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Finite Element Modeling and Characterization of a

Magnetoelastic Broadband Energy Harvester

L. R. Alcala-Jimenez, A. Lei and E. V. Thomsen

Department of Micro- and Nanotechnology, DTU Nanotech,
Technical University of Denmark, Building 345E, DK-2800 Kgs. Lyngby, Denmark

Abstract

Piezoelectric-based vibration energy harvesters have been extensively developed to the end of replacing low-power
batteries. However, matching the frequency of the ambient vibration is not always possible and to broaden the frequency
response of the harvesters, di↵erent proof-of-concept devices have been developed. This work presents a miniaturized
device intended for magnetoelastic broadband vibration energy harvesting. The device consists of a silicon beam where
ferromagnetic foils act as proof mass and interacts with an external pair of permanent magnets. The interaction is
first simulated using a Finite Element Method (FEM) model for di↵erent distances between the magnets and beam
(a) and between the magnets (b). This is done for both an attractive and a repulsive magnet configuration and the
calculation is performed for a set of a and b values. Both spring softening and hardening e↵ects are observed for
the two magnet configurations. The attractive configuration has a monostable potential energy landscape with an
associated spring softening for a large range of a and b values which makes this configuration very usefull for energy
harvesting applications. The attractive configuration is experimentally investigated by impedance measurements. These
measurements are performed for a 2 [400µm, 2500µm] and b 2 [320µm, 3140µm] and a region that allows for broadband
harvesting is found experimentally. Compared to the linear case the largest spring softening e↵ect yielded a decrease
in the e↵ective spring constant of 74%, a decrease in the resonant frequency of 49%, and the coupling coe�cient was
increased with a factor of 2.6.

Keywords: MEMS, Energy harvester, FEM, Piezoelectric, Magnetoelastic, Broad bandwidth.

1. Introduction

The demands on power sources limit the applicability
of wireless miniature sensor systems for use in o↵-the-grid
applications where it is di�cult or impossible to change
batteries. Two of the main requirements for miniatur-5

ized systems used as power sources are physical dimensions
in the millimeter-scale range and long lifetime. Conven-
tional batteries imply continuous and sometimes expen-
sive replacement cost. Furthermore, they impose a limit
on system miniaturization. This means that for some ap-10

plications a replacement for conventional batteries must
be found. Vibration energy harvesters (VEHs), which can
harvest energy from ambient vibrations and convert it into
electrical energy automatically, have become a promising
alternative for a range of applications. There are three15

main approaches to harvesting energy from vibrations,
which involve the use of either electrostatic [1–6], electro-
magnetic [7, 8] or piezoelectric [9–19] principles. As a gen-
eral rule, the main challenge in vibrational energy harvest-
ing is that the maximum system performance is achieved20

when the resonant frequency of the VEH matches the ex-
ternal vibration source. The key parameters for VEHs
are the output power and the frequency bandwidth. The
output power can be increased by optimizing the coupling

factor, the design or the energy conversion scheme. Most25

of the available published material presents studies of sys-
tems under resonant excitation. However, most ambient
vibration sources have a frequency shift over time [20]. For
that reason, either continuously tuning the resonant fre-
quency using for example passive or active methods [15, 21]30

or widening the frequency bandwidth of the VEHs has be-
come of utmost importance before their practical imple-
mentation.

The frequency bandwidth of the VEH can be increased
using non-linear e↵ects [22–26]. These non-linear e↵ects35

can be introduced by using permanent magnets and ferro
electric materials [22–24], for example by having a ferro-
magnetic cantilever and one or more permanent magnets
located close to the cantilever [22, 23, 27]. This will e↵ec-
tively change the potential energy landscape. Due to di-40

mensional constraints, the magnetoelastic method is more
suitable for small systems than the approach where several
harvesters operate in parallel [28].

