency is well above resonance at 1200 Hz, a differ-
ent behavior is observed. There is a maximum voltage at the same
coil position; however, with the increase in the distance of approx-
imately 16 mm between the coil position and fixed end, the voltage
decreases to a value of approximately zero due to phase change and
superposition effects.29 This superposition effect is the combined
result of a local deformation of the magnetostrictive material and
local induced electric potential based on the coil position and an

FIG. 3. (a) Averaged and normalized mean electric potential on the surface of the
piezoelectric layer from simulations as a function of the coil position along the lon-
gitudinal sensor axis. The maximum induced potential is observed for positioning
the excitation coil at ∼3.7 mm from the fixed end for all frequencies. The insets
show the induced electric potential distribution at the surface of the piezoelectric
layer without a top electrode at the fixed coil position of 10.07 mm for all three exci-
tation frequencies. (b) Normalized ME voltage from measurements as a function
of the coil position. The maximum induced potential is observed for positioning the
excitation coil at ∼4.8 mm from the fixed end. (Note that there are 225 measure-
ment points; for clarity, a reduced number of markers is shown on the graphs.)
(c) Simulated maximum mean electric potential on the surface of the piezoelec-
tric layer (blue) and measured maximum ME voltage (red) as a function of the
excitation frequency.
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induced electric potential due to the global vibration of the can-
tilever. Furthermore, increasing the distance results in an increased
potential, leading to a secondary maximum, and again a drop as the
coil position approaches the free end of the cantilever. This behav-
ior is attributed to a destructive interference effect of local excitation
and resonance effects. The insets in Fig. 3(a) further illustrate the dif-
ferences in the local potential along the surface of the piezoelectric
layer for the three excitation frequencies, as well as the phase change
upon passing the resonance frequency.

The slight differences in the resonance frequency and posi-
tion of the maximum may be attributed to the thicker active layers
in the simulation as well as the imperfect clamping of the sensor
in the experiment with a metal clamp locked by screws. Simulated
and measured data are in good agreement for the range between
3 mm and 20 mm coil positions, while the curves show a discrep-
ancy at both ends of the cantilever for frequencies that are below
or above the resonance frequency. This behavior can be explained
by the difference between the maximum and minimum signal val-
ues. While in resonance, the sensitivity of the cantilever is increased
greatly;23,30,31 at frequencies that are not close to the resonance fre-
quency, the sensitivity and, thus, the generated signal are signifi-
cantly lower. In this interval, the measured data are simply a noise
effect that is strong enough to be visible in the normalized voltage
curves’ off resonance, but too low for a significant contribution for
the resonant voltage curve. The voltage curve for the resonant case
in Fig. 3(b) exhibits measurement noise over the entire range of coil
positions. However, the effect is small compared to the measured
signal amplitude and does not fundamentally change the behavior
of the sensor. Due to the limited number of measurements pos-
sible with the unique sensor, a statistical error evaluation was not
conducted.

Figure 3(c) illustrates the simulated absolute values for themax-
imummean electric potential on the surface of the piezoelectric layer
and maximum ME voltages obtained by measurement as functions
of different excitation frequencies. The maximum value in this sce-
nario is obtained by comparing each possible excitation coil position
for the given frequency. For the simulated sensor, a distinct peak of
∼2.6 mVmaximummean potential is observed at the resonance fre-
quency of 848 Hz, dropping to ∼3.3 �V at 600 Hz and ∼4.0 �V at
1200 Hz. Here, the peak ME voltage of ∼401 mV occurs at a reso-
nance frequency of 824 Hz, with drops to ∼0.9 mV at 600 Hz and
∼1.2 mV at 1200 Hz. This behavior is due to the effect of increased
sensitivity at resonance.11

In conclusion, we have demonstrated that cantilever magne-
toelectric sensors exhibit a highly position-dependent sensitivity
for operation on resonance. This is in addition to previously ana-
lyzed direction-dependent sensitivity.3 Therefore, a detailed setup
of the transfer function of a magnetoelectric sensor is necessary
for applications with inhomogeneous excitation fields. If a simple
point-sensor approximation is desired, our results show that the
most sensitive point is located close to the fixed end of the can-
tilever. Therefore, this point should be taken as the point of the
measurement value. In addition, for operation off resonance, addi-
tional interference effects are observed that need further investiga-
tion for operation in this frequency regime. The presented insights
allow more precise modeling and measurements in the future, as
opposed to assuming that the highest sensitivity is in the center of the
sensor.

Funding by the German Research Foundation (Deutsche
Forschungsgemeinschaft DFG) through the Collaborative Research
Center SFB 1261 “Magnetoelectric Sensors: From Composite Mate-
rials to Biomagnetic Diagnostics” is gratefully acknowledged.

APPENDIX: MATERIAL PARAMETERS
Thematerial parameters used in this sensor model are obtained

from experimental studies and listed in Refs. 20 and 30. In addition
to the values from the literature, the following modifications were
made for Metglas based on in-house estimations and experimental
results:

νMetglas = 0.3, (A1)

EMetglas = 150 × 109 Pa, (A2)

�Metglas = 1569 × 10−6 H/m, (A3)

εMetglas = 8.854 × 10−6 H/m. (A4)

For aluminum nitride, the material parameters in the simulations
contain the following adjustment:

ρAlN = 3300 kg/m3. (A5)

For silicon, following values are modified:

νSi = 0.28, (A6)

ESi = 170 × 109 Pa, (A7)

εSi = 104 × 10−12 F/m. (A8)

The remaining material parameters used are identical to the param-
eters given in Ref. 20.
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4.2 Key Findings and Scientific Implications
• ME-sensors exhibit a highly position-dependent sensitivity for operation at

the investigated frequencies at, below, and above the resonance frequency.
This applies for the demonstrated highly localized and inhomogeneousmag-
netic excitation field applied to the device.

• Additional interference e"ects are observed at frequencies o"-resonance,
which require further investigation if the sensor is utilized above or below
resonance.

• For a simple point-sensor approximation (e.g., in localization algorithms),
a position near the clamped end should be chosen in calculations and al-
gorithms assuming a point of maximum sensitivity relative to the source
location, based on the demonstrated results.

• The new insights resulting from this work allow for more precise models
and algorithms for detection and localization applications, which previously
assumed the maximum sensitivity in the geometric center of the ME sensor.

• Theoretical and experimental results are in good agreement regarding the
sensitivity behavior of the sensor.

• Further theoretical investigations and validation through experimentalmea-
surements with inhomogeneous excitation fields are recommended to study
the ME sensor response.
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A Combined Magnetoelectric Sensor and
Human Head Model for Biomagnetic

FEM Simulations
Mesut-Ömür Özden , Julius Schmalz , and Martina Gerken , Senior Member, IEEE

Abstract—We investigate a coupled multiscale 3-D finite-
element model consisting of an orthogonal array of thin-film
cantilever magnetoelectric (ME) magnetic field sensors and a
simplified human head model. Electric point dipole sources
are placed inside the head to generate an electromagnetic
field. This field propagates through the tissue layers and
outside of the head, where it reaches the sensor array. The
investigated sensors are based on a 300-µm-thick silicon
substrate layer of 26.25 mm length and 2.45 mm width, with a
20-µm-thick aluminum nitride (AlN) layer and a 20-µm-thick
FeCoSiB layer as piezoelectric (PE) and magnetostrictive
materials, respectively, located on opposite sides of the
substrate. We position three sensors orthogonally to obtain
a vector field sensor. The head model is based on the
three-shell approach and consists of concentric spheres rep-
resenting white matter, skull, and skin. All three layers are assigned specific conductivity and relative permittivity values
from the literature, aiming to approximate the propagation of electromagnetic fields through different tissue types. We
observe the propagation of an electric field generated by the dipole source and subsequent induction of a magnetic
field inside the head structure, propagating outwards to the sensor array, where the generated voltage in the PE layer
is evaluated for different ME sensor array and source positions and orientations. We show different behaviors of the
sensors for a dipole source inside the head tissue versus a simple air environment, highlighting the benefits in accuracy
and specificity of a combined head and sensor model with realistic material parameters.

Index Terms— Biomagnetic sensing, finite-element method (FEM), human head model, magnetic field measurement,
magnetoelectric (ME) effects, magnetostrictive (MS) device, multiferroic, multiscale model.

I. INTRODUCTION

MEASURING biomagnetic signals, such as in mag-
netocardiography (MCG), magnetoencephalography

(MEG), or magnetomyography (MMG) applications, has
become increasingly important in medical diagnostics and
patient care. Researchers have demonstrated several viable
approaches to measure biomagnetic fields, such as fluxgate
sensors [1], [2], optically pumped magnetometers (OPMs)
[3], or superconducting quantum interference device (SQUID)-
based sensor systems [4]. While each of these technologies has
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its own unique operation principle, each one also has specific
drawbacks, such as the limitation of SQUID-based systems
to require cooling with liquid helium or limitations of OPM
sensors to be sensitive to ambient background magnetic fields.
In this work, we consider strain-coupled composite magneto-
electric (ME) magnetic field sensors as a promising technology
for conducting such measurements in clinical environments.
As opposed to existing measurement systems such as OPMs,
fluxgate sensors, or SQUID-based sensor systems, ME sensors
offer highly sensitive measurements of biomagnetic fields in
the pT/Hz1/2 range, while enabling passive, uncooled, and
unshielded operation [5], [6]. Recent investigations character-
ized resonant ME sensor systems with a signal-to-noise ratio of
→90 dB, an application-specific capacity of 9.8 ↑ 10→7 dB·Hz,
and a limit-of-detection of 22 pT, while the inherent noise
for the sensor itself (i.e., without readout electronics) is given
as ↓4 pT/

↔
Hz at 7.684 kHz at room temperature [6]. Research

into ME devices also includes studies with devices such as
novel ME antennas that can be used for energy harvesting
and magnetic field sensing purposes simultaneously, including
energy harvesting experiments on mice brain tissue and simu-

© 2023 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License.
For more information, see https://creativecommons.org/licenses/by/4.0/
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lation of the magnetic field and tissue interactions [7]. Experts
in the mathematical and medical fields have been studying
the relationship between electric sources inside the human
brain and the resulting electric potential on the scalp for many
years. This article has led to numerous important findings
and the development of highly detailed and precise so-called
electroencephalography (EEG) forward models. Publications
in this field cover many regions of interest, such as the efficient
computation of EEG forward models [8], the effects of forward
model errors on EEG source localization [9], or improved
forward head models for specific applications such as ear-
EEG [10]. Although this work uses a simplified three-shell
approach for the head geometry, which is already well-known
in the literature regarding the EEG forward problem, the novel
approach we present here is to include a fully coupled ME
sensor model in combination with the simplified head model.
With this strategy, we can focus on the behavior of ME
sensors in the presence of a head model with reduced com-
plexity that is less computationally taxing and offers readily
available literature for validation, while the combined model
retains the potential to be increased in complexity for further
investigations, e.g., with realistic MRI data. While, in past
studies, the performance characterization of ME sensors has
often been conducted under simplified homogeneous magnetic
field excitation, this work focuses on investigating sensor
behavior under the influence of inhomogeneous magnetic
fields in order to more accurately model sensor behavior in
application-oriented scenarios. Our theoretical investigation is
based on the approach of 3-D finite-element method (FEM)
simulations and introduces a combined simplified three-shell
human head and an array of three orthogonal ME sensors in
a single FEM model [11], [12], [13]. The ME sensor array
is positioned inside an air volume surrounding the human
head, which in turn contains one or multiple electric point
dipole sources. Depending on the position and orientation of
the point dipole inside the head, a different magnetic field
propagation through the head tissue and the surrounding air
volume is observed and propagates outwards and into the
ME sensors. Previous studies show strong directionality of the
sensor response depending on incident angle of the magnetic
field relative to the cantilever’s long axis [14], [15], [16].
By using this approach, we can calculate the inhomogeneous
magnetic flux reaching the sensors and the subsequent electric
sensor response based on the interaction of one or multiple
electric sources inside of the biological tissue, the propagation
of fields through the tissue, and surrounding air environment.
This novel approach of a combined model offers new insights
into the behavior of ME sensors, but it also requires a careful
modeling setup due to the difficulties of combining very small
structures, such as the sensor’s 20-µm-thin layers, with com-
paratively large geometries such as the head. We will describe
this work in detail in the following sections. In Section II,
we will give a detailed overview of the methodology used in
our FEM simulation models. This section will first illustrate
the ME sensor model and the head model separately and
then describe the combined sensor and head model. Relevant
material and geometry parameters, as well as equations for the
FEM calculations, are also given. Section III covers the results

of our investigation. These include the electric and magnetic
fields created inside the head domain and the surrounding air
environment, as well as the sensor response to the propagation
of the magnetic field outwards from the head into the sensor
array. We conclude our findings in Section IV, emphasizing
the benefits of using a combined ME sensor and head model
with realistic material parameters.

