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Increased Mechanical Robustness of Piezoelectric
Magnetoelastic Vibrational Energy Harvesters

L. R. Alcala-Jimenez ∗, T. Passer∗, A. Lei∗, and E. V. Thomsen∗
∗Department of Micro and Nanotechnology, Technical University of Denmark, DK-2800 Kgs. Lyngby, Denmark

Abstract—This work presents a cantilever based broadband
piezoelectric magnetoelastic vibration energy harvester with in-
creased mechanical robustness. The energy harvester is fabri-
cated using KOH etching to define the cantilever and the proof
mass is made using micromachined Fe foils which together with a
pair of miniature magnets provides the magnetoelastic properties.
KOH etching leads to very sharp corners at the anchoring
point of the cantilever which makes the cantilever fragile. The
mechanical robustness of the energy harvesters is increased using
a lithography-free two-step fabrication process where a thermal
oxidation is used for corner rounding. The corner rounding at
the anchoring point lowers the stress concentration and thereby
increases the robustness of the device. The radius of curvature
for the corner depends linearly on the thickness of the oxide.
Both enhanced and non-enhanced beams are excited at increasing
frame accelerations. The conventional beams break at frame
accelerations of around 3 g while the enhanced break at almost
twice as much, 5.7 g. The devices are characterized electrically
by impedance measurements in both their linear and non linear
regime. The magnetoelastic behaviour can be adjusted by varying
the beam-magnet distance which allows for both spring softening
and spring hardening.

Keywords— MEMS, Energy harvester, Robust, Piezelectric,
Magnetoelastic, Ambient vibration.

1 INTRODUCTION

The need to power wearable devices, wireless sensor sys-
tems, and devices for the Internet of Things (IOT) increases
the demand on small-scale power sources. Power source
requirements for such systems are physical dimensions in the
millimeter-scale range and long lifetime. Conventional batter-
ies imply continuous and sometimes expensive replacement
cost. Furthermore, they impose a limit on system miniaturiza-
tion. This means that a replacement for conventional batter-
ies must be found. Miniaturized cantilever-based vibrational
energy harvesters (VEHs) capable of transforming energy
from the mechanical domain, i.e. vibrations, into energy in
the electrical domain have recently been receiving increasing
interest in this field of application. There are three main ap-
proaches to harvesting energy from vibrations, which involve
the use of either electrostatic [1–3], electromagnetic [4], [5]
or piezoelectric [6–10] principles. Among these three different
types of VEHs, piezoelectric-based VEHs have attracted much
attention because it is feasible to produce them in millimeter-
scale whilst having large power densities. In [11–13] a power
density of 35.4 mJ/cm3 is reported for a piezoelectric energy
harvester and this value can be compared to results obtained
for electrostatic and electromagnetic devices, where power

densities of 4 mJ/cm3 and 24.8 mJ/cm3 [11] have been
reported, respectively.

Most ambient vibrations are characterized by a low fre-
quency range (<200 Hz) [14] and accelerations are typically
below 1 g. In order to tune in to the low frequencies needed,
the common approach is to increase the cantilever length and
reduce its thickness or increasing the weight of the proof mass
often attached to the beam. This leads to very high aspect
ratios and therefore to very fragile structures due to stress
concentration [15–17] at the anchoring point. Another method
for lowering the operation frequencies has been presented by
[18], where a five-step fabrication process is performed. It
consists of spray coating resist on the backside of the beam
after defining the cantilever, then a lithography process is
performed and finally deep holes, with a radius of 25µm and
a depth of 45µm, are etched on the Si hinge. The resulting
structure presented a resonant frequency of 802 Hz, this value
can be compared to the regular cantilevers, i.e. where no holes
were etched on the structure, for which a resonant frequency
of 845 Hz was obtained. Regarding the harvested power, it was
increased 18% compared to the standard structures.