Piezoelectric-based VEHs have attracted much atten-
tion because it is feasible to produce them in millimeter-45

scale whilst having large power densities [29, 30]. They
typically consist of a cantilever structure with piezoelec-
tric layers on top. For such a device, the non-linear e↵ect
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Figure 1: Side-view of the vibrational energy harvester system show-
ing how the two magnets are placed and a definition of the mag-
net configurations studied in this work. a) Shows the two magnets
placed in an attractive magnetic configuration. b) The two mag-
nets are placed in a repulsive magnetic configuration. c) The energy
harvester consists of a silicon cantilever beam with integrated iron
foils acting as proof mass. The magnets are placed in the attractive
magnetic configuration.

can be accomplished by externally implementing a mag-
netic set-up and adding ferromagnetic material to the tip50

of the cantilever, as illustrated in Fig. 1. Commonly, the
external magnetic set-up consists of either one or a pair
of magnets. It has previously been demonstrated that the
latter one leads to increased generated power when com-
pared to the former set-up [31]. Therefore, the two-magnet55

configuration shown in Fig. 1 will be studied in this work.
A similar, however much larger system, has been previ-
ously studied [32]. It consisted of a beam with a length of
about 11 cm placed vertically and two cylindrical magnets.
In that work, an analytical model was developed. There,60

the force acting on the cantilever beam was directly calcu-
lated from an expression of the magnetic field. However,
the method presented in that study does not directly ap-
ply to smaller system dimensions where tiny square mag-
nets are used. A numerical study of a non-linear oscillator65

for broadband energy harvesting was presented by [33].
Nonetheless, the study did not consider any external mag-
netic setup, therefore lacking any dimensional analysis. On
the other hand, it has been found that for a given set-up,
like the one under study in this work, the parameters that70

determine whether the cantilever presents a softening ef-
fect or a bi-stable behavior are the distance between the
magnets and the tip of the cantilever, a, and the distance
between the magnets, b [15, 16, 34]. The position of the
magnets with respect to the cantilever beam is illustrated75

in Fig. 1. When a pair of magnets is used they can be posi-
tioned in either an attractive magnetic configuration, Fig.

Table 1: Dimensional and material parameters used for the simula-
tions.

Device parameters Values
Beam length, l 6.5mm
Beam thickness, h 40µm
Beam width 6mm
Foil length, lf 3.25mm
Foil thickness, hf 150µm
Foil width 6mm
Magnet length, lm 1mm
Magnet thickness, hm 1mm
Magnet width 5.5mm
Magnetization, Mmag 750 kA/m
Si Young modulus 150GPa
Foil relative permeability µr = 4000

1a, or a repulsive magnetic configuration, Fig. 1b. As a
consequence, it becomes of utmost importance to find the
dimensional parameters, a and b, that allows for a VEH80

that presents a softening e↵ect.
The aim of this work is to find the positions of the mag-

nets, a and b, that lead to a VEH having a softening ef-
fect. These positions are found by studying the poten-
tial energy of the system using finite element calculations.85

Experiments are performed to validate the proposed de-
vice. Since one of the requirements for powering wire-
less sensor systems, as described previously, is dimensions
in the millimeter-scale range, the focus of this study is
on small-size cantilevers with lateral dimensions no longer90

than 10mm.
The article is organized as follows: First, the simulation

methods used are explained. Secondly, the experimental
methods are presented, together with a fabrication process
description. Thirdly, the simulation results are presented95

followed by the experimental findings. Finally, the article
ends with conclusions.

2. Simulation Methods

The system studied in this work is depicted in Fig. 1
and relevant dimensions are given in Tab. 1. It consists of100

a silicon cantilever beam with a pair of iron foils attached
on either side and two external neodymium magnets. The
two magnets can be placed in either an attractive or a
repulsive magnetic configuration as shown in Fig. 1a and
Fig. 1b, respectively.105

The materials used in the simulations are silicon for
the cantilever structure, with a length of l = 6.5mm,
see Tab. 1; neodymium for the external magnets, which
are modeled as squares with a constant magnetization of
Mmag = 750 kA/m; and iron for the ferromagnetic foils,110

which are modeled as hysteresis free magnetic soft mate-
rials with a magnetic relative permeability of µr = 4000.
FEM studies were performed using COMSOL multi-

physics 5.2 [35] combining the Solid Mechanics and the
Magnetic Fields modules. Each simulation was divided115
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into two steps. The first step was a calculation performed
in the mechanical domain. A uniformly distributed input
force was applied on the whole cantilever structure and the
position of the center of mass for the cantilever was found.
The next step was a calculation in the magnetic domain120

where the magnetic force on the iron foils mounted on the
beam was found. The position of the cantilever found in
the mechanical domain was fixed during this calculation,
i.e. the total force as function of cantilever deflection could
be determined. These steps were repeated for di↵erent in-125

put forces, from which the potential energy as a function
of deflection was calculated. This procedure was then re-
peated for di↵erent positions, a and b, of the magnets.

