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Abstract

Mechanical vibration energy can be transformed into electrical energy by a vibration energy harvester,
which can then be stored in the battery for later use. It can convert vibrational motions like walking,
leaping, running, etc. into pure renewable energy. This can turn previously squandered energy into
energy that can be used to recharge wireless sensors and portable electronics. If these gadgets are used
widely, they can produce a lot of green energy and contribute to environmental protection. The majority
of MEMS energy harvesters are made to collect energy solely in one direction. A new three-Degree of
freedom (DOF) MEMS piezoelectric vibration harvester solution is proposed in this work. A core sili-
con mass in the shape of a H is sustained by two pairs of T-beams on either side of the device. The mass
is fixed on both sides along four sets of folded beams that oscillate in the X direction. The mass can
vibrate in both the Y and Z axes thanks to two sets of straight rays. Along the beam surfaces, the piezo-
electric material is already placed. It can transform the beams' vibrational energy into electrical energy
voltage that flows via the rectifier circuit to recharge the battery. A more effective energy harvesting
outcome is achieved by the device's ability to capture vibrational energy along all three axes. Using the
COMSOL Multiphysics® programme, it is both developed and simulated. It is proposed that MEMS
energy harvesters be mounted to shoes, tyres, or other vibrating surfaces from which it harvests energy
from motion while moving while traveling, running, and walking.
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INTRODUCTION

Mechanical vibration energy can be transformed into electric energy and stored in a battery for future
usage using a vibration energy harvester. Walking, jumping, running, and other vibrational motions can
generate clean, renewable energy. This can transform energy that would otherwise be wasted into en-
ergy that can be used to recharge movable electronics. It provides a clean, sustainable energy source for
use in the future. If such a vibration energy har-
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vester can be included into a variety of applications,
such as shoes, bridges, and other items, it can recy-
cle a significant quantity of green energy and con-
tribute to environmental protection. Energy har-
vesting is one of the interesting topics for research-
ers in recent years because it converts the waste en-
ergy of the environment into useful energy. Due to
the fact that these energy harvesting devices can ac-
tually absorb the excessive vibration energy of the
surfaces, it may also aid in stabilizing the road and
bridge surfaces. In order to extend the time between
recharges, the energy captured can be used to power
implanted biomedical equipment (such as pace-
makers) and portable electronics. In order to enable
them to be partially or entirely self-powered, it can
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also be utilized for standalone and isolated equipment like wireless sensor networks and security cam-
eras to monitor forest wildfires. Due to their tiny size, low cost, and great efficiency, MEMS (Microe-
lectromechanical Systems) technology is particularly ideal for energy harvesting applications. There
have been described electrostatic [1]-[3], electromagnetic [4-5], and piezoelectric transducer-based
MEMS vibration energy harvesting devices.

An electrostatic transducer-based 3-degree-of-freedom MEMS energy harvester that uses ultrasonic
waves to create electrical energy is described in [1]. To detect the ultrasonic vibrations, the system uses
seismic mass coupled to a collection of flextures. A collection of in-plane and out-of-plane variable
comb storage capacitors are charged using the energy that was captured. The use of capacitor transduc-
ers in another MEMS vibration energy harvester is documented in [2]. To enable straightforward post-
CMOS modular construction, electroplated nickel is used as a structural layer. [3] reports the develop-
ment of an SOI-MEMS electrostatic vibration energy harvester. According to simulation data, the de-
vice can produce a extreme harvest power of 5.891 W at a 2 kHz excitation frequency. Two magnetic
MEMS vibrational energy harvesters are described in [4]-[5]. Permanent macro magnets are used by
electromagnetic energy harvesters to convert energy. There is no need for additional operating power
because power is produced by the comparative undertaking of the coils and magnetic field. Vibrational
energy is transformed into electrical energy using piezoelectric energy harvesters. When a piezoelectric
material experiences stress from vibration, the resulting electrical voltage differential between the ma-
terial's two surfaces can be used to charge batteries. A MEMS vibration energy harvester using piezoe-
lectric cantilevers that resemble AFM and are linked to a rotating gear is disclosed in [6,7]. An oscillat-
ing mass powers the gear. The use of a Zinc oxide (ZnO) piezoelectric cantilever in a MEMS vibration
energy harvester for mechanical to electrical transduction is reported in [8]. For optimum energy con-
version efficiency, MEMS piezoelectric vibration energy harvester devices with various cantilever
structures are simulated in [9]10]. Two three-axis piezoelectric vibration energy harvesters that are ca-
pable of collecting energy along all X, Y, and Z axes were reported in [11] and [12]. In [12], four L-
shaped bulk-PZT/Si beams that may bend in the X, Y, and Z directions are coupled to the seismic mass.
In the transverse piezoelectric mode, a collection of divided anodes on the PZT arms capture mechanical
energy. An out-of-plane proof mass is used by the energy harvester in [13] to cause movement along
the Z-axis in response to both in-plane and out-of-plane vibrations. The PZT piezoelectric thin films
have the ability to harvest the stress that results from out-of-plane bending.