Besides the low frequency range of ambient vibrations, most
of them do not occur at a specific frequency, but over a
wide spectrum of frequencies. Therefore, research has been
carried out in the field of broadband energy harvesting, where
an external force is typically used to provide a potential
energy landscape suitable for broad-band energy harvesting.
Depending on the sources of the forces two types of methods
can be distinguished: active and passive methods. In the active
method the device needs to be continuously either powered
or manually modified. Therefore, unless the gained energy is
larger than the energy consumed by the powering source, it is
of no further interest to investigate this type. On the other hand,
a passive method requires to be only intermittently powered or
even not powered at all. Magnetoelastic VEHs use an external
magnetic setup that interacts with the beam by implementing
either a magnet or a ferromagnetic foil on the beam [19–22],
as shown in Fig. 1. Adding this magnetic setup will modify the
spring constant of the beam according to the distance between
the magnets and the beam, a, and the distance between the
magnets, b. The spring constant will either become lower or
higher depending on whether a softening [23] or hardening
[24] effect takes place, respectively. Another passive method
is the use of beam stoppers [25] that interact with the beam.
This interaction takes place when the beam engages with
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Fig. 1. Side view of the silicon based piezoelectric magnetoeleastic vibrational
energy harvester system. The proof mass is realized by gluing pieces of Fe
foil to the silicon cantilever.

the stopper and the effective spring constant is therefore
changed. Furthermore, by applying stoppers to the energy
harvesting system the beam bending is restricted to lower
values, therefore they are less prone to fracture.

Typical VEHs use silicon wafers as substrates due to the
well established Si micro- and nanofabrication techniques,
nevertheless, studies have also been performed using metal
substrates instead [26], [27]. This is due to their higher plastic
deformation which, compared to the highly brittle material that
Si is, clearly displays an advantage in the relative displacement
that the beams can undergo. These larger deflections translate
to larger strains in the piezoelectric material and, therefore,
higher output power. Another advantage of these metal-based
structures is that a lower resonant frequency can be achieved
even without the use of a seismic mass [26]. However, an
important drawback of using metal substrates is the restrictions
in micro- and nano-processing techniques that these metals
impose.

VEHs based on silicon beam structures are often defined
using KOH etching as a simple means of fabrication as the etch
stops on (111) silicon planes. KOH etched structures have very
sharp corners at the intersection of the (111) and (100) planes
and the radius of curvature is very small and values of 0.01 µm
have been reported by [28] for structures etched in KOH. Such
structures are fragile due to stress concentration at the sharp
corner and this has been used to fabricate micro structures that
are easily removed [28]. For sensors and actuators this fragility
is, of course, of concern and in pressure sensor applications
the sharp corners can be rounded by an etching process to
increase the fracture strength [29–31]. When designing beams
for VEHs it is important to know the radius of curvature of the
corner. Once this is known, the theory of stress concentration
factors [15–17] can be used to estimate the maximum stress at
the clamping point, or the structure can be simulated by finite
element modelling using the radius of curvature to describe the

structure at the clamping point. For KOH etched structures
the stress concentration factors reported in [28] show that
the maximum stress is reduced significantly when the radius
of curvature is increased and the stress concentration factor
decreases from around 15 for structures having a radius of
curvature of 0.01 µm to values around 1.5 when the radius
of curvature is larger than 3 µm. As corner rounding has a
significant effect on the stress concentration it is important to
be able to predict the radius of curvature at the clamping point.

This study presents a fabrication process for a mechanically
robust piezo electric cantilever-based VEH suitable for magne-
toelastic energy harvesting. The cantilever is defined in silicon
using KOH etching and the increased mechanical robustness
is obtained by rounding the sharp KOH etched corner at
the anchoring point of the beam. This corner rounding is
performed by oxidation using a two-step batch fabrication
process that increases the robustness of the beam without
compromising beam dimensions. During oxidation the corner
is rounded due to two dimensional diffusion of the oxidant
and the radius of curvature can be predicted accurately. An
AlN thin film is deposited on the beam providing the piezo
electric properties and Fe foils are used both as proof mass
and to provide magnetoeleastic behaviour.