The e↵ective spring constant, ke↵ , and the linear spring
constant, k0, were calculated from the total force as the130

negative of the derivative of the force with respect to po-
sition.

3. Experimental methods

The piezo electric energy harvesters were fabricated by
standard silicon micro- and nano fabrication methods us-135

ing a (100) oriented n-type Si substrate with a resistivity
of 0.0015⌦cm. This very low resistivity allows the sili-
con substrate to be used as a bottom electrode for the
piezoelectric material. The process proceeds as follows:
First, a 3000 nm thick oxide layer was grown on both140

sides of the wafer. Holes were opened in the oxide us-
ing lithography and HF etching, and KOH etching was
used to define a plate. After stripping the masking layer,
the cantilever’s anchoring point was rounded at the cor-
ner to increase the mechanical robustness of the energy145

harvester. This was done by growing a 1000 nm wet ox-
ide layer at 1100�C, which rounds the sharp corner ob-
tained after KOH etching. The oxide was then removed
in HF. The piezo electric material and top and bottom
electrodes were deposited by evaporation and sputtering150

of Pt/AlN/Pt/Ti with thickness of 50 nm/400 nm/120 nm,
and 10 nm, respectively. Lithography and wet etching were
used to define the geometry of the piezoeletric layer and
the electrodes. Once this was done the cantilever was re-
leased from the plate using a STS ICP Advanced Silicon155

Etcher system and photoresist as masking material. After
stripping the photoresist the energy harvesters were diced
out using a Disco Automatic dicing saw, model DAD321.
Finally, ferromagnetic foils were glued on both sides of the
beam using a pick-and-place operation.160

The magnetoelastic behaviour of the cantilevers was
studied using impedance spectroscopy. The experimental
set-up is shown schematically in Fig. 2. The impedance
measurements were performed using an Agilent E4990A
Impedance Analyzer equipped with an Agilent 4294A165

impedance probe, Fig. 2a. The impedance measurements
were performed using a test signal level (AC) of 50mV.

The cantilever was mounted on a sample holder having
pogo pins to both secure the beam and provide electrical

contacts to the electrodes, Fig. 2b. To analyze the non-170

linear response of the system, a pair of NdFeB magnets,
obtained from Supermagnete [36], were mounted on a po-
sitioner in the attractive magnetic configuration, Fig. 2c.
In order to have a precise control over the positioning of
the magnets in the three spatial dimensions, a XYZ 300175

TR stage model from Quater Research and Development
was used, Fig. 2a.
The distance between the magnets and the beam, a,

and the distance between the magnets, b, were mea-
sured by using a Dino-Lite edge digital microscope model180

AZ7915MZTL together with the DinoCapture 2.0 software
[37]. The distance between the magnets and the cantilever,
a, was varied by moving the stage controlling the position
of the magnets. The distance between the magnets, b, was
varied using spacers made out of brass.185

4. Simulation Results

The results obtained from the simulation study, ex-
plained in Section 2, are described in the this section.
Fig. 3 shows the calculated potential energy landscapes

for the linear configuration and three magnetoelastic cases190

(a = 1000µm, a = 564µm and, a = 200µm, respectively)
where the magnets are mounted in the attractive configu-
ration, and extracted results are summarized in Tab. 2
. In all cases, the distance between the magnets was
b = 500µm. The dashed curve in Fig. 3 corresponds to195

the linear case, for which a spring constant k0 = 120.7N/m
was found. For the longest distance between magnets and
cantilever tip, that is for a = 1000µm, a monostable land-
scape was found. The e↵ective spring constant for this
case is ke↵ = 90.8N/m, i.e. compared to the linear case a200