II. METHODOLOGY

We implement the joint model and calculate the sensor
behavior with 3-D FEM simulations utilizing the commercial
software COMSOL Multiphysics 6.1 including the physics
packages solid mechanics, magnetic fields, and electrostatics.
We perform the simulations with the frequency-domain study
and an excitation frequency of 848 Hz, corresponding to the
cantilever sensor’s previously established resonance frequency
for operation in direct detection mode [13]. Sections II-A–II-C
will briefly describe the modeling process from the separate
models used for the ME sensors and the human head, leading
to the setup for our combined sensor and head model. The
complexity of this combined model gave rise to some difficul-
ties that we encountered during the stages of our investigation.
We will also use this section to describe the problems that
these difficulties lead to, as well as the simplifications and
solution strategies that were necessary to achieve reliable
results.

A. ME Sensor Model

Each of the three modeled ME sensors consists of three
materials: the substrate layer, magnetostrictive (MS) layer, and
piezoelectric (PE) layer. These layers form a composite with
slipless and ideal interfaces. The coupled system is described
in detail in previous works based on the constitutive equations
given in [17], [18], [19], [20], [21], and [22], while this work
utilizes the built-in physics interfaces of COMSOL Multi-
physics. The solid mechanics interface governs the mechanical
behavior of our model and is used to solve the equations of
motions together with a constitutive model for solid materials.
The following equations define the mechanical behavior of our
model:

→ωε2
u = ↗ · S (1)
S = C : ϑ (2)

ϑ = 1
2
[
(↗u)T + ↗u

]
(3)

C = C(E, ϖ). (4)

In the linear elastic material node, S and ϑ stand for the stress
and strain, respectively, u is the displacement vector, ε is
the angular frequency, and ω is the density. C describes the
coupling between stress and strain for the silicon substrate
and is a function of its Young modulus and Poisson’s ratio.
The MS material node contains the relation between stress,
strain, magnetic field, and magnetic flux density in the stress-
magnetization form

S = cH : ϑ → H · eHS (5)
B = µ0,vacµrS H + eHS : ϑ. (6)
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Here, cH and eHS are the elasticity matrix and coupling matrix
(Voigt notation), respectively, B and H are the magnetic field
and magnetic flux density, respectively, and µrS is the relative
permeability. The PE material node of our model includes
equations determining the coupling between the mechanical
and electric properties of the sensors

↗ · D = ωv (7)
S = cE : ϑ → E · eES (8)
D = ϑ0,vacϑrS E + eES : ϑ. (9)

D is the electric displacement field and ωv is the volume
charge density according to Gauss’s law. cE and eES denote
the elasticity matrix and coupling matrix (Voigt notation) in
the stress-charge form, respectively. E and ϑrS represent the
electric field and the relative permittivity, respectively. In con-
junction with solid mechanics described in (1)–(9), our model
utilizes the interfaces of magnetic fields and electrostatics.
While the first interface uses Maxwell’s equations to primarily
solve for the vector potential with (10)–(12), the latter uti-
lizes Gauss’ law and solves for the electric potential related
to (13) and (14)

↗ ↑ H = ϱ E + jεD (10)
B = ↗ ↑ A (11)
E = → jεA (12)
E = →→V (13)
D = ϑ0 E + P . (14)

Here, ϱ refers to the specific conductivity, A is the magnetic
vector potential, V is the electric potential, and P is the polar-
ization. Equations (10)–(14) combined with the mechanical
interrelations in (1)–(9) allow us to simulate MS and PE cou-
pling and enable us to model the physical effects that govern
the functioning principle of ME sensors. Fig. 1(a) shows a
schematic of a single ME sensor. The cantilever structure’s
substrate layer has a total length of 26.25 mm, out of which
3 mm consists of a fixed structure to enable resonant bending
modes along the long axis in a fixed-free setup. The width of
the substrate layer is 2.45 mm and its thickness is 0.3 mm. The
red layer on the top of the substrate illustrates the PE layer
with a length of 25.6 mm, width of 1.6 mm, and thickness of
20 µm. On the opposite side of the substrate, the MS layer
is located with a length of 22.9 mm, width of 1.8 mm, and
thickness of 20 µm. Fig. 1(b) illustrates the array consisting of
three orthogonal ME sensors. Fig. 1(c) shows a cross section
of the sensor with the layer thicknesses to scale. The geometry
of this sensor is based on a fabricated ME sensor, which
was computationally and experimentally characterized in [13].
Lastly, we illustrate moving from previous studies based on
homogeneous magnetic excitation fields in Fig. 1(d) toward
ME sensors in inhomogeneous magnetic fields, such as those
propagating outwards from a source inside the human head
depicted in Fig. 1(e). Due to the strong directionality of the
sensor and the definition of the materials parameters in our
setup, the elasticity and coupling tensors for the PE and MS
layers must be rotated according to the orientation of the
respective cantilever in the coordinate system. We perform

TABLE I
LAYER GEOMETRY AND MATERIALS OF THE

INVESTIGATED ME SENSOR

TABLE II
TISSUE TYPES OF THE HEAD WITH THEIR RESPECTIVE RADII AND

ELECTRIC PARAMETERS ACCORDING TO THE LITERATURE

this tensor rotation within COMSOL Multiphysics by defining
additional base vector systems and assigning the MS and PE
properties of each sensor to the corresponding coordinate sys-
tem, based on the sensor’s orientation in the modeling space.
The material parameters for the nonrotated base vector system
(which corresponds to the sensor oriented in x-direction) are
given in the Appendix and used to implement and compute
the sensor behavior. The dimensions and material types of
the sensors are given in Table I. The material used for the
substrate layer is silicon. The PE layer consists of aluminum
nitride (AlN) [17]. Lastly, the MS material of choice is the
compound material FeCoSiB, commercially known as Metglas
[17]. The sensor model does not consider any additional layers
such as electrode layers.

B. Human Head Model

The implemented simplified head for this study is a basic
three-shell head model [11], [12]. It consists of three con-
centric spheres of different radii representing the tissue types
of the head: skin, skull, and white matter (from outermost
to innermost sphere). Fig. 2 illustrates the layer structure of
the head in a cross section of the xy plane. The three tissue
types with their radii 88, 92, and 100 mm are assigned
material parameters for their relative permittivity and specific
conductivity according to the literature [23], [24], [25], with
our white matter layer encompassing the geometry for separate
cortex and fluid layers from other related investigations [23].
The relevant geometry parameters and electric properties of
the head are given in Table II.

C. Combined Model

Following the individual design of the sensor model and
head model, we combine both geometries in a joint model.
The center of the head is placed in the origin of the coordinate

Chapter 5. A Combined Magnetoelectric Sensor and Human Head Model for
Biomagnetic FEM Simulations

44



30262 IEEE SENSORS JOURNAL, VOL. 23, NO. 24, 15 DECEMBER 2023

Fig. 1. (a) Schematic of a single ME sensor with given length, width, and thickness of the substrate layer (gray) and view of PE layer on the top
surface of the substrate (red). (b) Sensor array with three orthogonal ME sensors oriented in x-, y -, and z-directions to form a vector sensor array.
(c) Cross section of ME sensor with relative layer z-thicknesses to scale (but not the y -widths). Shown are the PE layer (red) on the top surface and
the MS layer (blue) on the bottom surface of the substrate layer (gray). (d) Magnetic flux density norm and logarithmically scaled vector field for an
ME sensor inside a homogeneous magnetic field parallel to the long axis of the sensor as an example for past investigations. (e) The aim of this
work is to study the behavior of ME sensors inside inhomogeneous magnetic fields, such as those propagating outwards from a source inside of a
human head, in a combined ME sensor and human head model.

Fig. 2. Cross section of the simplified human head based on the
three-shell model. Three tissue types are represented with concentric
spheres: skin, skull, and white matter (from outermost to innermost
sphere). The radii are 88 mm for the white matter layer, 92 mm for the
skull layer, and 100 mm for the skin layer. The relative permittivity and
specific conductivity are assigned to the tissue types according to the
literature.

system, and the sensor array can be positioned at arbitrary
locations around the head. This setup allows us to investigate
the behavior of each of the three orthogonal sensors for
different positions in space, relative to the source inside the
head. Fig. 3(a) shows a cross section of the head model
with its three tissue layers skin, skull, and white matter,

as well as the ME sensor and an electric point dipole source
located in the white matter domain. Fig. 3(a) illustrates the
method of positioning the ME sensor in proximity of the
head and calculating its response for various positions inside
the air surrounding, e.g., performing a position sweep in the
3-D space around the head. The electric point dipole can be
positioned at arbitrary locations inside the head geometry to
study the effects of its position in the material frame on the
propagation of electric and magnetic fields inside and outside
of the head. It is also possible to have multiple active dipole
sources, and the model is compatible with different source
configurations altogether, e.g., deep brain stimulation (DBS)
electrodes.

One of the challenges in combining both the sensor and
head in a joint 3-D FEM model is that different geometries can
have vastly different aspect ratios. While the simplified human
head typically has a circumference in the cm-range, depending
on the tissue compartment, the ME sensor’s material layers
have thicknesses in the µm-range, i.e., up to four orders of
magnitude smaller. In order to calculate both relatively large
and substantially smaller geometries in the same model, the
3-D mesh must be designed carefully. Therefore, the mesh
elements constituting the head geometry are chosen to be small
enough to achieve sufficiently accurate results, while avoiding
sizes so small that they would lead to excessive computational
load. Fig. 4(a)–(c) shows the mesh setup for the head, airbox,
and ME sensor with their differently sized and structured
tetrahedral mesh elements, respectively. The mesh is divided
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Fig. 3. (a) Overview of model geometry for the entire combined head and sensor model. A rectangular air surrounding (not depicted) contains the
head model with its three tissue layers, as well as the sensor array with three orthogonally positioned sensors. (b) Cross section of the head model
with adjacent ME sensor array. The concentric spheres represent human tissue layers of skin, skull, and white matter (innermost to outermost
layer). Inside the head geometry, an electric dipole source can be placed at arbitrary positions and with variable excitation parameters, such as
frequency and amplitude.

into three separate areas, with one area representing the head,
one for the sensor array, and one for the air environment.
The mesh for the sensor array has an extremely fine element
size, where the head and airbox geometries have comparatively
smaller amounts of mesh elements which are also larger in
size and include a higher maximum element growth rate and
slightly smaller resolution of narrow regions. With this setup,
the volume between the head and sensor array can be very
finely meshed in order to enable a progression from the head
geometry to the much finer sensor geometry, while the sections
of less interest further away from the head and sensor array
can be meshed with much larger elements. The mesh always
extends between the head and ME sensor array continuously
through the surrounding air environment. Over the course
of our mesh optimization, however, we achieved the best
results using a physics-controlled mesh that was automatically
generated by COMSOL Multiphysics and slightly adjusting
mesh parameters maximum element size, minimum element
size (i.e., longest edge of tetrahedral mesh element), and
maximum element growth rate for specific regions. This way,
we were able to optimize the mesh settings while keeping
the computational load as low as possible. The number of
degrees of freedom solved for is ↘19.4 ↑ 106. Table III
gives an overview of the mesh parameters used for different
regions of the model. The surrounding air environment has
the dimensions of (W ↑ D ↑ H) 65.63 ↑ 65.63 ↑ 65.63 cm
(corresponding to 25-times substrate length) and is shown in
Fig. 4(b). This size was determined through a parameter sweep
and found to be a good compromise between computational
efficiency and the effect of the boundary condition (magnetic
isolation) of the air domain on the magnetic field inside of it.
An essential numerical limitation of this combined model is
the large range of values for certain material parameters, such
as the specific conductivity value. While this value can be in
the range of 1–0.05 S/m for the tissues of the head as stated in
Table II, it is close to 0 S/m for the surrounding air. In FEM

TABLE III
MESH PARAMETERS USED FOR THE SENSOR, HEAD, AND

SURROUNDING AIR ENVIRONMENT

modeling, and specifically 3-D models, these high contrasts of
material parameters can lead to numerical stability problems,
potentially resulting in random high-amplitude maxima in the
magnetic field propagating through the air environment or
nonconverging solutions (this was confirmed by COMSOL)
[26]. These instabilities also occurred in this work, and to
combat these effects, we set the electrical conductivity of air
to a much greater value, using 1 mS/m for the simulations
in this work. We speak of this artificial medium as “high-
conductivity air.”

III. RESULTS AND DISCUSSION

A. Electrical Excitation and Propagation of

Electromagnetic Fields

To test functionality and stability, we compute several
studies on electric and magnetic field propagation through
the entire modeling domain and repeatedly validate results
against a homogeneous high-conductivity air environment.
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Fig. 4. Model geometry with overlaid mesh elements: (a) zoomed-in
view of head geometry with the sensor array positioned in front of it and
a cross section of the skin and skull tissue layers; (b) full scale of the
head and sensor with the surrounding rectangular air volume. This air
volume has the dimensions of (W ↑ D ↑ H) 65.63 ↑ 65.63 ↑ 65.63 cm;
and (c) magnified view of the base of the ME sensor in z-orientation.
A fine tetrahedral mesh is chosen for the sensor and its thin, high
aspect ratio layer structure. The head and the surrounding air volume
with their comparatively large structures and lower aspect ratios utilize
a successively coarser tetrahedral mesh to reduce computational load.
The dimensions of the sensor and head are listed in Tables I and II,
respectively.