The article is organized as follows: First, the materials and
methods are described and the fabrication process used to
fabricate the VEHs is presented. Secondly, the measurement
setups for both characterizing the mechanical robustness of the
devices and their piezo magnetoelastic behaviour is explained.
Then, results and discussions are presented and finally, the
article ends with the conclusions.

2 MATERIALS AND METHODS

2.1 Fabrication of energy harvesters

The main steps of the fabrication process are shown in
Fig. 2 and the dimensions of the device are given in Table
I. The process begins with a (100) oriented Si substrate
having a resistivity of 0.0015 Ωcm, Fig. 2a, which allows
the silicon substrate to be used as a bottom electrode for
the piezo electric material. The etch mask for KOH etching
is a 3000 nm thick wet oxide layer which is grown on both
sides of the wafer. Then a lithography process is performed
followed by a BHF etching of the oxide layer to define the
etch mask, Fig. 2b. After this, the beam is made using KOH
etching, Fig. 2c, and the oxide layer is removed by etching
in BHF, Fig. 2d. Then, the corner rounding step takes place,
which consists of growing a 1000 nm wet oxide layer at
1100◦C and right afterwards stripping it, as shown in Fig. 2e-f,
respectively. After this, the piezo electric material and top and
bottom electrodes are deposited by evaporation and sputtering
of Pt/AlN/Pt/Ti with thicknesses of 50 nm/400 nm/120 nm
/10 nm, respectively, Fig. 2g. A lithography process is then
performed on that side of the wafer, Fig. 2h, with an opening
for the top electrode definition using AZ 4562 resist with a
thickness of 10µm. The three-stack layer is etched in Aqua
Regia at 80◦C, Fig. 2i, with the concentrations shown in
Table II. However, the lithography and etching process is



TABLE I
DIMENSIONAL AND MATERIAL PARAMETERS FOR THE ENERGY

HARVESTING SYSTEM.

Device parameter Value
Beam length (l) 6.5mm
Beam thickness (h) 40µm
Beam width 6mm
Foil length (lf ) 3.25mm
Foil thickness (hf ) 100µm
Foil width 6mm
Magnet length (lm) 1mm
Magnet thickness (hm) 1mm
Magnet width 5.5mm
Magnetization 750A/m
Si Young modulus 150GPa

TABLE II
AQUA REGIA COMPOSITION AND APPROXIMATE ETCH RATES.

Parameter Value
H2O 400ml
HCl 350ml
HNO3 50ml
Etch rate in Pt ≈ 10 nm/min
Etch rate in AlN ≈ 26 nm/min

performed three times due to the high temperatures that the
resist must withstand during the Aqua Regia etchings. Once
this is completed, another layer of AZ 4562 resist is spun on
the same side of the wafer, Fig. 2j, this time with a thickness
of 5µm. This serves as masking material for the release of the
beams, which is performed by using an STS ICP Advanced
Silicon Etcher system, Fig. 2k. After stripping the resist the
devices are then ready to be diced out, this is done using
a Disco Automatic dicing saw, model DAD321. The normal
procedure before dicing is to use electrostatic tape that holds
the wafer still while dicing and once it is done this tape is just
pealed off. However, due to the fragility of the beams the tape
must be pealed off while the wafers are immersed in acetone.

The final step is to attach Fe foils to the beam, Fig. 2l. These
foils act both as proof mass, lowering the resonant frequency,
and as an integrated part of the magnetoelastic harvesting
scheme. It is important that the ferromagnetic foil that is
attached to both sides of the beam is as flat as possible, without
bending parts, therefore guaranteeing a structurally symmetric
foil. The foil is milled in a computer numeric control milling
machine from Minitech Machinery Corporation. A methyl
methacrylate (PMMA) surface is normally used to hold the
substrate while the milling takes place. In order to hold still the
foil on the PMMA surface, electrostatic tape is used, as seen
in Figure 3, where the blue spots are the residues of the tape
once the milling has been completed and the ferromagnetic
foil removed. For removing the foil from the electrostatic tape
the whole substrate is submerged into an acetone bath. After
this step, the foil is incorporated to the beam by a pick-and-
place operation, i.e. it is glued on both sides of the tip of the
beam, Fig. 2l.