spring softening has occurred. The black curve in Fig. 3
represents the results obtained for a distance a = 564µm,
which leads to a rather ”flat” potential energy landscape
around zero deflection. The e↵ective spring constant cor-
responding to zero deflection is 2.2N/m. Compared to the205

linear case a significant spring softening e↵ect has taken
place. Such a flat region in the potential energy landscape
is attractive seen from a broadband energy harvesting per-
spective.
Finally, when the magnets are positioned at a = 200µm,210

a bistable potential energy landscape was obtained, i.e.
two stable positions, located at deflections of ±399µm,
are found. The e↵ective spring constants correspond-
ing to the local potential energy minima are, based on
symmetry, expected to be the same and the calculated215

value is 434.3N/m. For zero deflection the e↵ective spring
constant becomes negative and a value of �439.6N/m is
found.
The potential energy landscape for a repulsive magnet

configuration having b = 500µm is shown on Fig. 4. The220

figure shows the potential energy as function of deflection
for the linear system (i.e. without magnets) and for three
magnetoelastic cases: monostable (a = 1000µm), flat po-
tential (a = 384µm), and a bistable system (a = 200µm).
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c)a) b)

Impedance probe
Microscope

Beam holder

Stage for beam

Stage for magnets Beam holder
Microscope

Impedance probe

Magnets

Figure 2: Experimental set-up used for characterizing the electrical properties of the energy harvesters. a) The cantilever beam is placed
in a sample holder which can be moved by the stage for the beam. The impedance probe is connected to the two electrodes of the energy
harvester. The magnets are placed in a fixture attached to the stage for the magnets. The distance between the magnets and the beam, a,
can be varied using the two stages. b) Details of the experimental set-up used for the electrical characterization showing the sample holder
with integrated pogo-pins securing the beam to the sample holder. One pogo-pin is used to contact the top electrode of the harvester allowing
impedance measurements to be performed. The microscope used for measuring distances is shown as well. c) Holder for the magnets with
the rectangular magnets located at the center of the fixture. The distance between the magnets, b, can be adjusted by placing brass spacers
between the two magnets.

Table 2: E↵ective spring constants, ke↵ , and the location, xmin, of the minimum in potential energy for selected potential energy landscapes.
The results are for di↵erent values of the beam to magnet distance, a, as indicated in the table. The distance between the magnets is
b = 500µm

for all cases considered. Results for both a repulsive and an attractive configuration of the magnets are shown together
with the results obtained for the linear configuration (i.e. without the magnets).

Linear Repulsive Attractive
Parameter Unit - Bistable Bistable Flat Monostable Bistable Bistable Flat Monostable
ke↵ N/m 120.7 281.6 -268.7 4.3 136.6 434.3 -439.6 2.2 90.8
a µm - 200 200 384 1000 200 200 564 1000
xmin µm 0 ±311 0 0 0 ±399 0 0 0
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Figure 3: Potential energy as function of deflection for the linear
system (i.e. without magnets) and for three magnetoelastic cases:
monostable (a = 1000µm), flat potential (a = 564µm), and a
bistable system (a = 200µm). The simulation was performed for
an attractive magnet configuration. The distance between the mag-
nets was b = 500µm for all cases considered.

For this configuration the monostable case shows a spring225

hardening where the e↵ective spring constant is increased
to 136.6 N/m, i.e. slightly higher than for the linear case
where the spring constant is 120.7 N/m. For the flat po-
tential energy landscape the e↵ective spring constant is 4.3
N/m corresponding to a significant spring softening. Fi-230

nally, the bistable potential energy landscape has its min-
ima located at deflections of ±311µm and the e↵ective
spring constant is 281.6 N/m.
Both the attractive and repulsive magnet configurations

lead to flat potential energy landscapes for certain val-235

ues of a. In order to find a range of magnet positions
that lead to a flat potential energy landscape a sweep over
both the a and b parameters was performed and the ef-
fective spring constant for zero deflection was calculated.
The results are shown in Fig. 5, where the normalized ef-240

fective spring constant, ke↵/k0, is plotted as function of a
and b for an attractive magnet configuration. The contour
line for ke↵/k0 = 0 determines the contour between the
monostable and bistable cases. The sign and value of the
normalized e↵ective spring constant at zero deflection can245

be used to classify the system. Spring hardening occurs for
ke↵/k0 > 1, spring softening occurs for 0 < ke↵/k0 < 1,
flat potential occurs for ke↵/k0 = 0, and bistable behavior
occurs for ke↵/k0 < 0.

