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There are numerous magnetic field sensors available, but no simple, robust, sensitive sensor for biomedical
applications that does not require cryogenic cooling or shielding has yet been developed. In this contribution, a
new approach for building a magnetoelectric field sensor is presented, which has the potential to fill this gap. The
sensor is based on a resonant cantilever with a piezoelectric readout layer and a pair of opposing permanent
magnets. One is attached to the cantilever, and the other one is fixed to a sample holder below. This new concept
can be deduced from the most basic composite-based sensor [1], where the magnets interact analog to two
particles in a polymer matrix. The bias-free, empirical measurements show a limit-of-detection of 46 pT/ \/Hz
with a sensitivity of 2170 V/T using the sensor’s resonance frequency of 223.5 Hz under ambient conditions. The
sensor fabrication is based on low resolution silicon technology, which promises high compatibility and the
possibility to be integrated into MEMS devices. The design of this new sensor can be easily altered and adjusted
according to the requirements of the specific sensor application. For example, tuning of the operating resonance
frequency cannot solely be modified in the production of the cantilever but also by the arrangement of the
permanent magnets. In addition, the concept can also be applied to energy harvesters. Beside possible me-
chanical excitation, the presence of a magnetic stray field alone allows the sensor to convert 20 uT into a power
of 1.31 uW/cm>.0e?. The fact that the device does not require any DC bias field makes it very attractive for
energy harvesting applications since this allows a purely passive operation. In this manuscript, the sensor as-
sembly, measurements of directional sensitivity, noise level, limit-of-detection, evaluation for energy harvesting
applications from magnetic fields and a quantitative sensor model are presented.

1. Introduction as well as an energy harvester. Both types of devices have similar

functionalities but exhibit different requirements. In essence, magnetic

1.1. Magnetic field sensors

Magnetic field sensors can detect magnetic fields in the range from fT
to T [1]. The measurements can be performed contactless and with a
high degree of selectivity, resulting in a large scope of applications, such
as energy and power, security, electric vehicles, automation, wearables,
aerospace, agriculture and geophysics. In the biomedical area,
high-sensitivity magnetic field sensors are utilized for the detection of
anomalies in the brain or the heart [2,3].

The magnetic device, presented in this paper, can be used as a sensor
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field sensors usually have the capability to function as magnetic field
energy harvesters, but there are some crucial parameters, such as
bandwidth, size and directional sensitivity, that have different conse-
quences for sensors and energy harvesters. The process of magnetic field
detection by sensors involves the conversion of magnetic fields into
electrical signals, which are proportional to each other. Similarly,
magnetic field energy harvesters convert magnetic energy into electrical
energy, which can be used to power small devices [4]. Magnetic field
sensors are designed to detect and measure magnetic fields, while
magnetic field energy harvesters are designed to extract and store
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energy from magnetic fields. For magnetic field sensors, a linear
response is crucial to establish a direct relation between the magnitude
of electrical signals and the corresponding magnetic field amplitude.
However, this is not a requirement for energy harvesting applications
[5-7].

In the context of a magnetic field sensor, the sensor’s ability to detect
signals is limited by the presence of noise that arises from mechanical,
electrical, or magnetic sources in the surrounding environment. To
generate a signal, the sensor converts the magnetic excitations into a
mechanical movement (i.e., the bending of the cantilever), which is then
translated into an electrical signal. However, there are losses in each
step of this conversion process. The limit-of-detection (LoD) refers to the
smallest signal that can be detected by the sensor. If the signal is too
small, it can be overshadowed by noise and cannot be distinguished.
Magnetostrictive materials such as FeCoSiB [8,9] are magnetically soft
and can contribute to noise, as small magnetic fields from the sur-
rounding environment can be sufficient to remagnetize them, thereby
affecting the measured signal. Changes in magnetization even in small
regions or the domain structure can significantly increase the noise in
magnetostrictive films. Besides, any noise leading to a mechanical strain
of the sensor will contribute to the overall noise, and much effort has
been made to reduce the noise in a magnetoelectric (ME) sensor [10,11].
In addition, many sensors require an initialization step to set the mag-
netic domains to a default state to obtain a reproducible output [12].