An electric point dipole is placed inside the head geometry
with an arbitrary dipole direction and magnitude. Based on the
electromagnetic coupling in the model, this dipole introduces
an electric field and a current density inside the head geometry,
leading to the creation and propagation of a magnetic field.
Fig. 5 shows a comparison of the electric current density
norm, electric field density norm, and magnetic flux density
norm based on electromagnetic field propagation from a dipole
source inside the head. As a validation step, Fig. 5(a)–(c)
demonstrates the results for a case in which all three layers of
the head have their material parameters set to those of high-
conductivity air, while Fig. 5(d)–(f) shows the results with
the material parameters for the head structure described in
Table II. Fig. 5(a) and (d) illustrates the computed electric
current density norm inside the head with an electric point
dipole as the source. In this case, the electric point dipole is
oriented in the y-direction and has a magnitude of 1 mA·m.
For reference, a current amplitude of 1 mA at a standard tissue
amplitude range is described as falling within the therapeutic
range of DBS, and similar magnitudes within head models
are described in [24] and [27]. Furthermore, magnetic flux
density measurements with fluxgate magnetometers obtained
magnitudes in the nT and pT ranges for monopolar and bipolar
DBS stimulations, respectively, validating a range of excitation
amplitudes for our calculations [28]. Due to the linear behav-
ior, the simulated excitation source can be scaled in amplitude
to investigate different excitation sources, such as various
DBS electrode configurations or brain activity during epileptic
seizures. The dipole is placed at distances of x = y = →4 cm
and z = +2 cm from the center of the head geometry.
To increase the numerical stability of the solution in setups
with highly symmetrical source positions, an additional dipole
source with the same direction and a magnitude of 1 µA·m
was placed at coordinates x = z = 0 and y = 1 mm in

the center of the white matter region. Furthermore, the log-
arithmically scaled arrows represent the current density norm
vector inside different tissue types of the head. This illustrates
how the current is guided by the shape of the head geometry
and the tissue layers’ conductivity and permittivity parameters.
Because of the geometry- and material-based field propagation
inside the head, the difference in propagation of the electric
field density norm is apparent in Fig. 5(b) and (e), while the
propagating magnetic flux density for the two cases can be
compared in Fig. 5(c) and (f). The magnetic flux density is
computed based on Ampere’s law in the entire model domain
and couples the electric field propagation with the material
parameters and geometries to calculate the propagation of a
magnetic field in the modeling space. The magnetic field that
propagates through the high-conductivity air environment and
ultimately reaches the sensor array dictates its behavior. Fig. 5
illustrate how the magnetic flux density is dependent on the
head geometry through the electric material parameters, even
though constant vacuum permeability for white matter, skull,
and skin is assumed [6], [29].

B. Sensor Response and Array Behavior

After computing and analyzing the propagation of the
magnetic field originating from the point dipole source through
the head and high-conductivity air environment, we calculate
the magnetic field arriving at the sensor array. The sensor’s
Metglas layer exhibits a deformation based on the MS effect,
and via the mechanical coupling of the composite layers, a PE
potential is generated between the AlN layer’s top and bottom
surfaces, which defines the sensor’s electric output signal.
The voltage between these surfaces is the transduced electric
response for a given magnetic excitation field. The ME exhibits
frequency- and angle-dependent responses regarding the inci-
dent external magnetic field. To visualize these dependencies
within our combined sensor and head model, we performed
a frequency sweep with varying excitation frequencies for
the dipole inside the head and the full combined model.
Fig. 6(a) shows the frequency characteristic for the sensor in
the x-direction and excitation frequencies between 825 and
875 Hz. The blue line corresponds to the mean absolute
potential generated over the PE layer of the sensor and shows
a distinct peak at the first resonant bending mode at 848 Hz.
The black line corresponds to the mean magnetic flux density
norm inside the volume of the MS layer when this layer’s
material parameters are set to air. This configuration confirms
that the magnetic flux density propagating through the air
volume and into the sensor geometry is constant over the
excitation frequencies and no frequency-dependent influence
from the head’s tissue layers is affecting the sensor’s frequency
characteristics. Important to note is that the sensor model in
this work does not include damping effects due to sensor mate-
rials or the surrounding air volume. Previous investigations on
damping effects reveal relevant contributors such as viscoelas-
tic, molecular, and thermoelastic damping and compare sensor
performance for air damping under atmospheric pressure and
vacuum [30]. It is also possible to implement experimentally
obtained quality factors in postprocessing of the simulation
results and to prescribe arbitrary damping coefficients based
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Fig. 5. Computed electric current density norm, electric field density norm, and magnetic flux density norm for an electric point dipole source at
coordinates x = y = →4 cm and z = +2 cm in the white matter domain. The dipole moment is oriented in y -direction and has a magnitude of
1 mA·m. (a) and (d) Electric current density norm inside the head geometry for the head material parameters set to air with a conductivity of 1 mS/m
and realistic tissue values, respectively. The red arrows represent logarithmically scaled current density vectors (tangential components) in the xy

plane and illustrate that the current density is strongly dependent on head geometry and electric material properties. (b) and (e) Resulting electric
field norm and (c) and (f) magnetic flux density norm inside and outside of the head. The figures highlight the dependence of the magnetic flux
density on the head geometry through the electric material parameters.

on the Fano resonance profile of the sensor frequency char-
acteristic. This enables dynamic investigations of different
sensor damping configurations and calculating ME coefficients
after running the FEM simulation [31], [32]. This work
omits damping effects and calculating the ME coefficient,
as our focus is to highlight the relative behavior of the ME
sensors in the orthogonal array for different dipole orientations
and positions and investigate the position adaptability of the
magnetic field detection in highly inhomogeneous fields. In
Fig. 6(b), we show the angular dependence of the normalized
PE voltage of a single sensor in the x-direction obtained in a
homogeneous magnetic field with varying angle of incidence
relative to the x- (azimuthal angle) and z-axes (polar angle).
We observe a strong sinusoidal dependence for both azimuthal
and polar angles of incidence and a maximum sensor response
for incident angles parallel to the long axis of the sensor in the
x-direction. Computing the total magnetic flux density in the
MS layer and the potential across the PE layer geometry can
be performed for arbitrary combinations of dipole positions
and orientations, as well as ME sensor positions around the
head. Fig. 7 illustrates the previously discussed dipole setup
and the electric behavior of the three orthogonal ME sensors

for two different positions of the array relative to the source
inside the head. Fig. 7(a) shows the tangential component of
the magnetic flux density in the xy plane at the location of
the MS layer for the sensor oriented in the y-direction at
approximately 10 cm distance to the surface of the head. Red
arrows (logarithmically scaled) illustrate the vector field of the
magnetic flux density. The ME sensor array is positioned at
y = →4 cm (position marked as “A”). Fig. 7(b) shows the same
setup as in Fig. 7(a), but with the sensor array positioned at
y = +5 cm (position marked as “B”).

The plot of the magnetic flux density in the xy plane visu-
alizes its inhomogeneity. Depending on their position along
the y-axis, the sensors are exposed to different compositions
of parallel and orthogonal magnetic flux vector components,
relative to the long axis of the cantilever. As an example,
we take a closer look at the sensor in y-direction. In cases
of strongly orthogonal components, such as in position A, the
sensor’s MS layer exhibits low magnetic flux densities. At
position B, the vector field has increasing parallel components
leading to an enhanced magnetic flux density inside the MS
layer, which ultimately leads to a stronger sensor response.
This effect can be extended and analyzed for different sensor
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Fig. 6. (a) Frequency characteristics of the sensor oriented in x-direction. The blue line corresponds to the mean absolute potential over the PE
layer generated at different frequencies with a maximum at the first resonant bending mode at 848 Hz. The black line illustrates the resulting mean
magnetic flux density norm inside the volume of the MS layer of the sensor with material parameters set to air, demonstrating that no variation
in magnetic flux occurs based on the magnetic field propagation through tissue and air at different frequencies. (b) Angular dependence of the
normalized PE voltage for a sensor in the x-direction in a homogeneous magnetic excitation field of incident azimuthal angle ω and polar angle ε.
A strong sinusoidal dependence is observed with maximum sensor response at incident field angles parallel to the sensor’s long axis.

Fig. 7. Magnetic flux density norm and logarithmically scaled vector field (tangential component) for the excitation with an electric point dipole in
y -orientation. Shown is the xy plane with a cross section through the head with a dipole source and the MS layer of the sensor in y -orientation.
(a) Sensor is located at y = →4 cm on the y -axis, annotated by the position marker “A.” The inset in (a) shows the magnetic vector field propagating
orthogonally to the long axis of the sensor, resulting in a minimal magnetic flux density and therefore electric response of the sensor. (b) Sensor
is located at y = +5 cm on the y -axis, annotated by the position marker “B.” The inset in (b) shows the magnetic vector field propagating with a
smaller angle relative to the long axis and therefore a larger parallel component. This leads to a higher magnetic flux density and therefore electric
response of the sensor, compared to the case in (a).

locations and all sensors in the array, as shown in Fig. 8.
Here, we demonstrate the strong location-dependent behavior
of the three sensors, including the sensor in y-orientation
(red line) with its minimum at y = →4 cm and maximum
at y = +5 cm, corresponding to the respective locations
“A” and “B” highlighted in Fig. 7. With increasing position
in positive y-direction, this effect is counteracted by the
growing distance to the dipole source. Note that the sensors

in x- and z-orientations show similarly constant behavior
as opposed to distinct extrema, while the latter exhibits
the strongest magnetic flux density, due to the dominant
z-component of the magnetic field in this dipole configuration
(the arrows in Fig. 7 only depict the tangential component of
the magnetic flux density to exemplary highlight the behavior
of the sensor in the y-direction). The increased magnetic
flux density leads to a higher PE potential in the PE layer
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Fig. 8. Simulation results for integrated magnetic flux density in the
MS layers for the ME sensor array and a dipole in y -orientation. The
dipole is located at coordinates x = y = →4 cm and z = +2 cm in
the white matter domain and oriented in the y -direction. The solid lines
show the integrated magnetic flux density norm inside each individual
sensor for the variable position of the sensor array on the y -axis. The
dashed lines show the integrated magnetic flux density norm inside the
air volume previously occupied by the sensor geometry, without any
sensor material present. The graphs represent the directional behavior
of the three orthogonal sensors based on their position in the magnetic
vector field surrounding the head in the interval between y = →5 and
+5 cm and the anisotropy of the PE and MS couplings.

through the ME effect and, ultimately, a stronger sensor
response.

To verify that this effect is explained by the interaction of
the sensors’ behavior and the head model, as opposed to solely
the propagation of the magnetic field through the head and
air environment, we perform a validation step. We replace
the entire sensor array geometry with the same volume of
air and compute the magnetic flux density norm in the air
volumes previously corresponding to the three MS layers. The
results for these air volumes are displayed as the dotted lines
in Fig. 8, whereas the magnetic flux density norm inside of
the actual MS layers corresponds to the solid lines. These
results confirm that all three air volumes, without any sensor
material present, have near identical magnetic flux density
norms, with the difference being slight distance variations to
the source due to the orthogonal sensor positioning. In contrast
to that, the simulations containing the sensor model with MS
layers show distinct behavior based on the orientation of each
sensor. We conclude that each of the three sensors is exposed
to a very similar external magnetic field, but exhibits vastly
different results based on its previously described directionally
dependent behavior [14], [15], [16].

In order to perform another validation step to confirm the
directional dependence of the ME sensors, as well as the
dependence of the propagated magnetic field on the electric
parameters of the head, we execute the same simulation with
a variable y-position sweep of the sensor array (as shown in
Fig. 8) in combination with setting the material parameters
of the head structure to the properties of high-conductivity
air [analogous to the setup described in Fig. 5(a)–(c)]. The

resulting plots are shown in Fig. 9 where each of the three
sensors is compared for both cases of the head material param-
eters set to tissue values according to Table II (solid lines)
or high-conductivity air (dashed lines) for the setup with an
electric point dipole source oriented in the y-direction and the
integrated absolute potential over the PE layer is given for each
array position. The behavior for the sensor in x-orientation is
shown in Fig. 9(a) and is close in both cases, with a slightly
higher potential generated for the case of the head geometry
set to air material parameters. Fig. 9(b) shows the plot for the
sensor oriented in y-direction. The influence of the material
parameters of the tissue on the propagation of the magnetic
field leads to the curves showing significant differences. In
the case of the head geometry consisting of air, the sensor
shows a steadily declining potential for the location sweep in
a positive y-direction. In the case of the head geometry with
assigned tissue parameters, the previously discussed behavior
for the y-sensor becomes apparent again based on the effects
of the electrical properties of the tissue on the magnetic
field propagation. Due to the dominant z-component of the
magnetic field, the integrated absolute potential over the PE
layer is highest in Fig. 9(c) in both cases compared to the other
sensors, with the dipole in the air environment generating a
potential which is roughly one order of magnitude higher.