Fig. 2. Main steps of the process flow followed to fabricate the VEHs. a)
Si wafer. b) Thermal growth of an oxide layer to serve as masking material.
c) KOH etching. d) BHF etch to remove oxide. e) Oxide growth to round
corners. f) BHF etch of oxide layer. g) Three-stack deposition of top and
bottom electrodes and piezoelectric AlN. h) Lithography process to mask the
etching of the three layered stack. i) Aqua regia etch of the three layered
stack. j) Lithography process for the beam release. k) Beam release by dry
etching. l) Finally, devices are diced and ferromagnetic foil is glued on both
sides of the beam.

Fig. 3. Ferromagnetic foil after the milling process. The foil is fixed to a
PMMA substrate (white) using electrostatic tape (blue) which allows the foil
to be diced in a controlled way.

2.2 Measurement setups for characterization

The characterization of the devices consists of two parts.
In the first part, the response of the beams in the mechanical
domain is analyzed, i.e. the piezoelectric and electrode layers
are not implemented in the beams, only the ferromagnetic foil
is included to act as proof mass. The purpose of this part
of the analysis is to investigate the mechanical robustness
of the devices. In the second part, the piezoelectric and
electrode layers are included on the beams, and the devices
are characterized in terms of impedance, i.e. their performance
in the electrical domain is analyzed and the magnetoelastic
properties of the VEHs are determined.
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Fig. 4. Schematic of the setup used for characterizing the mechanical
properties of the energy harvesters.

2.2.1 Mechanical domain: To characterize the beams in
mechanical terms the setup shown schematically in Fig. 4
is used. A sinusoidal signal is generated from an Agilent
33220A waveform generator and amplified by a Pioneer VSX-
405RDS MKII amplifier, which is directly connected to a
B&K Minishaker 4810, which acts as the excitation source
for the devices. During vibrational testing the devices are
mounted to a sample holder which is screwed to the table of
the shaker. The deflection of the beams as function of time is
measured by a Micro-Epsilon ILD2300-10 laser triangulation
displacement sensor, which is placed above the sample holder.
The acceleration of the sample holder for a given harmonic
driving signal was previously determined from a deflection-
time measurement.

The devices tested are both the enhanced ones, i.e. those
that underwent a corner rounding treatment, and the regular
beams having a sharp corner at the beam anchoring point. The
specific dimensions are the same as the ones listed in Table I.
The resonant frequency of the devices was found by sweeping
the frequency and measuring the deflection of the beam.

To investigate the mechanical robustness of the devices they
were excited at different levels of acceleration and frequency
sweeps were performed. The acceleration of the sample holder
was increased by changing the magnitude of the signal driving
the shaker until the beam under investigation broke. The
frequency sweep was performed with a step size of 0.01 Hz to
avoid breaking the beams due to a too large step in frequency.
In order to perform a statistical analysis of the results, the
Weibull method [32] was used.

2.2.2 Electrical domain: The electrical characterization of
the fabricated devices was performed using impedance mea-
surements. For this purpose an Agilent E4990A Impedance
Analyzer was used. The analyzer was connected to an Agilent
4294A impedance probe, Fig. 6, which was connected to
the device under investigation. The impedance measurements
were performed using a signal amplitude of 50 mV. The top
electrode of the beam is in contact with a pogo-pin from
the sample holder and a set of other pogo-pins secured it by
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Fig. 5. Schematic of the setup used for characterizing the electrical properties
of the devices.
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Fig. 6. Setup used for the electrical characterization.

pressing on the frame of the silicon chip, Fig. 7a. Part of the
backside frame structure of the device lies on a metal structure
which is connected to the impedance probe. Furthermore, to
analyze the non-linear response of the system, a pair of NdFeB
magnets are included into the system, Fig. 7b. In order to have
a precise control over the positioning of the magnets in the
three spatial dimensions, a XYZ 300 TR stage model from
Quater Research and Development is used, Fig. 6.