The contour plot of the normalized e↵ective spring con-250

stant, Fig. 5, shows three distinct regions named I, II and
III. Both regions I and II present monostable potential
energy landscapes with spring softening and spring hard-
ening e↵ects taking place, respectively. Region III corre-
sponds to a bistable regime. For the attractive configura-255
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Figure 4: Potential energy as function of deflection for the linear
system (i.e. without magnets) and for three magnetoelastic cases:
monostable (a = 1000µm), flat potential (a = 384µm), and a
bistable system (a = 200µm). The simulation was performed for
a repulsive magnet configuration. The distance between the mag-
nets was b = 500µm for all cases considered.

III: Bistable

I: Monostable,
softening

II: Monostable,
hardening

Figure 5: Contour plot of the normalized e↵ective spring constant,
ke↵/k0, evaluated at zero deflection and for di↵erent a and b values
associated to the attractive magnet configuration.

5

Jo
ur

na
l P

re
-p

ro
of



III: Bistable

I: Monostable,
softening

II: Monostable,
hardening

Figure 6: Contour plot of the normalized e↵ective spring constant,
ke↵/k0, evaluated at zero deflection and for di↵erent a and b values
associated to the repulsive magnet configuration.

tion, region I extends to most of the values associated to
a and b, while region II only occurs for small values.

The same study was performed for the repulsive magnet
configuration, resulting in the contour plot shown in Fig.
6. For this configuration region II is more pronounced and260

extends over a larger range of a and b values.

In order to more easily compare both configurations,
the contour lines for ke↵/k0 = 0 from Fig. 5 and Fig. 6
are plotted in Fig. 7. Both configurations have regions
where bistable and monostable behaviour occur. For the265

repulsive configuration configuration of the magnets the
shift between the bistable and monostable regions occurs
in most cases for smaller values of a and b compared to the
attractive magnet configuration. From a practical point of
view both configurations have a set of a and b values lead-270

ing to flat potential energy landscapes and they can be
realistically obtained during assembly of the energy har-
vesting system. Comparing the attractive, Fig. 5, and the
repulsive magnet configurations, Fig. 6, it is observed that
the attractive configuration leads to a more simple e↵ec-275

tive spring constant landscape as the iso-lines are more
vertical and the region where spring softening takes place
(Region I) is larger. Therefore, the attractive configura-
tion of the magnets is expected to be easier to implement
in practice and is therefore investigated experimentally.280

The static simulations performed in this study allow
to determine the potential energy landscapes. Once this
has been determined a dynamic study of the performance
of the energy harvester can be performed using Du�ng’s
equation as described in refs. [33, 38], among others.285
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Repulsive, monostable

Repulsive, bistable

Figure 7: The plot shows matching values of the magnet separa-
tion parameters, a and b, for which ke↵/k0 = 0. The two curves
correspond to the repulsive (blue) and attractive (red) magnet con-
figuration, respectively.

5. Experimental results

To experimentally investigate the potential energy land-
scape for the attractive configuration of the magnets,
impedance measurements were performed for di↵erent po-
sitions of the magnets, i.e. for di↵erent a and b values,290

using the measurement set-up described in Section 3.
As an example of the results obtained the impedance

spectra measured for b = 420µm are presented in Figs.
8, 9, and 10. A typical impedance measurement is shown
in Fig. 8 where both the measured impedance magnitude295

and phase are plotted as function of the frequency, and
in the measurements the position of the magnets were
(a, b) = (1000µm, 420µm). The resonant frequency, fr,
for a given set of a and b values was obtained from the
minimum in the impedance magnitude and a value of300