After the validation, a synoptic overview with all three
sensors in the array combined with three different excitation
dipole orientations is given in Fig. 10. Here, the effects on
each orthogonal sensor for the dipole excitation with x-, y-,
and z-orientations are given in Fig. 10(a)–(c), respectively.
The different reactions of the sensors based on the dipole
orientation are apparent, e.g., the minima for the sensors in
x-, and y-orientations for different dipole moment directions,
or the dominating potential of the sensor in z-direction in
Fig. 10(a) and (b) compared to its near constant and minimal
values in Fig. 10(c). We can pinpoint the differences in behav-
ior seen in Fig. 10 on the strong anisotropy in the coupling
parameters of the PE and MS layers. The materials’ coupling is
at its maximum when the incident magnetic field is parallel to
the long axis of the cantilever, while it is minimal for angles of
incidence that are perpendicular to it. Fig. 10 emphasizes the
importance of analyzing the sources and sensors in a combined
model, as slightly different dipole configurations can already
lead to strong variation in the resulting sensor signals, based
on the position and orientation of the sensor array relative
to the source and the electric parameters of the head’s tissues.
Although only a limited number of examples can be presented
in this work, theoretical investigations of different positions
and orientations of the sensors, as well as a wide array of
source configurations, can be modeled.

IV. CONCLUSION

In conclusion, we have demonstrated a combined multiscale
3-D FEM model consisting of an array of three orthogonal
ME sensors and a simplified human head. Using electric point
dipole sources located inside the head, we have simulated
the excitation and propagation of electric and magnetic fields
inside white matter, skull, and skin tissue domains, through
the surrounding air environment, and into the ME sensor
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Fig. 9. Simulation results for the integrated absolute value of elec-
tric potential in the PE layers of each individual sensor and different
material parameters for the head. The dipole is located at coordinates
x = y = →4 cm and z = +2 cm and is oriented in y -direction. Plots
with solid lines represent results for the head geometry with material
parameters given in Table II, while the dashed lines show results for the
head geometry set to material parameters of air. The graphs represent
the directional behavior of the sensors oriented in: (a) x-direction;
(b) y -direction; and (c) z-direction based on their position relative to the
source inside of the head.

array. Inside the sensor layers, we have evaluated the influx
of magnetic field, as well as the resulting electric potential
in the PE layer, based on the ME effect, for different ME

Fig. 10. Simulation results for the integrated absolute value of electric
potential in the PE layers for the ME sensor array and three dipole
configurations. The dipole is located at coordinates x = y = →4 cm and
z = +2 cm in the white matter domain. The orientation for this dipole is:
(a) in x-direction; (b) in y -direction; and (c) in z-direction. Distinct sensor
responses for different cases are visible, including distinct minima at
specific locations based on the angle of incidence between the magnetic
vector field and the ME sensors.

sensor and dipole source positions and orientations. This
comprehensive investigation allows us to study how the head
geometry with its three tissue types and corresponding material
parameters influences the propagation of the electromagnetic
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field through the tissues and outside into the air environment,
where it is picked up by the ME sensor array. In addition
to that, we can compare sensor behavior for different sensor
positions and orientations relative to the source inside the
head and observe different responses. Furthermore, validation
studies with the electric parameters of the head or sensor
geometries set to high-conductivity air demonstrate the impor-
tance of modeling the ME sensor array in conjunction with
the appropriate head geometry and material properties to
achieve distinct and realistic sensor responses, as opposed to
using simplified homogeneous excitation fields or relying on
simple air environments. The ability to analyze both sensor
behavior and the influence of the source configuration in a
single comprehensive model should be a key aspect of future
theoretical studies. Comparing the responses of differently
oriented sensors for arbitrary source configurations holds the
potential to optimize localization applications with arrays
of ME sensors, such as DBS electrode localization [33] or
ultrasound head localization [34]. Our setup also allows future
investigations to take a closer look at the coupling between
sensors in the array in order to optimize array geometries
by minimizing crosstalk between sensors. A crucial ques-
tion for upcoming investigations with the combined model
is whether there is an interaction between ME sensors and
the electromagnetic field inside the head. Combining sensor
physics with the head model, follow-up investigations with a
more advanced head geometry could, for example, answer the
question whether the presence of the ME sensor introduces
secondary effects, such as volumetric currents inside certain
areas of the brain or modulation of the surrounding magnetic
flux based on phenomena like sensor crosstalk or the mag-
netoelastic effect. Using different sensor geometries and the
approach of frequency modulation, sensor systems that operate
at relevant frequencies for their respective medical applications
(e.g., MCG) could be modeled and further investigated with
our approach. Finally, it is possible to utilize specialized head
phantoms in measurement setups with corresponding FEM
models to experimentally validate theoretical results [28], [35],
which is a priority goal for further investigations.

APPENDIX
MATERIAL PARAMETERS

We use material parameters for Si, AlN, and FeCoSiB
(Metglas) from experimental studies and previous work to
implement the ME sensor model [17], [36], [37], [38]

cE,AlN =





41 14.9 9.9 0 0 0
14.9 41 9.9 0 0 0
9.9 9.9 38.9 0 0 0
0 0 0 12.5 0 0
0 0 0 0 12.5 0
0 0 0 0 0 12.5





↑ 1010 Pa (A1)

eES,AlN =





0 0 0 0 → 0.48 0
0 0 0 → 0.48 0 0

9.9 9.9 38.9 0 0 0
→0.58 → 0.58 1.55 0 0 0





↑ C/m2 (A2)

ωAlN = 3300 kg/m3 (A3)
ϑr,AlN = 8 ↑ 10→11 F/m (A4)
µr,AlN = 4ς ↑ 10→7 H/m (A5)

cH,FeCoSiB =





150 45 45 0 0 0
45 150 45 0 0 0
45 45 150 0 0 0
0 0 0 40 0 0
0 0 0 0 40 0
0 0 0 0 0 40





↑ 1010 Pa (A6)

eHS,FeCoSiB =





8500 →2833.3 →2833.3 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0



 ↑ N/Am

(A7)
ωFeCoSiB = 7250 kg/m3 (A8)

ϑr,FeCoSiB = 8.85 ↑ 10→12 F/m (A9)
µrS,FeCoSiB = 1.13 ↑ 10→3 H/m (A10)

ESi = 170 ↑ 109 Pa (A11)
ϖSi = 0.28 (A12)
ωSi = 2329 kg/m3 (A13)

ϑr,Si = 11.7 (A14)
µr,Si = 1. (A15)
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5.2 Key Findings and Scientific Implications
• The combinedME sensor and human head FEMmodel allows investigations

on how sources placed inside of the head geometry with its respective tis-
sues’ electric properties a"ect the induction and propagation of a magnetic
field and the ME sensor response to it.

• Depending on the orientation of the dipole source and orthogonal ME sen-
sors, the sensor response can strongly vary due to the sinusoidal directional
sensitivity of the sensors, distance from the source, location of the source,
and geometry of the head.

• Propagation of the magnetic field from source to sensor array is influenced
by the electric material parameters and geometry of the head, even though
constant vacuum permittivity is assumed for the skin, skull, and white mat-
ter regions.

• Simulating the head and sensors in a combined model o"ers important in-
sights on sensor behavior compared to simple homogeneous or inhomoge-
neous excitation methods.

• The sensor and head models can be individually modified, enabling di"er-
ent array configurations or sensor types, as well as more advanced head ge-
ometries or application-specific combined models (e.g., DBS electrodes) for
direct comparison with experimental measurements.
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Abstract: Magnetoelectric (ME) magnetic field sensors are novel sensing devices of great interest in
the field of biomagnetic measurements. We investigate the influence of magnetic crosstalk and the
linearity of the response of ME sensors in different array and excitation configurations. To achieve
this aim, we introduce a combined multiscale 3D finite-element method (FEM) model consisting of an
array of 15 ME sensors and an MRI-based human head model with three approximated compartments
of biological tissues for skin, skull, and white matter. A linearized material model at the small-signal
working point is assumed. We apply homogeneous magnetic fields and perform inhomogeneous
magnetic field excitation for the ME sensors by placing an electric point dipole source inside the head.
Our findings indicate significant magnetic crosstalk between adjacent sensors leading down to a
15.6% lower magnetic response at a close distance of 5 mm and an increasing sensor response with
diminishing crosstalk effects at increasing distances up to 5 cm. The outermost sensors in the array
exhibit significantly less crosstalk than the sensors located in the center of the array, and the vertically
adjacent sensors exhibit a stronger crosstalk effect than the horizontally adjacent ones. Furthermore,
we calculate the ratio between the electric and magnetic sensor responses as the sensitivity value
and find near-constant sensitivities for each sensor, confirming a linear relationship despite magnetic
crosstalk and the potential to simulate excitation sources and sensor responses independently.

Keywords: biomagnetic sensor; crosstalk; finite-element method (FEM); human head model; magnetic
fields; magnetoelectric effect; MRI data; multiferroic device; multiscale model; sensor array

1. Introduction
In the field of medical diagnostics, bioelectric measurements are commonly performed

on patients to investigate possible pathological disorders. Well-known applications of
this kind are the electrocardiogram (ECG) and the electroencephalogram (EEG), which
measure and evaluate the electric activities of the human heart and brain, respectively. To
perform them, electrodes are applied directly on the patient’s body and the electric potential
generated by the heart or brain activity is measured on the surface of the skin. While
electrical measurements such as ECG and EEG are of the utmost importance and allow
physicians to gather valuable vital information on a patient’s health with cost-effective and
widely available machines and with high temporal resolution, they do have drawbacks
as well, leading to increasing interest in measurement applications based on the magnetic
sensing of biological signals. As an alternative or complementary measurement technique
to bioelectric signals [1], biomagnetic signals can also be measured with appropriate sensing
devices such as fluxgate magnetometers [2,3], optically pumped magnetometers [4], SQUID
systems [5], and magnetoelectric (ME) magnetic field sensors [6–9].

In current clinical and research applications, SQUID sensors are used as the gold
standard for magnetic measurements down to the femtotesla (fT) range, enabling their
use in applications such as magnetoencephalography (MEG) [5,10]. Multi-channel SQUID
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magnetometers with helmet-shaped dewars have the ability to cover several head regions
and reduce measurement times simultaneously [5], and state-of-the-art devices achieve a
noise spectral density of approximately 3 fT/Hz1/2 [11], allowing their efficient and precise
application in MEG.

While SQUIDs are still the sensing device of choice for many applications due to their
extremely high sensitivity, ME sensors were recently shown to be promising in highly
versatile and novel applications ranging from automatic real-time magnetic localization of
an ultrasound probe [12], to magnetic detection of positions and orientations of deep brain
stimulation (DBS) electrodes in patients [13], to magnetic motion analysis for swallowing
detection in individuals suffering from dysphagia [14]. Crucially, measurements in the
operation room or even wearable solutions could be possible with ME sensors for appli-
cations such as the detection and orientation of DBS electrodes or swallowing detection,
which are currently not feasible with SQUID systems.

Even outside the scope of biomagnetic sensing, ME devices have the potential for
a variety of applications, such as energy-efficient memory [15,16], antennas and energy
harvesting [17,18], electric current sensing [19], and automotive applications [20]. Lastly, as
opposed to many other magnetic sensing systems, ME sensors also offer the potential for
room-temperature, passive and unshielded operation [9,21]. In this work, we demonstrate a
combined multiscale 3D finite-element method (FEM) model including several ME sensors
in different array configurations and a detailed anatomical human head model based on
MRI data. Previous investigations report simplified spherical or realistic anatomical head
models and magnetic field calculations for specific applications such as the EEG or MEG
forward problem. Extremely detailed models on EEG and MEG applications exist, which
even consider how the movement of the brain inside the cerebrospinal fluid relative to the inner
skull due to subjects’ changing body position can affect mesh generation [22,23]. However,
the respective sensor systems for such applications are often not jointly evaluated at all, or
simplified to point [24] or circular magnetometers [25]. However, ME sensors are not of
a negligible size and their geometry plays a role in the sensitivity of measurements [26].
Therefore, the study framework presented in this work is necessary to simulate sensors
and the head or throat in a single FEM model. In this case, we focus on the head, as the
simulation framework is known from previous MEG cases, and we significantly extend this
framework by integrating the sensors in the simulation. The key novelty of this approach is
the complete integration of an MRI-based head model with a fully coupled ME sensor array
model and its physical properties. This enables us to evaluate the mechanical, electrical, and
magnetic behavior of the magnetoelectric sensing devices in a variable array configuration.
Additionally, the inclusion of further components such as operation instruments could be
added to the simulation framework.