It is also necessary that the signal-to-noise ratio (SNR) is high,
allowing the detection of very small signals. In addition, a stable,
reproducible signal is needed for sensitive measurements. This includes
characteristics such as a linear behavior of the output voltage as a
function of the applied field amplitudes and the absence of signal drift
over time. The supported measurement bandwidth and frequency range
should be appropriate for the amplitude spectral density of the corre-
sponding application. Resonant cantilever sensors are typically operated
near or at their resonance frequency. Furthermore, the measurement
range can be increased by sophisticated readout schemes, e.g., electrical
or magnetic modulation [13]. Properties that are advantageous but may
not be necessary are a small size of the sensor, no required cooling, high
bandwidth and dynamic range, no required additional bias field, a
simple readout technique, and a tunable frequency range. These addi-
tional qualities will make a sensor stand out in comparison to others
with a similar performance [14].

The sensors with the best LoD of 1-10 fT/+/Hz are SQUIDs and
optically pumped magnetometers (OPMs) [15-18]. The downsides to
these sensors are the cryogenic cooling for the SQUIDs and the magnetic
shielding that is necessary for both sensor types to reach these extreme
detection limits [19-22]. Most other sensor concepts have a minimum
LoD in the low pT-regime. There are further limitations, such as mag-
netic noise for fluxgate magnetometers or Hall effect magnetometers,
where the sensitivity cannot be brought down further [23].

With the novel sensor concept presented here, an LoD of 46 pT/ \/ Hz
at 223.5 Hz is reached. Inspired by Elhajjar et al. [24], permanent
magnets are used, which have the advantage that magnetic noise is
greatly reduced compared to standard magnetostrictive films. In addi-
tion to the setup being easy and unaffected by the Earth’s magnetic field,
it is very tunable to application-specific needs. The field to be measured
superposes the magnetic field created by the two opposing magnets and
therefore leads to a deflection of the cantilever, which is then readout by
a piezoelectric layer.

1.2. Energy harvesters

In contrast to sensing, energy harvesting is the process of capturing
and storing ambient energy from the environment to be utilized for
various applications, such as self-powered sensors and devices or
portable electronic devices. Among the various types of ambient energy,
mechanical energy has been widely studied as a potential source for
energy harvesting. In this context, lead zirconate titanate (PZT), a
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ceramic material, has been extensively investigated [4,25,26] due to its
high coupling coefficient, which is a measure of the efficiency of the
material in converting mechanical energy into electrical energy. How-
ever, the mechanical limitations of PZT have led to the examination of
alternative materials for energy harvesting, such as polymers and
ceramic fiber composites, piezoelectric single crystals, nanostructured
ceramics, nanoparticle-polymer composite foams and space-charge
electrets.

Polymer-based energy harvesters are mechanically more flexible and
have a higher toughness, abrasion resistance, and materials like Poly-
vinylidene fluoride (PVDF) are promising for biomedical engineering
due to their biocompatibility [27]. Ceramic composites have a high
strength to weight ratio, are more flexible and are more resistant to
environmental degradation. However, both composites still have a
comparably low piezoelectric coefficient [26].

The most basic approach for harvesting electrical energy from
magnetic fields is by using a coil. Tashiro et al. used Brooks coils and
achieved a power density of 1.47 yW/cm® in the presence of a magnetic
field of approximately 21.2 pT [28]. Liu et al. designed a bimorph
piezoelectric cantilever consisting of PZT and two NdFeB magnets
attached to the tip, resulting in a power density of 11.73 pW/cm3~Oe2
for frequencies smaller than 100 Hz and 100 pT [29]. Another method to
harvest electrical energy is to combine a piezoelectric material with a
magnetostrictive material. The piezoelectric layer is deformed by the
magnetostrictive material, which changes shape due to an external
magnetic field from the surroundings. It is also possible to combine
magnetostrictive films with a proof magnet mass which both contribute
to the harvested energy. [30] Ryu et al. demonstrated a device consisting
of a piezoelectric fiber and a magnetostrictive Ni plate, which generated
46.3 mW//cm>.0e? at 60 Hz and 160 uT [31]. Recent findings indicate
energy harvesting capabilities of 48.68 mW/Oe [32] and 60
mWrms/Oe?*g%em?® [33]. The devices have to compromise on magnetic
sensitivity, impeding their ability to detect small magnetic fields.
Without any modification, the magnetic field sensor with its sensitivity
down to 46 pT/ \/ Hz is capable of harvesting energies of
1.31 pW/cm®-0e? at a field of 20 uT. In addition, it is possible to drive
the sensor acoustically or mechanically.