In this paper, a 3-DoF piezoelectric MEMS vibrational energy harvester is suggested. It is connected
to two seismic masses via two sets of T-shaped beams and four sets of folded beams. The seismic
masses' mass centres are outside the beam plane because they are substantially thicker than the beams.
On the underside of the T-shape beams are pre-deposited piezoelectric films with top/bottom metal
electrodes. The induced stress inside T-shape beams can be detected by the piezoelectric films in order
to produce voltage output if the external vibration is in the Z direction, which causes the beams to bend
up and down. The inertial force induces a net torque when there is an external vibration in the X or Y
direction, causing the T-shaped beam at one end to bend up and the T-shaped beam at the other end to
bend down. Piezoelectric films can once more sense the stress inside T-shaped beams to produce a
voltage difference between the surfaces of the beams' top and bottom. As a result, the tool may collect
vibrational energy along all three axes of freedom. An AC voltage signal is what is generated. The
vibration energy is transformed into electrical energy and kept for future usage by using a rectifying
circuit to turn it into DC voltage to power portable gadgets or a battery. The piezoelectric energy har-
vester's vibrational modes are simulated using COMSOL simulation, and the associated resonance fre-
guencies are then determined. To convert vibration energy for the generation of green energy, the gadget
can be inserted into shoes, placed beneath the surface of the road, or fastened to a person.

VIBRATION ENERGY HARVESTER DESIGN

Figure 1 depicts the suggested vibration energy harvester. The technology is composed of silicon on
glass. Silicon-glass anodic bonding is used to join the silicon structure and glass substrate. The glass
substrate is not depicted in Figure 1 since we are interested in the silicon structure's vibrational modes.
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Figure 1. Structure diagram of MEMS vibration energy harvester.

The device structure is comprised of two seismic masses adjourned by two sets of T-shaped beams
and four sets of doubled beams, as shown in Figure 1. The folded beams' one end is secured to the
substrate with anchors. Before silicon-glass bonding, piezoelectric thin films with top/bottom metal
electrodes (not seen in the picture) are pre-placed on the lowest surface of the T-shape beams. The
seismic masses have a mass center that is above the plane of the beams because they are significantly
thicker than the beams. When in-plane vibration is detected, this imbalance is purposefully created to
cause out-of-plane movement of both T-shape beams. The inertial force acting on the seismic masses
produces a net torque when there is vibration in the device plane along the X or Y axes, which causes
one T-shaped beam to bend up and the other T-shaped beam to bend down, respectively. Additionally,
if the vibration is in the Z direction, the T-shape beams vibrate in the same way. Therefore, the T-shape
beams vibrate outside of the device plane whether the vibration is inside or outside of the device plane.
Due to the produced stress inside the T-shape beams, the pre-deposited piezoelectric films on the bottom
surface of the beams produce a voltage differential between its top and bottom surfaces. The battery is
charged using the generated voltage, which goes via a rectifying circuit to capture the vibration energy
and store it as electrical energy for later use.

The device's resonance frequency is a crucial factor in vibration energy harvesters. The device's res-
onant frequency should be created to competition the frequency range of the vibration that will be cap-
tured in order to increase the effectiveness of energy harvesting. Frequency for routine motions like
walking and running is typically under 100 Hz. Two T-shaped beams and four folded beams make up
the planned energy harvester. Each folded beam section has dimensions of Wfb, Lfb, and tb, respec-
tively. The horizontal segment of the T-shape beam has the following dimensions: Wtb1, Ltb1, and tb.
Each vertical portion of the T-shape beam has dimensions of Wtb2, Ltb2, and th, correspondingly. One
seismic mass has the following dimensions: Wm, Lm, and tm, respectively. Silicon has a density of and
a Young's modulus of E. We will individually calculate the energy harvester's resonance frequencies
along the X, Y, and Z directions. Both four folded beams and four sections of T-shaped beams contrib-
ute to vibration in the X direction, and they are both connected in series. The parallel connections be-
tween the four folded beams. Four folded beams with a combined spring constant of