With this extensive model, we aim to investigate the response of ME sensors to
different excitation mechanisms such as homogeneously applied external magnetic fields
and a dipole source inside the human head. We also evaluate the concept of magnetic
crosstalk between adjacent ME sensors in the different array configurations, which is based
on the high-permeability material utilized in the magnetostrictive layers of the devices.
This crosstalk can lead to adverse sensing performance based on the location of each sensor
inside the array, the distance to adjacent sensors and the excitation source, and the method
of excitation (i.e., homogeneous vs. inhomogeneous excitation). Lastly, we calculate the
ratio between electric sensor response and the magnetic flux density for each individual
sensor in order to determine whether the separability of effects is visible in our combined
FEM simulation, as expected for a linear model. While the inclusion of nonlinear effects
due to magnetic material properties or secondary currents induced in the head requires a
combined model, determining a simple linear relationship between the magnetic sensor
excitation and the electric response justifies the investigation of excitation sources and
sensor responses in separate models. This greatly reduces computational requirements,
allows for higher resolution meshing, and enables arbitrary combinations of separately
developed source and sensor models.
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Figure 1 visualizes the concept of the simulations presented in this work. In (a), we
illustrate a clipped view of the head model with its tissue regions of skin, skull, and white
matter, as well as the point dipole located in the latter region. (b) demonstrates an electric
current point dipole source inside the head inducing the propagation of an inhomogeneous
magnetic field. This magnetic field propagates through the head, into the surrounding air
environment, and becomes the excitation source for the ME sensor array. The individual
sensors within the array can display vastly different responses to this excitation based on
the previously mentioned parameters, which we aim to systematically investigate and
discuss throughout this work.
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The white matter region contains an electric current point dipole source—as would be obtained with 
a deep-brain stimulation electrode—which creates an electromagnetic field. This field propagates 
through the tissues of the head, through the air environment, and into the ME sensor array. Shown 
in (b) are the magnetic flux density norm on the head’s surface with corresponding vector arrows 
and, based on this propagating magnetic field as the method of excitation, the electric response of 
an adjacent ME sensor array with 15 sensors. The sensors are located at a distance of 1.5 cm from 
the head and a distance of 1 cm between neighboring sensors. The resulting absolute potential on 
the surface of each individual piezoelectric layer is shown. 

Figure 1. (a) Clipped view of the human head with its tissue regions of skin, skull, and white matter.
The white matter region contains an electric current point dipole source—as would be obtained with
a deep-brain stimulation electrode—which creates an electromagnetic field. This field propagates
through the tissues of the head, through the air environment, and into the ME sensor array. Shown
in (b) are the magnetic flux density norm on the head’s surface with corresponding vector arrows
and, based on this propagating magnetic field as the method of excitation, the electric response of an
adjacent ME sensor array with 15 sensors. The sensors are located at a distance of 1.5 cm from the
head and a distance of 1 cm between neighboring sensors. The resulting absolute potential on the
surface of each individual piezoelectric layer is shown.

Our study is divided into the following sections. Section 2 offers insights into the setup
and geometries of the separate ME sensor and human head models and their merging into
a joint multiscale 3D FEM model. We also describe our simulation method and variations
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within the model that are relevant to our investigation, as well as the process of obtaining
the head model from raw MRI data. In Section 3, we showcase the results of magnetic field
excitation and propagation, as well as the ME sensor array behavior for different excitation
and array configurations. We highlight the magnetic and electric effects of the sensor
response and investigate the magnetic crosstalk between adjacent sensors based on their
position in the array and the relationship between electric response and magnetic excitation
of the ME sensors. Lastly, Section 4 includes important discussion points of the obtained
results and concludes our work with an emphasis on major insights gained by this study,
as well as important implications for future research in the field of magnetoelectric sensors.

2. Models and Methods
The MRI-based human head model, the single ME sensor model, and the ME sensor

array model were developed and combined using COMSOL Multiphysics 6.1 with its
built-in solid mechanics, magnetic fields, and electrostatics interfaces. The software was used to
set up and perform 3D FEM simulations in the frequency domain with magnetic excitation
at the cantilever sensor’s physical resonance frequency of 848 Hz. The software pipeline
to process medical MRI data into the segmented 3D human head model, as well as the
working principle, geometry, and physical properties of the ME sensors, will be explained
in the following subsections. Lastly, we will describe the integration of both components
into the combined multiscale head and sensor model before moving on to the results
section of our study. We performed the simulations shown in this work using an Intel Xeon
E5-2697A v4 CPU with 64 cores at 2.60 GHz, 503.8 GiB RAM and Ubuntu OS 22.04.3.

2.1. MRI-Based Human Head Model
In order to create an approximation of the head and improve the previous spherical

model [27], MRI-based medical images were processed into a 3D FEM model of the human
head for this investigation. In the literature, there are now many open- and closed-source
databases from which to extract these types of medical raw data. The specific model
considered in this study is derived from the NY Head Model constructed by the Parra
Lab group at the City University of New York [28]. The segmentation data were obtained
by averaging three different MRI sources for various tissues: the brain is acquired from
the symmetric ICBM-152 v2009, non-brain tissues are extrapolated from the symmetric
ICBM-152 v6, and the lower portion of the head from [28]. The general model was based
and validated on four individual heads, whereby a precise FEM model was built for
each of them [29]. The final segmentation files after the averaging operation involve the
symmetric geometry of the entire head. This was taken into consideration due to the
symmetric properties exhibited by objects imported into COMSOL Multiphysics, which
can significantly reduce the computational cost of any simulations.

The provided dataset from [28] was processed and tissue regions for the skin, skull,
and brain were extracted. To process the .nifti segmentation files, two software programs
were used: MATLAB R2023b for creating closed and volumetric 3D objects, and 3D Slicer
5.2.2 for refining geometry operations. In particular, the iso2mesh 3D library in MATLAB,
which provides excellent computational capabilities for binary and grayscale volumetric
images such as segmented MRI/CT scans, was utilized.

The .nifti files for each of the three tissues were loaded, opened, and converted into
binary logical values to identify each grayscale level of the segmented geometry. Sub-
sequently, a closing operation was performed on each geometry to obtain a final closed
water-tight object, thus avoiding “holes” that could introduce discontinuities in the final
mesh. Utilizing the fillholes3d.m function with a gap size of 55 for each of the three tissues
resulted in the creation of the three objects. The gap size is a crucial parameter, representing
the size of the hole to be filled in the geometry. In this case, a trade-off was sought, as large
gap sizes would lead to a geometry significantly different from the original, especially for
the brain, while very small values would introduce an almost negligible approximation in
the geometry.

Chapter 6. A Combined Magnetoelectric Sensor Array and MRI-Based Human
Head Model for Biomagnetic FEM Simulation and Sensor Crosstalk Analysis

59



Sensors 2024, 24, 1186 5 of 19

Subsequently, the 3D binary image was converted into an actual volume using the
imedge3d.m function which extracts contour voxels from a binary image. Finally, the object
was reconverted into the .nifti format and exported.

For the final processing, 3D Slicer was used. The three objects were imported into the
software after being processed in MATLAB. Due to the reduced complexity of the geometry
after the previous closing operation, the 3D representation of the object was obtained using
the Otsu thresholding method. Subsequently, cutting operations were performed in 3D
Slicer, allowing for the manual removal of small volumes from the object. These volumes
are considered undesirable for the final purpose, as they would provide extra material for
meshing without a specific purpose. Additionally, the lower part of the skull (including the
first vertebrae of the spine) was partially removed, as this part of the head is negligible for
the simulations.

After the cutting operation, some of the modified surfaces underwent shape changes.
To address this, classic morphological opening and closing operations were applied to
remove small extrusions remaining in the geometry and fill small residual holes. Finally, a
smoothing operation was performed; more specifically, Gaussian smoothing was used.

Moreover, only for the skull, a “grow” operation was carried out using the margin
operation tool to give it a thickness of about 3 mm. The uniform thickness of the skull adds a
high degree of homogeneity to the final mesh but represents a strong approximation of the
skull, while the real thickness of the skull is not uniform along the skullcap. The last step in
3D Slicer was to export the geometry in .stl format, ready to be imported into COMSOL
Multiphysics 6.1. Figure 2 illustrates the resulting geometry and mesh of the three tissue
regions of the head.
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In order to perform simulations including the electromagnetic properties of the human
head, each region was assigned a specific conductivity and relative permittivity value taken
from the literature [30–32]. Table 1 gives an overview of the utilized values.

Table 1. The regions of the human head model with their respective specific conductivity and relative
permittivity taken from literature.

Region Specific Conductivity [30,31] Relative Permittivity [32]

Skin 1.00 S/m 1,200,000
Skull 0.05 S/m 40,000–1,000,000

White Matter 0.43 S/m 30,000,000

2.2. ME Sensor Model
We designed and implemented the ME sensor based on the ME sensor models from our

previous work [26,27]. Each sensor consisted of a substrate layer of silicon with 26.25 mm
length, 2.45 mm width, and 300 µm thickness, a magnetostrictive layer of FeCoSiB with
22.90 mm length, 1.80 mm width, and 20 µm thickness, and a piezoelectric layer of alu-
minum nitride (AlN) with 25.60 mm length, 1.60 mm width, and 20 µm thickness. The AlN
is polycrystalline, and both the magnetostrictive and piezoelectric layer can be produced
for experimental measurements via an in-house magnetron sputtering process [33]. The
magnetostrictive and piezoelectric layers were located on the opposite sides of the substrate
layer. The thickness of the active layers was chosen at a factor of 10 times higher than that
typically used in experimental sensors at Kiel University to reduce the computation time.
The sensor operated in resonant bending mode and fixed-free configuration at a resonance
frequency of 848 Hz. Figure 3 gives an overview of the ME sensor geometry.
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Figure 3. The ME sensor model. The cantilever sensor is shown with substrate layer in grey and the
piezoelectric layer on the surface in red. The left end of the sensor is clamped, while the right end is
free, resulting in the fixed-free bending mode operation. The smaller inset shows the opposite side of
the substrate with the magnetostrictive layer on top in blue. The length, width, and thickness for the
substrate layer are given in mm.

Table 2 gives an overview of the three layers forming the composite ME sensor. The
magnetostrictive layer, piezoelectric layer, and substrate layer each have their unique
material parameters which are given in Appendix A. A linearized material model was used
at the sensor’s small-signal working point. Details of the applied boundary conditions and
physical properties of the three layers are described in our previous work [26,27].

Table 2. The layers of the ME sensor model with their materials, length, width, and height.

Layer Material Length Width Height

Magnetostrictive FeCoSiB 22.90 mm 1.80 mm 20.00 µm
Piezoelectric AlN 25.60 mm 1.60 mm 20.00 µm

Substrate Si 26.25 mm 2.45 mm 300.00 µm
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The mathematical model and physical properties of cantilever ME sensors consisting of
ideal and slipless composite layers are governed by systems of differential and constitutive
equations which are characterized in detail in previous studies [30,34–38]. The equations
that we discuss below define our 3D-FEM model and are utilized in three built-in physics
interfaces in COMSOL Multiphysics 6.1: the solid mechanics, magnetic fields, and electrostatics
interfaces. This set of equations was also utilized and described in our previous work
containing ME sensors and a simplified human head model [12]. It is repeated here for
easy access. Beginning with solid mechanics, this interface describes a set of equations that
couples the mechanical, electrical, and magnetic properties of the ME sensor and contains
specific terms for each layer.

→ρω2
u = ↑ · S (1)

S = C : ε (2)

ε =
1
2

[
(↑u)T +↑u

]
(3)

C = C(E, ϱ). (4)

The first set of Equations (1)–(4) corresponds to the linear elastic material node which
covers the general mechanical properties of the model and includes S and ε for stress and
strain, u as the displacement vector, the density ρ and the angular frequency ω. For the
silicon substrate specifically, the coupling between stress and strain is a function of its
Young’s modulus and Poisson’s ratio and is described by C in Equation (2).

The magnetostrictive and piezoelectric layers have separate physics nodes discussed
below, starting with the magnetostrictive material node:

S = cH : ε → H · eHS (5)

B = µ0 µrSH + eHS : ε. (6)

Equations (5) and (6) include the coupling matrix in Voigt notation eHS and the
elasticity matrix cH . This node also governs the relation between the magnetic flux density
vector B, the magnetic field vector H, and the relative permeability µrS of the material.
Analogous to the magnetostrictive material node, the piezoelectric material node has a specific
set of equations that describe its properties, including the coupling of the ME sensor’s
electric and elastic properties:

↑ · D = ρv (7)

S = cE : ε → E · eES (8)

D = ε0 εrSE + eES : ε. (9)

In Equation (7), Gauss’s law for the relation between the electric displacement field D

and the volume charge density is applied to the model. Equations (8) and (9) include the
coupling matrix in Voigt notation eES and the elasticity matrix cE, as well as E for the electric
field vector and εrS for the relative permittivity. We used the stress-magnetization and the
stress-charge form for the magnetostrictive and piezoelectric material nodes, respectively.
The Equations (1)–(9) that we described so far are applied in the solid mechanics physics
node of our model and include elastic material properties, as well as coupling between the
sensor layers. The electric and magnetic behavior of our model is governed in the magnetic
fields and electrostatics physics nodes of our model given in Equations (10)–(12):

↑↓ H = σE + jωD (10)

B = ↑↓ A (11)

E = →↑V → jωA (12)

D = ε0 εrE (13)

B = µ0 µrH. (14)
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With Equations (10)–(12) we utilized Maxwell’s equation and related electric and
magnetic fields to the magnetic vector potential A. The equation for the electric field
strength used in the model is given in (12). Equations (13) and (14) apply via the bound-
ary condition Ampère’s law in the magnetic fields physics interface to the silicon substrate.
Additionally, this boundary condition defines the general constitutive relations of D and
E for the magnetostrictive material, as well as B and H for the piezoelectric material, in
instances where no more specific physical properties are assigned, i.e., no magnetostriction
for the piezoelectric material or piezoelectricity for the magnetostrictive material. With the
set of equations given in (1)–(14), our multiscale combined ME sensor and human head
model can be simulated with different electric and magnetic excitation methods, and full
magnetoelectric coupling of the sensor layers.