2. Sensor concept
2.1. Traditional ME sensors

In contrast to the new concept presented here, conventional
magnetoelectric composites consist of a magnetostrictive layer, that
transduces a magnetic field into a magnetostrictive strain and a piezo-
electric component that transduces a piezoelectric strain into an elec-
trical polarization. This sensor concept was first established by Ryu et al.
[34]. The magnitude of the magnetoelectric polarization is determined
by the magnetostrictive properties, the mechanical coupling between
the two layers, and piezoelectric properties. The electric polarization P,
by a change in the magnetic field H, depending on the piezoelectric
coefficient d, coupling k. and magnetostrictive coefficient d™ [35], is
given as:
oP -

55 = dkd M

For this sensor Eq. (1) can also be understood in tensor quantities.
The realization of such devices was successfully demonstrated by
combining macroscopic components with an adhesion layer between the
magnetostrictive and piezoelectric component as well as silicon sub-
strate based thin-film technology. The strain ¢ and the distance L can be
related to the ratio of voltage U and magnetic field H called sensitivity or
magnetoelectric voltage coefficient a [35].

au

d
a= Ek(.d’"L (2)
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of such devices were found to be 4600 V/T [36] and 7370 kV/T [37]
respectively. In addition to the sensitivity, the noise level of a magne-
toelectric sensor is important, as both the sensitivity and the noise level
are required to determine the detection limit of the sensor, which is a
common figure of merit for the performance of a magnetic field sensor,
which is 40 pT/ \/Hz [36] and 60 pT/ \/Hz [37] usually for ME sensors.

2.2. New concept: hybrid magnetoelectric sensor

The novel sensor concept presents a modified version of an ME
sensor that simplifies the design by eliminating the magnetostrictive
layer and utilizing opposing permanent magnets to convert the magnetic
field into strain in the piezoelectric component. The sensor design is
depicted in Fig. 1 and is based on a Si cantilever. One can see the two
magnets, one attached to the cantilever and the other one placed 8 mm
below. The piezoelectric layer is deposited on top of the silicon. By
removing the magnetostrictive layer, the noise sources that are attrib-
uted to this layer are also removed, making the sensor more robust. The
magnets deflect the cantilever until the repellent forces are in equilib-
rium with opposing forces originating from gravity or elastic deforma-
tion. When superimposed with an additional magnetic field, this
equilibrium is disturbed, and consequently, motion is initiated. Thus, a
voltage is generated in the piezoelectric layer, which can be detected.
The distinctive characteristic is not the addition of permanent magnets,
but their utilization for signal generation as further elaborated in the
quantitative model.

The elastic deformation of the cantilever can be described by a linear
relation between the force and the deflection. The magnetic repulsion
decreases by the following proportionality with increasing distance R
between two opposing parallel aligned magnets [38,39]:

F~1/R 3

Ideally, a design using freely levitating magnets would be applied,
but the instable levitation as described by Earnshaw’s theorem [40] does
not allow an operation of such a setup. Therefore, as a fixation a
cantilever, fixed at one end, is used. The equilibrium distance is deter-
mined by displacement, where the forces are compensating for each
other. The superposition of the magnetic and elastic force—displace-
ment characteristics results in modified, effective elastic properties.
When used in a cantilever design, this can influence the resonance fre-
quency of the sensor while simultaneously increasing the oscillation
amplitude, as already observed for the electrostatic interaction of a

P = Magnets
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cantilever [41]. Another important part is the additional weight the
magnet introduces to the cantilever, which will reduce the resonance
frequency. Consequently, when used in an ME sensor, this increases the
sensitivity of a sensor while shifting the operation frequency to lower
regions, which is an improvement of the sensor. Typically, by shifting to
lower operational frequencies, the sensitivity would decrease because of
an increase in the 1 /f noise [42], which would reduce the signal-to-noise
ratio. By altering the sensor concept, a shift to a lower operational fre-
quency was possible while also increasing the sensitivity. By choosing
silicon technology, the sensor can be easily scaled and integrated by
introducing powder permanent magnets [43].