When using the magnetic setup, the distance between the
magnets and the beam, a, was measured by a Dino-Lite
edge digital microscope model AZ7915MZTL together with
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Fig. 7. Part of the setup used for the electrical characterization. a) Beam
holder with the pogo-pins holding the beam still and one of them connected
to the impedance setup. Also, shown is the microscope used for measuring
distances. b) Holder for the magnets with the rectangular magnets located at
the center of the fixture.



DinoCapture 2.0 software [33]. For all measurements the
distance between the magnets was b = 520µm.

The impedance measurements were used to determine the
resonant frequency of the beam, the effective spring constant,
and the capacitance of the piezo electric material.

The effective spring constant of the beam, keff , was calcu-
lated from the resonant frequency of the beam, fr, determined
from the impedance measurements. The spring constant was
found using keff = (2πfr)2meff , where the value of the
effective mass, meff , was found as described in [34]. The
capacitance of the piezo electric layer, C, was calculated from
an impedance measurement outside the resonant region of the
impedance spectrum using C = 1/(2πf · |Z|) where f is the
frequency and |Z| is the magnitude of the impedance. The
permittivity of the piezo electric layer, εr, was found from the
capacitance using C = εrε0d/A, where d is the piezoelectric
film thickness, A the area of the electrodes, and ε0 is the
vacuum permittivity.

3 RESULTS AND DISCUSSION

3.1 Corner rounding

The fabrication process for the devices where corner
rounding was implemented, was designed using the Silvaco
ATHENA [35] process simulator. The simulation takes into
account the two dimensional diffusion of the oxidant and the
different oxide growth rates on the (111) and (100) silicon
surfaces due to the substrate orientation dependency of the
linear rate constant. The difference in growth rates is, however,
quite small for the structures investigated here. Furthermore,
the simulation takes into account that the linear rate constant
is increased due to the high phosphorous doping level of the
substrate. The simulation code is included in the appendix.
Fig. 8 shows the results from the simulation. Fig. 8a shows the
corner of the beam after the KOH etch which is implemented
as a geometrical etch in the simulation code. Fig. 8b shows the
beam after 40 minutes of oxidation at 1100 ◦C. At this point
the oxide thickness is 619 nm and 624 nm on the (100) and
(111) surfaces, respectively. Fig. 8c shows the corner structure
after 80 minutes of oxidation and the oxide thicknesses are
876 nm and 881 nm on the corresponding (100) and (111)
surfaces. The total oxidation time is 126 minutes and the final
oxide thicknesses on the (100) and (111) surfaces are 1100 nm
and 1105 nm, respectively. As expected, the difference in
oxide thickness on the (100) and (111) surfaces is very small.
Finally, Fig. 8d shows the corner structure after the oxide layer
has been removed.

Fig. 9 shows SEM images of the corner structure of the
beam just after the KOH etch, Fig. 9a, and after the corner
rounding has been performed, Fig. 9b. The effectiveness of the
corner rounding process is clearly seen as an increased radius
of curvature. The radius of curvature after the corner rounding
process is 1.4 µm.