2.3. ME Sensor Array Model
The aim of this work is to combine 15 individual ME sensors into a sensor array and

investigate the response of each individual sensor based on its relative position in the array
and distance from the neighboring sensors for different types of magnetic excitation. To
achieve this goal, we organized the sensors into a 3 ↓ 5 grid to form an array with three
rows and five columns of adjacent sensors. The long axis of the sensors was parallel to the
x-axis and the piezoelectric layer faced upwards in z-direction. The distances between the
sensors in the array varied from 5 mm up to 5 cm in the vertical and horizontal directions
simultaneously. Figure 4 illustrates the array configuration with the distance between
neighboring sensors set to 5 mm. An array of these or similar dimensions was chosen due
to in-house fabrication approaches at Kiel University and the possibility of using the array
in an operation room, as a smaller array with variable positioning would potentially allow
surgical procedures without covering the entire head.
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Figure 4. (a) Top-down view and (b) frontal view (on fixed end) of the 15-sensor array. Between each
adjacent sensor is a variable distance between 1 mm and 5 cm. This figure shows equidistant sensor
placement with 5 mm between the neighbors in both vertical and horizontal direction. The variable
distance allowed us to investigate the magnetic crosstalk between sensors and analyze the influence
of the magnetostrictive layers on nearby ME sensors.

2.4. Combined MRI-Based Human Head and ME Sensor Array Model
After establishing the human head and ME sensor array models separately, we com-

bined both parts into the joint multiscale model. The sensors in the array can be located
at arbitrary positions in space and distances both from the head and adjacent sensors.
The challenge to be overcome was to combine both the anatomical head model, as well
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as the ME sensor array model with 15 sensors, into one combined multiscale and multi-
physics model. A core consideration for this was the differences in dimensions between
the different model domains. While the sensors’ PE and MS layers had a thickness of only
20 µm, the diameter of the head was approximately 20 cm. This translated to a vastly
different size and resolution of mesh elements for the differently sized domains, because
the mesh is designed such that extremely thin layers are of a sufficiently small size, while
larger domains are modeled with larges element sizes to reduce the computational load.
The number of degrees of freedom (DOF) solved for in a combined model with three
ME sensors demonstrated in previous work [27] is approximately 25 million, while the
number increases to approximately 70 million DOF when including 15 ME sensors in the
array. The number of DOF is determined by the amount of mesh elements, as well as the
utilized physics in the model, and is an important figure of merit for the computational
requirements to solve a given FEM model. Details on the mesh parameters for all structures
in a model with three ME sensors are given in Appendix B, with sizes referring to the
longest edge of tetrahedral mesh elements.

Increasing the number of sensors from three to 15 posed a challenge in terms of
computation time and hardware requirements for the computer running our simulations,
since the number of DOF almost tripled in the combined model with a larger array and
full mechanical, magnetic and electric coupling. Using the mesh parameters given in
Appendix B, we were not able to achieve a successful simulation run with a converged
solution. In order to achieve a solution, we iteratively adjusted some parts of the mesh
to be coarser than in the previous study [27], while keeping the mesh resolution as high
as possible for the sensor geometry. The adjusted mesh parameters for this investigation
step included the head geometry, the air environment, and the substrate layer of the ME
sensors. The magnetostrictive and piezoelectric layers remained unchanged. The mesh
parameters for the combined model with 15 sensors are given in Appendix C. Inspecting
the mesh yielded some elements of low quality for the figure of merit skewness, but no
significant number of elements of poor quality (defined by skewness under 0.1 according
to COMSOL’s guidelines). The coarser mesh might have adversely impacted the accuracy
of the solutions provided in the results section, but was necessary to enable our simulations
to finish successfully.

Due to challenges with the numerical stability of our solutions, two simplifying
conditions had to be applied to our model. Firstly, based on communications with COMSOL
employees, calculating 3D FEM models with very high differences in material parameters
such as the specific conductivity may result in a failure to find a converged solution [39].
In this case, this affects the near-zero specific conductivity of air which fills most of the
modelling space. A recommended solution for this is to artificially increase the specific
conductivity of the material in question sufficiently; thus, we set the conductivity of our air
domain to 1 ↓ 10→6 S/m. Secondly, we increased the numerical stability of our simulations
with dipole excitation by positioning a second dipole with the same orientation and a
magnitude 1 µA·m at a distance of 2 mm directly below the main excitation dipole of
magnitude 1 mA·m. Due to the factor of a thousand between dipole magnitudes, the
contribution of the secondary dipole to the overall electromagnetic field is considered
negligible, while empirically improving the convergence of the utilized indirect solver
we used. The application of similar conditions to improve numerical stability was also
discussed in our previous work [27].

3. Results
The results in this section are categorized into two different types of magnetic field

excitation. First, we looked at the array’s response in a constant, homogeneous magnetic
field, which is applied to the entire model volume. Following that, we replaced the
homogeneous magnetic field excitation with a single electric current point dipole source
inside the white matter region of the head model. For the investigation of the crosstalk
effect, the distance between adjacent sensors in both the horizontal and vertical directions
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was varied in four steps within an interval between 5 mm and 5 cm. As the distance
between neighboring sensors changes, the magnetic flux between them changes direction
and is guided inside the highly permeable magnetostrictive layers of the sensors. For each
sensor distance, a simulation with either homogeneous or dipole excitation was performed
and the response for each sensor in the array was evaluated. Different distances between
sensors result in different sensor responses depending on the position inside the array, as
the following sections will demonstrate.

3.1. Homogeneous Excitation
We performed magnetic excitation of the ME sensor array using a homogeneous

magnetic field strength of 1 A/m in x-direction applied to the entire model environment.
The aim of this study step was to establish and validate the basic sensor response to a simple
excitation field and investigate potential crosstalk effects independently of influences of
inhomogeneous field effects. Before each array simulation, validation steps were conducted
for homogeneous and dipole excitation, i.e., the sensor material parameters were set to
those of the air environment in order to eliminate geometric or numeric inconsistencies
and validate the magnetic flux density inside the model domain without the presence
of high-permeability sensor material. Figure 5a shows a schematic of the full array and
highlights the five sensors of the middle row, namely sensors S2,1, S2,2, S2,3, S2,4, and S2,5.
We further highlight the exemplary behavior of these five sensors in Figure 5b, where
we display the sensors in a homogeneous excitation magnetic field in x-direction and the
corresponding magnetic flux density inside the magnetostrictive layer for each sensor. The
distance between adjacent sensors was 1 cm. The outermost sensors S2,1 and S2,5 exhibited
the highest magnetic flux density, followed by sensors S2,2 and S2,4. The central sensor, S2,3,
exhibited the lowest magnetic flux density out of all sensors in the array due to its central
position and the resulting crosstalk with its adjacent sensors. Finally, Figure 5c gives a plot
of the magnetic flux density norm inside every sensor of the full array with 15 sensors for
different distances between adjacent sensors. The previously observed behavior of high
crosstalk between adjacent sensors at low distances is clearly visible, while the closer a
sensor is to the center of the array, the stronger the effect. At a distance of 5 cm between
the sensors, the crosstalk effect is negligible, and all sensors exhibit approximately the
same response. At each individual distance between adjacent sensors, the sensor with the
lowest magnetic flux density was the middle sensor (S2,3), while the highest flux density
was shared between the four corner sensors (S1,1, S1,5, S3,1, S3,5). At the lowest distance of
5 mm, the flux density in the corner sensors was 7.9% higher than in the middle sensor.
For the central sensor (S2,3), the magnetic flux density was 15.6% lower at a distance of
5 mm compared to a distance of 5 cm to its neighbors. Notably, the crosstalk effect was
significantly stronger with up to 11% for sensors with closely vertically adjacent sensors,
compared to horizontally adjacent sensors, based on simulations considering exclusively
horizontally or vertically adjacent sensors. For the electric potential, Figure 5d offers similar
general behavior for the crosstalk effect based on the electric behavior. Here, while the
values converge for all sensors at a distance of 5 cm between neighbors for the magnetic
flux density, the electric potential still sees a difference of approximately 4% between the
highest (S33) and lowest (S12) at that distance. We expect numerical error to this degree
based on the calculation of the fully coupled magnetoelectric effect between the layers as a
possibility for the slightly diverging behavior of the electric response of the sensors.

3.2. Dipole Excitation
After evaluation of the behavior of the ME sensor array in homogeneous magnetic field

excitation, we moved towards a specific inhomogeneous excitation mechanism. An electric
current point dipole was placed at coordinates x = 30 mm, y = →20 mm, and z = 30 mm
inside the white matter compartment of the head geometry, within the approximated
right cerebral hemisphere. This configuration serves as a representative of a deep-brain
stimulation scenario. The dipole moment, combined with the electric properties of the head,
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results in an induced magnetic field propagating through the head and the air environment
into the ME sensor array, enabling us to evaluate its response and gain further insights into
the behavior of the individual sensors in inhomogeneous excitation.
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Figure 5. (a) Schematic of the 15-sensor array in top-down and frontal view. The blue rectangle marks
the second row of five sensors, which we used to visualize the crosstalk effects between sensors.
The distance between sensors in this schematic is 5 mm. (b) The 15-sensor array in a homogeneous
magnetic field. The magnetic field strength is 1 A/m and is applied in x-direction. The highlighted
middle row of five sensors within the array, namely the sensors S2,1, S2,2, S2,3, S2,4, and S2,5, is
shown, with clear crosstalk effects between sensors. The distance between the sensors is 1 cm in this
exemplary position. (c) The magnetic flux density inside the MS layers and (d) the electric potential
on the surface of the PE layer of each of the 15 sensors of the array at different distances from adjacent
sensors, showcasing crosstalk at small distances between the sensors and increased effects in the
central sensors.

Based on the orientation of the dipole and the ME sensor, the sensor response can be
vastly different due to its directional sensitivity, as we showed in our previous work with
an array of orthogonally oriented ME sensors and different dipole orientations [27]. For this
work, we exemplarily investigated only one dipole orientation (y-direction) and one sensor
orientation for each sensor in the array (x-direction), but modifications to this model with
arbitrary configurations for arrays and sources are possible for further analysis. The dipole
can be configured with an arbitrary dipole moment direction, amplitude, and location in
the head. We chose an exemplary dipole moment of 1 mA·m in y-direction. The chosen
dipole amplitude is in agreement with studies on deep brain stimulation (DBS) and head
models from the literature [32,40]. As seen in previous investigations, it is not trivial to
predict the behavior of the sensor array when excited by an inhomogeneous magnetic field.
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As seen in Figure 6, the individual sensors’ magnetic and electric behavior does not follow
specific patterns with increasing distance to neighbors. Some indicators can partly predict
the behavior; for example, the fact that in the vertical array configuration, the bottom row of
sensors exhibits a higher magnetic flux density based on proximity to the human head and
the magnetic field propagation through the tissue. In this case, all five sensors in the bottom
row of sensors (S3,1–S3,5) exhibited the highest magnetic and electric response at distances
of between 5 mm and 1 cm between adjacent sensors. Similarly, four out of the five sensors
(S3,1–S3,4) and three out of the four sensors (S3,2–S3,4) with the highest magnetic flux density
and electric potential at distances of 2 cm and 5 cm from their neighbors, respectively, are
sensors from the bottom row of the array.

Sensors 2024, 24, x FOR PEER REVIEW 14 of 21 
 

 

 
Figure 6. (a) Schematic of the 15-sensor array in top-down and frontal view. The blue rectangle 
marks the second row of five sensors, which we used to visualize the crosstalk effects between 
sensors. The distance between sensors in this schematic is 5 mm. (b) The 15-sensor array in a dipole 
magnetic field. The dipole moment is 1 mA·m in magnitude and oriented in y-direction. The 
highlighted middle row of five sensors within the array, namely the sensors S2,1, S2,2, S2,3, S2,4, and 
S2,5, is shown, with possible crosstalk and flux concentration effects between sensors. The distance 
between the sensors is 1 cm in these exemplary positions. (c) The magnetic flux density inside the 
MS layers and (d) the electric potential on the surface of the PE layer of each of the 15 sensors of the 
array at different distances from adjacent sensors, showcasing an increased sensor response in the 
bottom row of sensors in the array (S3,1–S3,5), but inconsistent behavior with increasing sensor 
distance. 