Detecting small magnetic fields is challenging due to the limited
signal strength. The signal strength can be improved by operating the
sensor in resonance. The lowest resonance frequency of the cantilever is
a function of the material properties (in particular, Young’s modulus and
the mass density), the geometry, and the mass distribution. The geom-
etry and mechanical properties of the cantilever are primarily deter-
mined by the substrate material silicon, which is significantly thicker
than the other layers (i.e., the electrodes and piezoelectric layer).

3. Materials and methods

The sensor is made by using a cantilever with a size of 25.4 - 2.2 -
0.35 mm?, including a piezoelectric layer. This layer material is AIN,
fabricated by a sputtering process with a process comparable to [44] and
alayer thickness of 1 um. As a contact pad material, a 150 nm thick layer
of Mn was sputter deposited onto the cantilever. A permanent magnet is
glued to the bottom of one side of the cantilever with instant adhesive.
The magnet is 5 - 4 - 1 mm? in size, made out of Neodymium-iron-boron
(NdFeB) by the company Webcraft GmbH, article number
Q-05-04-01-N. The contacts are made by wirebonding to a PCB. This
PCB is put into a sample holder where the opposing second magnet is
placed directly under the first magnet.

4. Results
4.1. Magnetic characterization

The following measurements and calculations were carried out ac-
cording to [45], excluding the directional measurement. The typical

resonant behavior given by the mechanical resonance is observed in the
frequency sweep (cf. Fig. 3). Using a custom-made setup according to

= Magnetic field lines [l = Silicon

[ = Electrical Contacts [ = Piezoelectric layer

Fig. 1. Visualization of the sensor concept (not to scale): The opposing field of the permanent magnets and the combination of the mechanical restoring force and
gravitational force of the cantilever are in equilibrium. This leads to a slight upward bending. When a magnetic field H'(t) is applied, the cantilever oscillates. The
mechanical stress is translated into an electrical signal within the piezoelectric layer, which can be read out via the electrical contacts.
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Fig. 2. Directional sensor sensitivity: The sensor response to a magnetic field at a frequency of 227 Hz was measured using a gradient-based evaluation system.
Plotted is the linear response for the angles a, p and y as depicted.
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Fig. 3. a) Equalized noise amplitude spectral density and resonant behavior: The equalized noise density and the amplitude depending on the frequency are pictured.
b) Input-Output-Amplitude-Relation: The LoD is at 45.88 pT/ \/ Hz in resonance. The sensor response is linear up to the detection limit with a sensitivity of 2.2 kV/T.
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[46], the sensor was exposed to a homogeneous magnetic field with a
constant amplitude of 10 uT at varying frequencies generated by a coil.
This setup is lined with acoustic foam and is mechanically decoupled by
vibrations dampers, so only magnetic excitation is present and measured
[35]. Resonance occurs at 223.5 Hz, with a quality factor of 55 and a
3-dB-bandwidth of 4.1 Hz. The sensitivity within resonance is 2.2 kV/T.
The sharp resonance and high-quality factor allow for a better energy
storage in the cantilever at resonance because the losses are decreased.

A comprehensive understanding of the sensor’s directional charac-
teristics was sought by exposing it to magnetic fields with varying ori-
entations, utilizing a meticulously designed setup comprised of three
orthogonal pairs of Helmholtz coils. The sensor’s responses at resonance
frequency were measured for each discrete direction point, and these
values were subsequently normalized with respect to the global
maximum. A magnetic field with changing orientation, controlled via a
gradient-based evaluation system, is applied to the sensor over a set
number of directions. In Fig. 2, the resulting direction dependencies can
be seen. In all three directions, there is an axial symmetry. The largest
response signal can be gained from the x-direction (where f = 90° and
y = 0°). Subsequent measurements were conducted in the sensor’s lon-
gitudinal direction.

When the sensor operates at its mechanical resonance, the equalized
noise amplitude spectral density is minimized. In resonance at 223.5 Hz
the noise density is the lowest and the sensitivity is the highest. Outside
the resonance, the amplitude of noise density becomes larger, resulting
in a decrease in the signal-to-noise ratio. This is because the signal power
is reduced outside the resonance due to the lower available sensitivity.
In Fig. 3b, the Input-Output-Amplitude-Relation of the sensor in reso-
nance is shown. The measurement is performed by applying an alter-
nating magnetic field with decreasing amplitude at the resonance
frequency [43]. The resonance frequency is selected because it offers the
highest available sensor sensitivity. From Fig. 3b, the LoD can be
determined, which is approximately 45.88 pT/+/Hz for this specific
sensor. Furthermore, it can be observed that a linear amplitude rela-
tionship between magnetic flux density and sensor output voltage is
supported until nearly 100 pT.