Fig. 9b compares the SEM image with the result from
the simulation as presented on Fig. 8d. The simulation result
is shown as the light structure on top of the SEM image.
The solid red line shows the location of the surface of the
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Fig. 8. Results from the corner rounding process simulation. a) As etched,
b) After 40 minutes of oxidation, c) After 80 minutes of oxidation, d) After
126 min of oxidation and removal of the oxide.

b)a)

Fig. 9. SEM images of the corner structure of the beam a) before and b) after
the oxide growth. The simulation result, Fig. 8d, is shown as the transparent
structure overlaid on the SEM image. The solid red line shows the location
of the surface of the simulation structure.

simulation structure. The shape calculated by the process
simulation tool coincides with the shape obtained from the
SEM investigation. Therefore, the simulation tool can be used
to design a suitable corner rounded structure.

To further investigate the corner rounding process, simu-
lations were carried out using both highly doped (having a
phosphorous concentration of 1.0× 1020 cm−3) and undoped
substrates. The simulations were performed at oxidation tem-
peratures of 1000 ◦C, 1050 ◦C and 1100 ◦C, respectively.
The oxidation time was varied from 10 minutes to 10 hours
and the thickness of the oxide grown on the (100) silicon
surface was extracted from the simulation structure. For each
simulation the shape of the corner was extracted and a circle
was fitted to the datapoints allowing determination of the
radius of curvature. The results are shown on Fig. 10. The
radius of curvature is observed to depend linearly on the oxide
thickness for the range of oxide thicknesses investigated. The
solid line is a fit to all datapoints and the radius of curvature,
r, depends on the oxide thickness tox as

r = α+ βtox (1)

where α = 153±17 nm and β = 1.11±0.01. This expression
can be used to find a suitable oxide thickness to obtain a
given radius of curvature. The slope of the line is close to
1 meaning that the radius of curvature is almost identical to
the thickness of the oxide. As seen above, the difference in
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TABLE III
FAILURE BASE ACCELERATIONS FOR BOTH THE REGULAR AND THE

ENHANCED DEVICES.

Enhanced Regular
fr [Hz] acc. [g] fr [Hz] acc. [g]
269.6 3.3 302.4 2.4
283.0 2.4 284.5 3.5
291.9 5.1 302.6 2.0
276.7 7.4 306.2 3.1
264.4 6.1 299.4 3.1
268.6 7.0 296.9 3.8
285.8 5.5 310.9 3.5
281.3 8.3 335.5 2.9

277.7 ± 9.5 304.8 ± 14.6

thickness of the oxide grown on the (100) and (111) silicon
surfaces is very small, on the order of a few nanometers.
Therefore, the corner rounding effect occurs predominantly
due to the two-dimensional diffusion of the oxidant at the
corner structure. The radius of curvature determined from the
SEM image shown in Fig. 9b is displayed as a black square
and the experimental value is in very good agreement with the
simulations and the linear model.

3.2 Failure analysis

Table III shows the measured resonant frequencies for
enhanced and regular devices and the corresponding base
acceleration where the devices failed due to breakage. In all
cases, it was observed that the reason for the failure of the
devices was that the beam broke at the point where it is
attached to the silicon support structure, i.e. at the sharp corner
defined by the KOH etch.

The cumulative failure distribution for the regular and
enhanced devices, based on the data in Table III, are shown in

TABLE IV
PARAMETERS FOR THE FITTED WEIBULL DISTRIBUTION FUNCTIONS TO

THE FAILURE ACCELERATIONS FOR THE REGULAR AND ENHANCED
DEVICES.

Parameter Regular Enhanced
Shape parameter 6.73 3.49
Scale parameter 3.26 6.29
Mean value [g] 3.0 5.7
Standard deviation [g] 0.5 1.8
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Fig. 11. Cumulative failure distribution for the regular and enhanced devices
as function of base acceleration. The solid and dashed lines represents the
fitted Weibull cumulative distribution functions (CDF) for the enhanced and
regular devices, respectively.

Fig. 11 together with the fitted Weibull cumulative distribution
functions. The characteristics of the fitted Weibull functions
are listed in Tab. IV. For the regular devices the shape param-
eter (Weibull modulus) is kr = 6.73 and the scale parameter
is λr = 3.26. For the enhanced devices the corresponding
numbers are ke = 3.49 and λe = 6.29, respectively. As
both shape parameters are larger than one, the rate of failure
increases with acceleration.