fr = 158Hz was found. Fig. 9 shows the impedance mag-
nitude for a range of a values corresponding to the data
points shown in Fig. 10. From Fig. 9 it is apparent that not
only the impedance magnitude at the resonant frequency
changes, but all spectra shift towards higher impedance305

magnitudes. This is due to the electrical capacitance of
the AlN layer, whose associated impedance scales inversely
with respect to frequency.
The resonant frequency corresponding to each a value

was found from the impedance magnitude measurements310

presented in Fig. 9. Fig. 10 shows the resonant frequencies,
impedance magnitudes and maximum phases at resonance,
which were obtained for b = 420µm and for di↵erent val-
ues of a. For large values of a the measured resonant
frequency, f0 = 240.8Hz, corresponds to the natural reso-315

nant frequency of the beam, i.e. the magnetic force is not
strong enough at that distance to influence the dynamics
of the beam. At a distance of about a = 3mm a small shift
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Figure 8: Impedance magnitude (red, left y-axis) and phase (blue,
right y-axis) measured for a magnet position that leads to a spring
softening e↵ect. The measurement was performed for (a, b) =
(1000µm, 420µm), which corresponds to the lowest resonant fre-
quency, fr = 158Hz, obtained in Fig. 10, where b is fixed to 420µm.

in the measured parameters is observed, indicating that a
spring softening e↵ect takes place. The minimum in reso-320

nant frequency, fmin, is obtained at a = 1mm, where the
resonant frequency has decreased to fmin = 158Hz which
corresponds to a decrease in frequency of 34% compared
to the resonant frequency of the linear device. For smaller
values of a the resonant frequency begins to increase and325

for a < 0.8mm a spring hardening e↵ect occurs.

The softening and hardening e↵ects observed are in over-
all agreement with the simulation results presented in Fig.
5, where first a spring softening and then a spring hard-
ening e↵ect is obtained for b = 420µm as a decreases in330

value. However, the exact value of a where these e↵ects
are introduced di↵er most probably due to uncertainties
in the magnetization.

The main results from an analysis of the impedance
spectra measured for a range of b values are shown in Tab.335

3. The values of amin, which correspond to the lowest
resonant frequency found for each b value, are also listed
in Tab. 3. The relative spring constant, kr, is calculated
from the measured resonant frequency as kr/k0 = (fr/f0)2

where k0 is the natural spring constant of the beam. These340

values are also shown in Tab. 3. The coupling coe�cient
is calculated for each case as KSYS = (f2

max/f
2
min�1)(1/2),

where fmax represents the antiresonant frequency associ-
ated to each case, i.e. the frequency for which the max-
imum value in impedance magnitude is found. As seen345

from Tab. 3, the coupling coe�cient, KSYS, increases for
each optimal positioning of the magnets with respect to
the linear case, KSYS,lin, which indicates a widening of
the separation between the resonant and antiresonant fre-
quencies. These higher coupling coe�cients lead to higher350

power output, as described in [39]. The largest reduction
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Figure 9: Impedance magnitude associated to the measurements
used to create the data shown in Fig. 10. The distance between the
magnets was b = 420µm and each curve corresponds to a di↵erent
value of the beam to magnet distance, a.

Figure 10: Plot of the impedance magnitude (red, left y-axis) at the
resonant frequency, the resonant frequency (blue, right y-axis), and
maximum phase (black) for a range of a values. For the experiment
the separation distance between the magnets was b = 420µm.
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Table 3: Main results from the experimental study. Minimum resonant frequencies, fmin, measured for a range of b values. The a value,
for which the minimum in the resonant frequency was found, amin, is listed in the second column. The experiment was performed for an
attractive configuration of the magnets. The maximum reduction in resonant frequency compared to the natural resonant frequency of the
beam was 49%.