Additionally, further measurements were conducted with both
increasing and decreasing DC magnetic bias fields to investigate any
potential magnetic hysteresis behavior of the sensor. By design, the
hysteresis behavior influenced by the magnetic domains should be
negligible for this sensor concept. Ultimately, the empirical results
demonstrated a nearly linear behavior up to 1 mT, with negligible values
compared to the signal output in resonance, which is approximately
0.6 V/T (see supplementary Fig. A.1). This is the tested range, and it
could be negligible for even higher applied fields.

4.2. Model

We consider the system displayed in Fig. 1. The loading by force F
and torque T (cf. supplementary, Fig. B1) results from the interaction of

the two permanent magnets and the applied magnetic field H (t). The
main quantity of interest is the beam deflection w(x; ,t). We can compute
other quantities, such as strain € and voltage u in the piezoelectric layer,
as dependent quantities. To reduce the complexity of the considered
system, we introduce the following simplifications and assumptions.
First, we replace each permanent magnet with a magnetically
equivalent magnetic dipole moment m; resp. mp with norm |jm;|| = M.
The magnitude M = B,V/y, is computed from the remanence B, and
volume V of the permanent magnet. The dipole m; is assumed to remain
fixed in orientation, while the dipole m; moves and tilts according to the
beam deflection. In the mechanical sense, we replace the permanent
magnet attached to the beam by the point mass m. Furthermore, we
adopt Bernoulli beam theory [47] and assume pure bending with small
deflection w(x;,t). Mechanically, the piezoelectric thin-film is neglected.
The fixed end support as well as the aforementioned assumptions imply
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the following boundary conditions for the beam deflection w(x;,t):

wx =0) =0 )
S =0)=0 ®)
f)l( SR (H(r) el —a)) ©
%V n=a)= 5= 2 Eliﬁﬂﬁfzw(a> P B =) @

The force and torque boundary conditions at the free end result from
the point mass m and the magnetic interaction of the dipoles m; and m,
as well as the applied magnetic field H (t). The governing partial dif-
ferential equation reads:

d'w Fw ow

El— A —— — =
o TPAGE TG =0 ®)

cf. [48], where E denotes Young’s modulus, I = bc®/12 represents the
area moment of inertia, p is the mass density, A = bc denotes the
cross-sectional area and 5 summarizes all damping effects. We compute
the solution using the Ritz-Galerkin method; see appendix B.

In the following, we choose for the test function

g(x) = 8g(x) = x7, 9

cf. supplementary B. Furthermore, we choose the parameter set dis-
played in the supplementary Tab. B.1. In particular, we use the damping
parameter 7 to fit the piezoelectric voltage in resonance to experimental
data.

5. Discussion
5.1. Magnetic characterization

The presented cantilever sensor exhibits standard resonance
behavior as anticipated when exposed to a magnetic field. The empiri-
cally determined resonance frequency is at 223.5 Hz. By altering the size
of the magnets or introducing additional weights to the cantilever, this
frequency can be adjusted, enabling the sensor to be utilized in a fre-
quency range appropriate for biomedical applications. Due to the
asymmetric geometry of the cantilever itself and the magnets used, there
is an asymmetric response to magnetic fields depending on the direction.
The sample alignment is not guaranteed to be perfect; therefore, a slight
tilt may have occurred during the directional characterization process.
The sensor exhibits a directional dependency and is most sensitive when
the field is applied longitudinally along the direction of the cantilever.
This can be attributed to the geometry of the repelling magnetic field,
whereby the superposition of fields from different directions results in
varying deflections of the cantilever. This property inherently enables
the sensor to directionally "filter" magnetic fields originating from di-
rections other than the field of interest. If multiple sensors are used, a
directional resolution might be achievable.

In mechanical resonance, the equalized noise amplitude spectral
density is typically minimized due to the high available sensitivity. The
enhancement in resonance serves to amplify the desired magnetic signal,
while the noise amplitude spectral density remains constant within this
narrow bandwidth. The increased signal-to-noise ratio in the vicinity of
the resonance frequency enables more accurate measurements and
detection of the target magnetic signal, ultimately improving the overall
performance of the system.