Fig. 12 shows a plot of the failure accelerations as function
of beam resonant frequencies for the regular and enhanced
devices. The mean value of the failure acceleration is 3.0 g
and 5.7 g for the regular and enhanced devices, respectively.
The mean values are indicated by the dashed lines and the
dotted lines correspond to one standard deviation. The data
demonstrate that the corner rounding process increases the
mechanical robustness of the energy harvesters.

The results found here are in good agreement with the
findings of [29–31] that studied the use of wet etching or
plasma etching induced corner rounding to increase the burst
pressure of piezo resistive pressure sensors where KOH etch-
ing was used for defining the diaphragm. In [29], [30] the burst
pressure of piezo resistive pressure sensors was increased from
around 100 psi for a device without corner rounding to 500 psi
when wet etching or plasma etching was used to increase the
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radius of curvature to values around 1 µm. Similar results were
reported by [31] where the burst pressure was increased from
around 3 bar to 8 bar when the radius of curvature of the corner
was etched to obtain a value of 5 µm. However, controlling
the corner rounding by wet isotropic etching is difficult [30]
and the use of plasma etching reduces the throughput due to
the limited number of wafers that can be processed at the same
time. These problems are overcome by the oxidation process
used here as the radius of curvature can be predicted and the
corner rounding can be obtained in a batch process.

3.3 Electrical domain

Impedance measurements in both the linear regime (without
magnets), and the non-linear regime (with magnets imple-
mented into the system) was carried out.

The capacitance of the piezoelectic layer was found before
the ferromagnetic foil was mounted on the beam using an
impedance measurement in the frequency range from 20 Hz
to 1100 Hz and a value of C = 4.5 nF was determined.
The relative permittivity of the piezoelectric material was
calculated to εr = 10.05, which is in accordance with the
value found by Elfrink et al. [6].

For the linear case, a frequency sweep around the resonant
frequency of the beam was performed, as shown in Fig 13,
where the impedance magnitude and the phase are plotted on
two different y-axes. The results show a resonant frequency,
fr = 240.6 Hz and the spring constant was calculated to keff =
98.7 N/m using an effective mass of meff = 43 mg.

The non-linear response was characterized by using the
setup described in Section 2.2.2. Figures 14 and 15 show the
impedance measurements obtained for a horizontal distance
between the magnets and the beam of a = 1.15µm and
a = 500µm, respectively.

In the first case, Fig. 14, the magnetoelastic effect leads
to softening of the beam, and the resonant frequency is
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Fig. 13. Impedance measurement of the beam in the linear regime, i.e. with
no magnetic force interacting with the beam.
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Fig. 14. Impedance measurement around the lowest non-linear resonant
frequency due to the softening effect. The magnet-beam distance a is 1.1mm
and the distance between the magnets is b = 520µm.

fr = 177.3 Hz and the effective spring constant is keff =
53.58 N/m, which is 0.54 times the effective spring constant
measured in the linear case. As can be seen in Fig. 14, there
is some noise in the impedance spectrum compared to Fig. 13
and Fig. 15. The reason is that the larger the softening effect
is, the more sensitive the beam becomes to any noise in the
surroundings.

In the second case, Fig. 15, a resonant frequency of fr =
577.4 Hz is found, with an associated effective spring constant
of keff = 568.3 N/m, which is 5.76 times larger the value
found in the linear case showing a significant spring hardening.