4. Discussion 
Magnetic crosstalk effects between the adjacent ME sensors are clearly observed for 

the homogeneous excitation case in Figure 5; they are more challenging to visualize for 
the inhomogeneous case in Figure 6 with a strong spatial variation of the magnetic field 
strength and direction. To gain a better understanding of the observed results, we 
investigated the sensor sensitivity. As the ME sensor has a previously demonstrated 
directional sensitivity [27], we investigated the effect of the x-component of the magnetic 
field, which is parallel to the cantilever’s long axis. We calculated two ratios between 
important model parameters in order to discuss the presented sensor behavior in both 
homogeneous and inhomogeneous excitation cases. The first ratio was between the mean 

Figure 6. (a) Schematic of the 15-sensor array in top-down and frontal view. The blue rectangle marks
the second row of five sensors, which we used to visualize the crosstalk effects between sensors. The
distance between sensors in this schematic is 5 mm. (b) The 15-sensor array in a dipole magnetic
field. The dipole moment is 1 mA·m in magnitude and oriented in y-direction. The highlighted
middle row of five sensors within the array, namely the sensors S2,1, S2,2, S2,3, S2,4, and S2,5, is shown,
with possible crosstalk and flux concentration effects between sensors. The distance between the
sensors is 1 cm in these exemplary positions. (c) The magnetic flux density inside the MS layers
and (d) the electric potential on the surface of the PE layer of each of the 15 sensors of the array at
different distances from adjacent sensors, showcasing an increased sensor response in the bottom
row of sensors in the array (S3,1–S3,5), but inconsistent behavior with increasing sensor distance.

4. Discussion
Magnetic crosstalk effects between the adjacent ME sensors are clearly observed

for the homogeneous excitation case in Figure 5; they are more challenging to visualize
for the inhomogeneous case in Figure 6 with a strong spatial variation of the magnetic
field strength and direction. To gain a better understanding of the observed results, we
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investigated the sensor sensitivity. As the ME sensor has a previously demonstrated
directional sensitivity [27], we investigated the effect of the x-component of the magnetic
field, which is parallel to the cantilever’s long axis. We calculated two ratios between
important model parameters in order to discuss the presented sensor behavior in both
homogeneous and inhomogeneous excitation cases. The first ratio was between the mean
absolute Bx component of the magnetic flux density inside the MS layer of the sensor, and
the same layer with its material parameters set to those of air. The second ratio was between
the mean absolute electric potential as the electric sensor response and the Bx component
of the magnetic flux density inside the magnetostrictive layer of each sensor. Figure 7a,b
demonstrate the results for the ratios between sensor and air magnetic flux densities, while
Figure 7c,d visualize the ratios between electric potential and sensor magnetic flux density
for both excitation cases and each individual sensor inside the array. Here, the horizontal
axis determines the sensor number with horizontally adjacent sensor columns (S1,n–S1,n),
while the markers differentiate between the vertically adjacent rows of sensors (Sm,1–Sm,3),
as illustrated in Figures 5a and 6a. The four different colors represent the different distances
between adjacent sensors, with distances of 5 mm, 1 cm, 2 cm, and 5 cm in the horizontal
and vertical directions, respectively. The results show that, while we observe magnetic flux
densities and piezoelectric voltages that are highly dependent on the sensor position and
distance to its neighbors in both homogeneous and inhomogeneous excitation, the ratio
between electric response and excitation field was near constant for each excitation case.

As seen in Figure 7a,b, the ratio between the magnetic flux densities inside the sensor
geometry and the corresponding air volumes were not constant with up to two orders
of magnitude in the homogeneous and four orders of magnitude in the inhomogeneous
case between the ratios at different sensor positions. This large spread showcases the
field concentration effect of the magnetostrictive material and highly position-dependent
behavior of the sensors. Contrary to the highly variable ratios between the magnetic flux
densities, Figure 7c illustrates a narrow range of values between 16.0 and 16.6 for the ratio
between electric potential and magnetic flux density for the homogeneous excitation case
and any sensor at the investigated array positions and distances. For the inhomogeneous
case, Figure 7d shows different behavior between the middle row of sensors (Row 2, S2,1–S2,5)
at a distance of 5 mm between adjacent sensors and every other configuration. A factor
between 17.4 and 18.0 was calculated for every sensor position, with outliers for the first
and last sensor in the second row (S2,1 and S2,5) at a distance of 5 cm exhibiting a factor of
approximately 19.0.

The entire second row of sensors (S2,1–S2,5) at the minimum distance of 5 mm between
sensors exhibited a factor between 19.5 and 19.7. Despite the outlying row of sensors in
the inhomogeneous case, all 15 sensors in either homogeneous or dipole excitation fields
exhibited similar, near-constant ratios between the electric response and the magnetic
excitation. Considering the clear crosstalk effects demonstrated for the homogeneous case
in Figure 5 and the seemingly inconsistent behavior in dipole excitation seen in Figure 6,
with up to two orders of magnitude difference in magnetic flux density between different
sensor positions in Figure 6c, these near-constant ratios demonstrated a highly linear
relation between the excitation magnetic field and the electric sensor response, including
potential crosstalk and flux concentration effects. Therefore, the change in the electric
sensor response may be attributed to the change in the magnetic field in the sensor.
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Figure 7. (a,b)The ratio between the mean absolute x-component of the magnetic flux density inside
the MS layer geometry for sensor material parameters and sensor material parameters set to air in
(a) homogeneous and (b) dipole excitation cases. This ratio is a measure of the field concentration
and depends on the sensor position in the array. (c,d) The ratio between the mean absolute electric
potential over the PE layer and the mean absolute magnetic flux density component in x-direction
in each sensor of the array and for different distances between adjacent sensors. (c) illustrates the
near-constant factors between 16.0 and 16.6 for the ratio for each sensor and each position within the
array in homogeneous excitation. (d) shows a factor between 17.4 and 18.0 for most sensors, with
the outlying second row of sensors (S2,1–S2,5) at the minimum distance of 5 mm between adjacent
sensors exhibiting a factor between 19.5 and 19.7.

5. Conclusions
We have shown a combined ME sensor array and MRI-based human head model for

joint biomagnetic field simulations and analysis of ME sensor behavior. The combined
model allowed us to place an electric dipole source inside the head and simulate the
excitation and propagation of an electromagnetic field through the head’s tissue regions,
the air environment, and into the array of ME sensors. As an alternative study step to the
dipole excitation, a homogeneous excitation field was also applied to the entire simulation
environment and the sensor responses were evaluated.

The results that we presented offer insights on the response of individual ME sensors
within an array configuration to different excitation mechanisms. For an array of 15 ME
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sensors in a homogeneous magnetic excitation field, a magnetic crosstalk effect between
adjacent sensors is clearly visible in Figure 5. The magnitude of this effect decreases with
increasing distance between adjacent sensors and becomes negligible at a distance of 5 cm.
In the case of inhomogeneous excitation, a strong change in the sensor response is obtained
as seen in Figure 6 due to the position-dependent magnetic field strength and direction. The
sensor response, in this case, depends on the position and orientation of the array relative to
the source inside the head, as well as the propagation of the electromagnetic field through
the head based on the electric tissue properties and geometry of the head [27]. In excitation
fields that have large vector components in directions other than the sensitive direction of
the ME sensor, differences between sensor positions may be more pronounced, as opposed
to a homogeneous excitation field in a sensitive direction, which is demonstrated in this
study. Another effect that has to be considered is the inverse magnetostrictive effect, which
is caused by strain in the magnetostrictive layer and can lead to superimposing local fields
on top of the excitation field [34]. This effect could have a varying degree of influence on
the behavior of adjacent sensors, particularly in inhomogeneous magnetic fields.

To investigate whether the linear relation between the excitation magnetic field and
the electric sensor response is maintained, we calculated the ratio of these quantities for
each individual ME sensor in both excitation setups and four different distances between
adjacent sensors inside of the array. We demonstrated that even with large differences
up to factors of two orders of magnitude in the magnetic and electric sensor responses
between sensors in various combinations of array geometry and magnetic field sources,
the ratio between the electric potential and magnetic flux density inside the sensors was
near-constant in homogeneous (16.0–16.6) and inhomogeneous (17.4–19.7) excitation. This
result is shown in Figure 7 and confirms that the behavior of each ME sensor was linear as
expected for the linear model, even though a highly position-dependent field concentration
is demonstrated. Therefore, for the linear approximation, a separation of the excitation
source and sensor model in both homogeneous and inhomogeneous excitation configura-
tions is possible. In the next step, the FEM model can be extended to investigate nonlinear
effects due to nonlinear material properties as well as effects due to nonlinear secondary
currents induced inside the head.

In summary, this work contains insights into the response of ME sensors within
different array configurations for homogeneous and inhomogeneous dipole magnetic field
excitation for the small-signal linearized case. The sensor response strongly depends on the
excitation vector field and confirms the influence of magnetic crosstalk between sensors.
Further research may include additional simulations with different array configurations in
inhomogeneous fields to evaluate the near-constant sensitivity of the sensors. Additionally,
results could be compared between separately evaluated source and sensor simulations
and the sensor response in combined models such as the one presented in this work. Future
excitation models could also evolve the head geometry demonstrated in this work to
contain more tissue regions in higher resolution, as well as different biological or artificial
excitation sources such as implanted DBS electrodes, giving rise to potential localization and
orientation investigations with patient- or application-specific head and ME sensor models.
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Appendix A. Material Parameters
The material parameters of AlN, FeCoSiB, and silicon at the working point used for

the ME sensor are based on literature and in-house characterization and are given in this
section [35,41–43].

AlN:

cE,AlN =





41 14.9 9.9 0 0 0
14.9 41 9.9 0 0 0
9.9 9.9 38.9 0 0 0
0 0 0 12.5 0 0
0 0 0 0 12.5 0
0 0 0 0 0 12.5




↓ 1010 Pa (A1)

eES,AlN =





0 0 0 0 →0.48 0
0 0 0 →0.48 0 0

9.9 9.9 38.9 0 0 0
→0.58 →0.58 1.55 0 0 0



↓ C/m2 (A2)

ρAlN = 3300 kg/m3 (A3)

εAlN = 80 ↓ 10→12 F/m (A4)

µAlN = 0.4π ↓ 10→6 H/m (A5)

FeCoSiB:

cH,FeCoSiB =





150 45 45 0 0 0
45 150 45 0 0 0
45 45 150 0 0 0
0 0 0 40 0 0
0 0 0 0 40 0
0 0 0 0 0 40




↓ 1010 Pa (A6)

eHS,FeCoSiB =





8500 →2833.3 →2833.3 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0



↓ N/(Am) (A7)

ρFeCoSiB = 7250 kg/m3 (A8)

εFeCoSiB = 8.85 ↓ 10→12 F/m (A9)

µFeCoSiB = 1.13 ↓ 10→3 H/m (A10)

Silicon:
ESi = 170 ↓ 109 Pa (A11)

ϱSi = 0.28 (A12)

ρSi = 2329 kg/m3 (A13)

εSi = 103.59 ↓ 10→12 F/m (A14)

µSi = 0.4π ↓ 10→6 H/m (A15)

Appendix B. Mesh Parameters for Original 3-Sensor Array Model
Head and sensor model geometry parameters for a model with 3 ME sensors [27].

The mesh is designed so that extremely thin layers of PE and MS material are of a suffi-
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ciently small size, while larger structures such as the head and airbox are allowed larger
element sizes to decrease the total number of degrees of freedom and therefore the com-
putational load for the simulations. Values given are for the longest edges of tetrahedral
mesh elements.

Mesh Parameter PE and MS Layer Substrate Layer Skin Skull White Matter Airbox

Max. element size 5.00 ↓ 10→4 m 1.00 ↓ 10→3 m 5.25 ↓ 10→2 m 5.25 ↓ 10→2 m 5.25 ↓ 10→2 m 3.61 ↓ 10→2 m
Min. element size 9.00 ↓ 10→5 m 1.00 ↓ 10→4 m 1.00 ↓ 10→3 m 1.00 ↓ 10→3 m 1.00 ↓ 10→3 m 1.00 ↓ 10→3 m

Max. element
growth rate 3 3 1.45 1.45 1.45 1.4

Curvature factor 0.3 0.3 0.5 0.5 0.5 0.4
Resolution of

narrow regions 3 3 0.6 0.6 0.6 0.7

Appendix C. Mesh Parameters for Modified 15-Sensor Array Model
In order to be able to run simulations with the computationally highly demanding

15-sensor array model on our hardware, modifications to the mesh parameters given in
Appendix B had to be made. The following table includes the modified minimum element
sizes for the substrate layer, the head geometry, and the surrounding air volume. The
sensors’ piezoelectric and magnetostrictive layers remain unchanged.

Mesh Parameter PE and MS Layer Substrate Layer Skin Skull White Matter Airbox

Max. element size 5.00 ↓ 10→4 m 1.00 ↓ 10→3 m 5.25 ↓ 10→2 m 5.25 ↓ 10→2 m 5.25 ↓ 10→2 m 3.61 ↓ 10→2 m
Min. element size 9.00 ↓ 10→5 m 3.00 ↓ 10→4 m 6.56 ↓ 10→3 m 6.56 ↓ 10→3 m 6.56 ↓ 10→3 m 2.63 ↓ 10→3 m

Max. element
growth rate 3 3 1.45 1.45 1.45 1.4

Curvature factor 0.3 0.3 0.5 0.5 0.5 0.4
Resolution of

narrow regions 3 3 0.6 0.6 0.6 0.7
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6.2 Key Findings and Scientific Implications
• ME sensor arrays and MRI-based human head models can be simulated in

a combined multiscale and multiphysics FEM model.

• In an array configuration,ME sensors can exhibit significantmagnetic crosstalk
between adjacent sensors.