Despite its simplicity, the sensor can compete with other magneto-
electric sensors that have detection limits of 70 pT/ \/ Hz at 10 Hz [44],
350 pT/+/Hz at 25 Hz [49], 72 pT/+/Hz at 10 kHz [50], and 60 pT/+/Hz
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[37]. The sensor has a bandwidth that allows to detect amplitude
spectral densities starting at 46 pT/y/Hz and higher. Its robustness is
particularly noteworthy in the presence of DC magnetic fields, with
changes in voltage output of only approximately 30 mV/T observed
even in the presence of fields as large as + /- 10 mT. The sensitivity of
the sensor itself is at 2.2 kV/T. There are recent publications about ME
sensors with a lower LoD such [51-54] with e.g., 0.9 pT/\/Hz and 0.05
pT/ \/Hz as the lowest values. In contrast to the device presented here
these sensors have various drawbacks, e.g., requirement of magnetic or
electric biasing, higher complexity, lower sensitivity and lower robust-
ness to large magnetic fields in particular earth’s magnetic field.

Other publications with more simple designs and other unique fea-
tures like a high flexibility or a reduced power consumption have a
higher LoD of 115 pT and 200 pT [55,56]. All in all, there seems to be a
tradeoff between a low LoD and unique sensor features or a simple
design and fabrication process. The here presented concept represents a
balance of a remarkable low LoD, accompanied by low complexity,
bias-free characteristics, power efficiency and exceptional robustness.

The performance results of the sensor demonstrate that the concept
of employing a cantilever-based sensor that incorporates fixed perma-
nent magnets is effective across a wide range of magnetic fields. The
concept of magnetic field detection by the set of magnets without any
further magnetostrictive components is applicable. This design strategy
offers a promising approach for sensitive and robust magnetic field
detection, making it a viable option for various applications that require
such capabilities.

By using silicon technology, the sensor can be directly used in inte-
grated circuits, which should limit the noise even further because of the
shorter connection ways, and the device is built as one from the
beginning. The macroscopic magnets could be replaced by MEMS-
compatible powder magnets, which may be rather simple because of
the elementary character of only using two magnets [43]. Another
benefit is that no active bias field or magnetostrictive layer is needed,
which makes the concept simpler and more robust and the fabrication
process easier. Overall, the sensor shows remarkable performance. It not
only has a comparable or better detection limit than other ME sensors
but also offers more options to tune the resonance frequency, needs
fewer components, which must be manufactured in a clean room, and
has fewer noise sources. Other readout schemes can be applied, such as a
piezotronic readout for sensor usage or electret or readout using
Triboelectric Nanogenerators (TENGs) for energy harvesting usage [57].

5.2. Energy harvesting capabilities

In addition, the sensor exhibits energy harvesting capabilities
because it can convert a magnetic field into electric energy, which is the
readout method of the sensor. It is also possible to drive the sensor
mechanically due to its high weight or by vibrations or acoustic exci-
tation, which offers the possibility of converting different forms of en-
ergy into electrical energy. Tashiro et al. and Roscoe et al. calculated the
power density at magnetic fields of approximately 20 pT [28,58]. At
these fields, the piezoelectric crystal creates a voltage of 30 mV. With an
input resistance of 470 kOhm and an effective volume of 0.104 cm?, this
translates to a power density of 1.31 uyW/cm®.0e?. Fig. A.2 in the sup-
plementary materials presents a comprehensive series of resistors that
have been employed to determine the optimal external load. For the
volume, the silicon cantilever as well as the permanent magnet are
considered. The piezoelectric layer as well as the magnetostrictive layer
are neglected for the calculation. This shows that in comparison to
conventional energy harvesters, the sensor has a comparably low power
density output. This is because the sensing and not the energy harvesting
capabilities are optimized. In addition, the dynamic range covers a
significant regime. These two features can be combined, to operate the
sensor autonomously. Besides, the volume could be optimized e.g., the
substrate or size of the magnets which could lead to a higher normalized
power density output.
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5.3. Model

The resulting piezoelectric voltage amplitude as a function of fre-
quency, calculated by using the presented model, is displayed in Fig. 4.
The shape of the frequency response matches the experimental findings,
and we are easily able to adapt the model to conform with the experi-
mental voltage in resonance. The model predicts resonance at 210.1 Hz,
which is in reasonably agreement with the empirically determined value
of 223.5 Hz.