Impedance spectra were measured for different distances
between the magnets and beam, i.e. for different values of
a, ranging from a = 6 mm to a = 400µm. The distance
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Fig. 15. Impedance measurement around the highest non-linear resonant
frequency due to the hardening effect. The magnet-beam distance a is 400µm
and the distance between the magnets is b = 520µm.

between the magnets was b = 520µm. The results are shown
in Fig. 16, where the resonant frequency of the beam, the
impedance magnitude associated to the resonant frequency
and the maximum phase are plotted as function of a. It
can be seen that for large values of a the associated values
correspond to the linear regime, 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 = 3 mm a small
shift in the measured values begins. However, it is not until
a value of about a = 2 mm is reached that a considerable
effect takes place. Down until a = 1.15 mm a softening effect
takes place and the resonant frequency consistently decreases
until fr = 177.3 Hz and the impedance magnitude increases
as expected. For lower values of a the resonant frequency
increases and the impedance magnitude is lowered, which
demonstrates a hardening effect in that region.

These results demonstrate that it is possible to obtain a
significant spring softening in a miniature system. The needed
distances between the beam and the magnets can be easily
obtained in practice. The spring softening obtained will widen
the frequency bandwidth where energy harvesting can be
performed.

4 CONCLUSION

In conclusion, a cantilever-based piezoelectric magnetoe-
lastic vibrational energy harvester with increased mechanical
robustness has been presented. The energy harvester was fabri-
cated using KOH etching of silicon to define the cantilever and
ferromagnetic iron foils were used both as a proof mass and
as part of the magnetoelastic design. A two-step lithography-
free fabrication process capable of increasing the mechanical
robustness of the cantilever was developed. The increased
mechanical robustness was obtained by rounding the sharp
corner at the anchoring point of the beam, developed during
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Fig. 16. Plot of the resonant frequency, impedance magnitude at the resonance
frequency and maximum phase for a range of a values. The distance between
the magnets was b = 520µm.

the KOH etch, by oxidation. A 1100 nm thick wet thermal
oxide was grown once the beam had been defined, and the two
dimensional diffusion of the oxidant led to a corner rounding
increasing the radius of curvature to 1.4µm. The thermal
process was simulated with the Silvaco ATHENA process sim-
ulation software and the simulation could accurately predict
the corner rounding as demonstrated by comparison of the
simulated structure with a SEM image of the fabricated device.
The radius of curvature of the corner depends linearly on the
thickness of the oxide and as a rule of thumb the radius of
curvature is equal to the thickness of the oxide. The corner
rounding increased the mechanical robustness of the beam and
the enhanced beams withstood a base mean acceleration of
5.7 g at their resonant frequency, which is almost twice as
much as what was observed for the devices without corner
rounding where the mean failure base acceleration was 3.0 g.

The devices were also characterized electrically by
impedance measurements, which demonstrated the magnetoe-
lastic behaviour of the beam and both spring softening and
hardening was observed depending on the distance between
the magnets used and the tip of the beam. The lowest resonant
frequency achieved was 177 Hz, which occurred at a distance
between the tip of the beam and the magnets of a = 1.15 mm,
a distance that is easily obtained during assembly of the energy
harvesting system.
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APPENDIX

This appendix contains the simulation code for a typical
corner rounding study.

# Corner rounding simulation
go athena

# Define the grid in the y-direction
# (vertical, in units of um)
line y loc=0 spac=0.1
line y loc=10 spac=0.1
line y loc=20 spac=2

# Define the grid in the x-direction
# (horisontal, in units of um)
line x loc=-10 spac=.5
line x loc=-5 spac=0.1
line x loc=5 spac=0.1
line x loc=10 spac=0.5

#
# Define the wafer
# n-type silicon, highly doped
#
init silicon phosphor \
resistivity=0.0015 orientation=100

# KOH etch
etch silicon start x=-3 y=0.00
etch cont x=3 y=8.485
etch done x=10.00 y=8.485



#
# Grow oxide to round corners
#

# Define a fine grid in the oxide
method grid.ox=0.05

# Oxidixe
diffuse time=126 temp=1100 weto2

# Etch oxide away
strip oxide

# Save structure
structure outfile=corner.str

# Plot structure
tonyplot corner.str

# leave simulator
quit