b amin f0 ✓0 fmin ✓min fmin/f0 KSYS,lin KSYS KSYS/KSYS,lin kr/k0
[µm] [µm] [Hz] [�] [Hz] [�] – [%] [%] – –
320 1004 240.9 -63.1 169.5 -76.5 0.704 7.3 14.7 2.01 0.49
420 1000 240.8 -63.1 157.9 -76.1 0.656 7.4 15.8 2.15 0.43
520 1250 240.7 -62.7 177.3 -74.4 0.736 7.5 13.4 1.79 0.54
910 1050 240.7 -64.0 198.5 -75.3 0.825 7.5 12.4 1.65 0.68
1170 1250 240.7 -64.5 182.6 -78.5 0.759 7.5 16.0 2.12 0.58
1870 1100 240.7 -63.0 158.9 -74.1 0.660 7.3 14.9 2.03 0.44
2270 800 240.8 -62.2 129.2 -75.9 0.536 7.2 19.3 2.67 0.29
2790 700 240.6 -63.9 173.2 -72.5 0.720 7.5 13.1 1.75 0.52
2950 550 240.6 -64.2 122.2 -74.5 0.508 7.5 19.6 2.60 0.26
3140 400 240.7 -62.6 122.8 -74.2 0.510 7.3 19.6 2.69 0.26
– – 240.7 ± 0.1 -63.3 ± 0.8 – – – 7.4 ± 0.1 – – –

in resonant frequency, compared to the natural resonant
frequency of the beam, was 49%. This value was found for
a position where a = 550µm and b = 2950µm. For this
position the spring constant showed a decrease by 74% and355

the coupling coe�cient increased by a factor of 2.6 com-
pared to the linear device. For this case, the phase angle
was ✓min = �74.5 �, i.e. a decrease of of 10.2 � compared
to the linear device where the phase was ✓0 = �64.2 �.

Fig. 11 shows a contour plot of the relative spring360

constant, kr/k0, for a 2 [400µm, 2500µm] and b 2
[320µm, 3140µm]. The experimental results presented in
Fig. 11 show the two distinct regions, I and III, that are
also visible in Fig. 5, i.e. the softening region for the monos-
table case and the hardening region corresponding to the365

bistable regime. Spring softening is seen for a large range
of a and b values, which is in good agreement with the
findings shown in Fig. 5. As explained previously in this
study, once a bistable regime is obtained a hardening e↵ect
occurs and the beam bends towards one of the magnets.370

These measurements demonstrate that experimentally it
is possible to find positions leading to a significant spring
softening, which is attractive seen from an energy harvest-
ing point of view.

6. Conclusion375

A cantilever-based structure intended for broadband
magnetoelastic vibrational energy harvesting was pre-
sented. The device was made using silicon micro fabri-
cation techniques. Ferromagnetic foils were placed on ei-
ther side of the beam and served both as proof mass and380

to provide interaction with an external pair of permanent
magnets such that a magnetoelastic behavior is obtained.
FEM simulations were performed for two di↵erent mag-
net configurations: repulsive and attractive, with sweeps
over di↵erent a and b values. Both the repulsive and at-385

tractive magnetic configurations showed regions that al-
lowed for a spring softening e↵ect. These regions can
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Figure 11: Contour plot of the measured normalized spring constant,
kr/k0, for di↵erent a and b values. This was measured using the
attractive magnet configuration.
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be obtained using realistic positions of the magnets rel-
ative to the cantilever beam, i.e. positions that can be
obtained experimentally. The contour plot of the e↵ective390

spring constant for the attractive magnetic configuration,
compared to the repulsive configuration, showed a larger
set of magnet positions where spring softening was ob-
served. Therefore, the attractive configuration was inves-
tigated experimentally by impedance spectroscopy. The395

experiments were performed for a 2 [400µm, 2500µm] and
b 2 [320µm, 3140µm]. The results obtained were in overall
agreement with the simulations and both spring softening
and hardening e↵ects were observed. Compared to the
linear case, the spring softening e↵ect led to a significant400

increase in the coupling coe�cient, which was increased
with a factor of between 1.75 to 2.69 compared to the lin-
ear case. Together with this, the largest spring softening
e↵ect that was observed lead to a decrease in resonant
frequency of 49% and a decrease in the e↵ective spring405

constant of 74%. The largest e↵ects are observed for b val-
ues around 3 mm and a values in the range of 400 µm to
800 µm.
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