• The severity of the crosstalk depends on distance to adjacent sensors, posi-
tion in the sensor array, and type of excitation field (homogeneous vs inho-
mogeneous).

• The crosstalk decreases with increasing distance to adjacent sensors and be-
comes negligible at a distance of 5 cm (corresponding to approximately 20
sensor widths) between sensors for homogeneous excitation, while the case
of inhomogeneous excitation exhibits a change in sensor behavior due to the
position and orientation of the array relative to the magnetic field source.

• Despite multiple orders of magnitude in di"erence in magnetic and electric
response between sensors, the ratio of electric potential and magnetic flux
density in the sensors is near-constant in homogeneous (16.0-16.6) and in-
homogeneous (17.4-19.7) excitation for di"erent array configurations.

• A separation of excitation source and sensor array model in homogeneous
and inhomogeneous excitation configurations is possible for a linear approx-
imation.

• Future research can utilize separate ME sensor array and human head mod-
els for linear approximations or combine them for investigations of nonlinear
or secondary e"ects with application- or patient-specific models.
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Chapter 7

Conclusion

This chapter finalizes the dissertation and provides three sections to conclude its
content. Firstly, a summary of the key results presented in the main journal publi-
cations is given. Then, a section focusing on the discussion of the results follows,
before lastly completing this work with an outlook on potential future research
topics building upon the results and insights of this dissertation.

7.1 Summary
In summary, this doctoral dissertation aimed to o"er a contribution to the sci-
entific progress in the field of ME sensor modeling and simulation. After intro-
ducing the topic of this thesis, a brief overview of its fundamentals and utilized
methods was given. Following these chapters, the main scientific findings were
explained in-depth within three individual peer-reviewed journal articles. These
findings were related to (1) the behavior of an ME sensor under localized, in-
homogeneous excitation, (2) a combined 3-sensor array and simplified spherical
human head model, and (3) a combined sensor and head model including fif-
teen individualME sensors in array formation and an anatomically approximated,
MRI-based human head. In both the spherical and MRI-based head models, the
head itself contained electric point dipoles as excitation sources for magnetic field
propagation throughout the tissue, surrounding air environment, and into the
sensor geometry. The 3D FEM models presented in this thesis demonstrate the
behavior of ME sensors under inhomogeneous magnetic field excitation and o"er
valuable insights into the behavior of single sensors, sensors in array configura-
tions, and sensors in the presence of di"erent biological tissue types with sources
located within them.

In Chapter 4, the publication entitledMagnetoelectric Cantilever Sensors Under Inho-
mogeneousMagnetic Field Excitation is presented. Thework showed that for a single
ME sensor, which is locally excited with a small coil at di"erent positions along
its long axis, the location of maximum sensitivity is approximately 4 mm or 17%
of the free length away from the fixed end of the cantilever [68]. This insight has
implications for calculations that previously assumed the sensitivity to be in the
geometrical center of the sensor, uniformly distributed along its length, or even
the extreme approximation of the sensor behaving as a point sensor. Applying the
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findings from this study to algorithms used in, for example, localization applica-
tions, an increase in accuracy could be expected when trying to obtain the precise
location of an electromagnetic source.

Another key finding is the behavior of three orthogonally placed ME sensors ad-
jacent to a simplified human headmodel containing an electric dipole source. The
article discussing this is presented in Chapter 5 and is entitled A Combined Mag-
netoelectric Sensor and Human Head Model for Biomangetic FEM Simulations. Here,
several simulations were performed, and the sensor behavior investigated for var-
ious di"erent parameters such as sensor position and orientation, distance from
the head, dipole position inside the head and dipole orientation. The investigation
highlighted the strong directional sensitivity of the sensors and listed benefits in
accuracy and specificity when combining a head model with three tissue types
and realistic material parameters with an ME sensor model [69].

Finally, in a progressive extension of the previous model’s framework, the last
study entitledACombinedMagnetoelectric Sensor Array andMRI-Based HumanHead
Model for Biomagnetic FEM Simulation and Sensor Crosstalk Analysis is presented in
Chapter 6. It focuses on an array of 15ME sensors, increasing the number of simul-
taneously simulated sensors by a factor of 5. In addition to that, the head model
evolved from a simple spherical model to an approximated anatomical model
based on real MRI recordings of the human head geometry. The investigation
also involved a dipole source inside the white matter region of the head, with the
magnetic field propagating through the tissues of the head and into the surround-
ing air environment. The focus here was on the behavior of adjacent ME sensors
at di"erent horizontal and vertical distances to their neighbors. Depending on
their position in the array and distance to the adjacent sensors, significant mag-
netic crosstalk e"ects of up to 15.6% lower magnetic response at a close distance
of 5 mm could be reported, while the e"ects diminished at distances up to 5 cm
within an applied homogeneous excitation field. Additionally, near-constant sen-
sitivities for each sensor at di"erent array positions were demonstrated in homo-
geneous and inhomogeneous excitation settings despite strong crosstalk e"ects,
confirming the sensor model’s linear behavior [39].

7.2 Discussion
The published works presented in Chapters 4, 5, and 6 range from studying the
behavior of a single ME sensor, over arrays of ME sensors, and to the response of
arrays of ME sensors in the presence of excitation sources located within multiple
layers of biological tissue. Their aim is to answer the specific scientific questions
posed in each work, providing novel insights into the operation of the sensing de-
vices in inhomogeneous magnetic fields. These studies, however, are not separate
investigations with drastically di"erent models, but rather represent an evolution
of models with the goal of tackling new research questions after answering the
previous ones. Naturally within this process, some of the questions that emerge
will require further studying and discussion in order to reach conclusive expla-
nations.

The study presented in Chapter 4 investigates the localized excitation of a sin-
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gle ME sensor with a small coil, both theoretically with an FEM model, as well
as experimentally trough a laboratory measurement of a functional ME sensor
[68]. The results confirmed the expected existence of a region of higher sensitiv-
ity along the long axis of the sensor. While this important observation provides
novel insights into the response of ME sensors, it has the potential to be further
evaluated (e.g., for di"erent angles, distances, or number of excitation coils). Prac-
tical applications will be required to algorithmically implement the learnings of
FEM simulations to create a benefit and increase measurement performance, e.g.,
for use in localization algorithms. Therefore, translating the theoretical findings
of this work to practical implementations is key and may lead to a substantial en-
hancement for biomagnetic sensing applications.

For Chapter 5, the concept of inhomogeneous magnetic excitation fields and the
investigation of the sensor response in such fields is further advanced [69]. In-
stead of a simple copper coil around the sensor as an excitation mechanism, a
multi-layer spherical human head model is introduced and contains an electrical
dipole source, inducing a magnetic field for sensor excitation. In addition to that,
an array of three orthogonal ME sensors is evaluated for sensor directionality and
dependence on dipole source orientation. This work provides important insights
into the sensor response in presence of a source that is contained in biological
tissue and can be detected at di"erent positions and varying orientations within
the head. While providing important insights into the response of ME sensors
in inhomogeneous magnetic fields propagating from biological tissue, the head
model itself is simplified and does not behave precisely the same way as a hu-
man head would. As opposed to the first publication, experimental results could
not be performed in this work. However, the nature of the simplified head model
could present a valuable opportunity to construct an improved multi-layer head
phantom and take accompanying measurements with an array of ME sensors for
validation of the simulated results, following and building upon the approach of
previous experimental evaluations with simple head phantoms [70].

Chapter 6 presents the third and final published journal article contributing to this
dissertation. The work detailed in this article represents a direct evolution and
further development of many aspects shown in the previous publication. Most
notably, the human head model used in this study advances from a simple model
with three spherical compartments into amore realistic anatomical head based on
MRI data. In addition to that, the number of concurrently simulated ME sensors
in this model increases by a factor of 5 to now 15 total sensors in an array config-
uration [39]. The model described in this publication is extensive and includes
multiscale simulations with several sensors in conjunction with highly complex,
imported geometries. While resulting in valuable and novel theoretical insights,
models such as this are challenging to reproduce in an experimental measure-
ment setup, due to technical limitations such as the large number of ME sensors
used, the variable array configurations, and the adjustable excitation source lo-
cated within a complex head geometry. Experimental studies with real sensors
and head phantoms of this complexity were not within the scope of this disserta-
tion. Therefore, when discussing these results, it is advisable to keep in mind that
experimental validation is valuable and should be a priority in future investiga-
tions. Confirming the simulated results with experimental studies on ME sensor
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array behavior could have strong and lasting impact on clinical applications and
research projects involving increasing numbers of ME sensors used in array con-
figurations. Until such confirmation of the simulated results is achieved experi-
mentally, the behavior of the sensor array reported in this work remains a theo-
retical model of the real sensor response. Based on the good agreement between
simulated and measured results presented in the first publication, however, re-
sults for the simulated ME sensor responses from the successive works presented
here are expected to be reliable predictions for future measurement responses in
related experiments.

Overall, three key takeaways can be cemented to summarize this discussion sec-
tion. Firstly, the results presented in this work provide important theoretical in-
sights from a modeling and simulation point of view. In order to improve ac-
tual measurement results, close cooperation between theoretical investigators and
application developers is required to implement learnings from simulations into
measurement setups. Secondly, it is advised to continuously perform simulations
and develop models for ME devices used in sensing applications, as results may
vary depending on parameters such as di"erent sensor types, materials, bound-
ary conditions, or excitation mechanisms. It is therefore important to include not
only the ME sensor alone in a model, but also perform studies considering rele-
vant environments, such as adjacent objects like human tissue, excitation devices
like DBS electrodes, or neighboring sensors in an array to evaluate their e"ects.
Thoroughmodeling ofmultiscale systems enables evaluating e"ects such as linear
vs non-linear behavior of its components and potential separability, e.g., between
ME sensor and excitation source models. And lastly, theoretical investigations
should, whenever possible, be accompanied by lab measurements to validate the-
oretical and experimental results continuously and bilaterally. These continuous
checks and validations aid in confirming sensor behavior in models as well as
measurements and enable the development of optimal sensing configurations for
real-world applications.

7.3 Outlook
While the previously summarized works contain important and novel insights on
the theoretical behavior of ME sensors, there are yet more investigations to con-
duct in future research projects. One main goal should be to verify simulated
results with experimental measurements of the same setup, as discussed and un-
derscored in the previous section. While this additional experimental validation
was performed for one of the models with a good fit [68], experiments with hu-
man heads or head phantoms and functional ME sensors or arrays of ME sensors
were out of scope of this dissertation. In the future, functional and robust ME
sensors could be combined with custom head phantoms to compare theoretical
results and practical experiments. In conjunction with a head phantom for prac-
tical ME sensor measurements, the use of DBS electrodes as excitation sources
and comparison with the corresponding combined FEM model could give fur-
ther insights into the behavior of di"erent sources and sensor responses, as well
as necessary validation for both theory and experiment. Another approach for
future research would be expanding the sensor model to include di"erent types
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of ME sensors or operation principles, such as !E-e"ect sensors, SAW sensors,
or converse resonators [71]. For clinical applications, di"erent array configura-
tions may be highly interesting, such as concave arrays of ME sensor that can be
variably arranged in a cap or helmet structure to align with the scalp’s surface.
In advanced studies, even custom-designed arrays could be implemented based
on patient MRI data and simulated in complement to 3D-printed cast structures
for individualized sensor positioning in patient measurements [72]. The models
presented in this dissertation could further be utilized to investigate e"ects based
on nonlinear secondary currents inside the tissue regions of the head, or expand
the linearmodel to include nonlinearmaterial parameters and investigate possible
e"ects related to such materials [39].

In conclusion, this dissertation contributed novel 3D FEM numerical simulation
models for the theoretical investigation ofME sensors in various sensor and source
configurations to its scientific field. New insights are presented regarding the
localized and directional sensitivity at di"erent excitation frequencies, the joint
simulation of a human head and ME sensor array geometry with simplified and
anatomical head models, and lastly, the analysis of up to 15 individual ME sen-
sors in an array configuration, demonstrating significantmagnetic crosstalk e"ects
but near-constant sensitivity between the sensors. These investigations and their
resulting insights on ME sensor behavior o"er a strong foundation upon which
future scientificwork can be built and advancedmodeling and simulation projects
can be further developed.
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Appendix A

Conference Abstracts

This appendix includes the abstracts submitted to the IEEE International Confer-
ence on Electromagnetics in Advanced Applications (ICEAA) in 2021 [73] and
2022 [74] respectively, where I presented my research as an invited speaker.

© IEEE 2021. Reprinted, with permission, from authors Mesut-Ömür Özden
and Martina Gerken, Trade-o! between spatial resolution and sensitivity of magneto-
electric magnetic field sensors, Conference Proceedings: 2021 International Confer-
ence on Electromagnetics in Advanced Applications (ICEAA), 09 August 2021.
doi:10.1109/ICEAA52647.2021.9539722.

© IEEE 2022. Reprinted, with permission, from authors Mesut-Ömür Özden
and Martina Gerken, A joint magnetoelectric sensor and human head model for
biomagnetic simulation, Conference Proceedings: 2022 International Conference
on Electromagnetics in Advanced Applications (ICEAA), 05 September 2022.
doi:10.1109/ICEAA49419.2022.9900002.
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