Subsequently, we can study qualitative trends with respect to
parameter variations and initiate ideas for further design changes. In
Fig. 4 and Fig. B.2, we showcase the piezoelectric voltage amplitude as a
function of frequency with multiple parameter variations.

For the detection of biomagnetic signals, a high voltage amplitude at
a small resonance frequency is desirable. We observe that all investi-
gated parameter variations influence both the resonance frequency and
the voltage amplitude in resonance. In particular, we observe that with
some parameter variations (e.g., dipole magnitude M and cantilever
length q, cf. Fig. B.2), we are able to decrease the resonance frequency
while we have to accept a simultaneous decrease in voltage. With other
parameter variations (e.g., Young’s modulus E, cantilever height ¢ and
point mass m), we are able to fulfill both objectives at the same time
(decrease resonance frequency, increase voltage amplitude). Hence, the
latter class of parameters is particularly suited to improve the sensor
performance.

We can draw another conclusion from Fig. 4 and Fig. B.2 concerning
the merit, which can be gained from a certain parameter variation. For
some parameters (e.g., a and c), we can obtain a strong variation in
resonance frequency with a proportionately small change in parameter.
On the other hand, a strong variation in voltage can be achieved by a
proportionately small change of M and a. Thus, certain parameters are
suitable tools to influence the resonance frequency, while others lend
themselves particularly well to influencing the voltage output.

5.4. Outlook

By varying the parameters, it should be possible to improve the
sensor characteristics further. Some variations, like magnet distance,
magnet displacement and magnet strength, were tested. The most
promising result up to now is achieved by replacing the bottom magnet
with a smaller one, c.f. Fig. 5. The output amplitude is increased in the
asymmetric configuration. The limit of detection in that case is similar at
least to the previously presented values and can seemingly reach low pT-
range values.

In particular, the amplitude increase in the resonant sweep is an
advantage for energy harvester applications because it leads to higher
energy output. This means, that the observed effect is advantageous for
both sensor and energy harvester. The signal strength can be increased
while the LoD also decreases, which indicates that the noise did not
increase proportional to the signal output amplitude.

6. Conclusions

The proposed new magnetic field sensor concept within this contri-
bution shows a limit-of-detection of approximately 46 pT/ \/Hz at a
determined resonance frequency of 223,5 Hz. The underlying mecha-
nism is based on the superposition of the magnetic field to be measured
and the opposing field of the permanent magnets of the sensor.

The flexible, simple sensor design allows for easy adaptation of the
sensor properties, e.g., the resonance frequency and bandwidth, which
makes it a promising candidate for a wide range of applications. The
distance of the magnets, their alignment, their strength, or the magnet
geometry could be varied to name some of the possible adjustments.

The sensor is not significantly influenced by magnetic bias fields up
to + 1 mT (cf. supplementary Fig. A.1), and it does not need special
shielding, as many other magnetic field sensors do. It is robust, does not
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Fig. 4. Measured and modelled frequency behavior: a) Piezoelectric voltage amplitude as a function of frequency derived from the model in comparison to the
measured frequency sweep. b-d) Modelled parameter variations for b) Young’s modulus, ¢) point mass and d) cantilever height.
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Fig. 5. Influence of different magnets: a) Resonance behavior is depicted for parameter variations (with a factor 10 lower excitation field in comparison to the other
measurements). Those with an asymmetric magnet, depicted using colors, have the highest amplitude. The gray curves are resonance behaviors for distance vari-
ations of the magnets. The magnetic adhesive force is given in weight in the legend which is equivalent to 3.43 N, 2.84 N and 1.37 N, respectively. b) Input-Output-
Amplitude-Relation for different asymmetric magnet configurations where the bottom magnet is changed.

show a significant drift and can measure small fields. Due to the
piezoelectric layer, different readout techniques can be used. There are

several application possibilities; for example, it could be used in MEMS

technology or as an energy harvester.
Additionally, an analytical solution for a magnetic field sensor was
presented. The model is able to capture important experimental results
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such as the piezoelectric voltage amplitude in resonance, the shape of
the frequency response and the resonance frequency. Hence, the system
is well-understood and mainly determined by the modeled phenomena.
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