K, o =2EW, -1,/ L,

1)
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T-shaped beams in four vertical sections are joined in parallel. The overall spring constant of four
vertical T-shape beam sections is
Krbz_mr = 4EH':~§3 T ”:ibz )

The four folding beams and the four vertical T-shaped beam sections are linked together in succes-
sion. The apparatus's overall spring constant in the X direction is

K . *Kjb_xror+firb2_xror
X _tfor K K
fb_ xtot + th2 _xtot A3)
The total mass of two seismic masses is
ﬁ"{ = 2,‘OI':'['J;'."J"Errr'rrrf (4)

When the energy harvester is modelled as a basic spring-mass system without taking into account the
mass of the piezoelectric films and its top/bottom electrodes, its resonance frequency along the X di-
rection is

[
l || L X _tot

=0\ -

Only two horizontal T-shape beam portions that are connected in parallel contribute to vibration in
the Y direction. The energy harvester's overall spring constant in the Y-direction is

Ky o = 2EFF$1 ‘T ’{Lim
- (6)
The resonant frequency of the energy harvester along Y-direction is
,f — L lll K]' tot
Yoo\ M @

All four folded beams and the two T-shaped beams contribute to the vibration in the Z direction. Four
folded beams have a total spring constant in the Z direction of

< —_2EW £/ ]3
K, . =2EW,-£/L, ©
The total spring constant of two horizontal sections of T-shape beams along Z direction is
- _ 1 . 3 3
‘Rrbl_:mr - 2J'L:’Tl—e“bl rﬁ ’I{Lrbl ©)
The total spring constant of four vertical sections of T-shape beams along Z direction is
- AT .43 3
th2 _=zftat — 4Eﬂ—rb3 'rﬁ / ‘Erbﬂ (10)

The four folded beams, two horizontal T-shaped beam sections, four vertical T-shaped beam sections,
and four folded beams are all connected in series to allow for vibration along the Z-direction. The energy
harvester's overall spring constant in the Z-direction is
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KZ_r.-Jr =
{1 Kﬁ_:.‘u.‘ +1 K.‘E:'._:ro.‘ +1 Krb]_:mr) (11)
The resonant frequencies of the energy harvester along Z-direction is
. | -
f _ i |' J:T&Z _fot
oorN M

(12)

The resonant frequencies of the energy harvester along the X, Y, and Z directions can be roughly
estimated using the formulae above. They do, however, have a simplified spring-mass model that could
lead to some mistakes. The gadget also exhibits rotational and tilting movement while in operation since
the seismic masses and the mass centre of the beams are not in the same plane. The lateral vibrations
will include the rotation/tilting and affect the resonance frequencies. The energy harvester's true reso-
nance frequencies should be approximated using COMSOL FEM (Finite Element Method) simulation
for more accuracy.

COMSOL Multiphysics

The vibration energy harvester's top 6 vibration modes are simulated using COMSOL Multiphysics.
We used the Solid Mechanics module in the COMSOL simulation, and the device's Eigenfrequency
investigation was carried out. We also noticed that the T-shaped beams shake and spin in the Z orien-
tations in response to vibrations along the X, Y, and Z directions. The piezoelectric films on the bottom
surface of the T-shape beams sense the stress caused by this out-of-plane vibration and rotation and
produce electricity as a result. In order to transform mechanical vibration energy into electric energy,
the energy harvester works as follows. The design parameters of the piezoelectric energy harvester
device is listed in Table 1.

Table 1. Design parameters of the energy harvester
Components Design parameters

Folded beams (4 sections) Beam width W=50pm
Beam length L»=5000um Beam thickness w=30pm

Horizontal sections Beam width Wi»1=3000um Beam length Lii=90um
of T-shape beams (2 sections)|Beam thickness t,=30um
Vertical sections of Beam width Wi,2=200pum

T-shape beams (4 sections) |Beam length L2=1000um Beam thickness to2=30um

Seismic masses (2 masses)  |Mass width Wm=7800um
Mass length Lm=4200um Mass thickness tm=500pm

Single-crystalline silicon is the substance that makes up the structure of vibration energy harvesting
devices. All of the mechanical and electrical properties of the material have already been established,
and it was chosen from the built-in material library in COMSOL. The piezoelectric thin film is not
modelled because our focus is on identifying the vibrational modes and resonance frequencies of the
silicon structure. For the same stress input, different piezoelectric materials produce different voltages.
A excellent material for piezoelectric film is PZT-5H. Figure 2 displays the energy harvester's mesh
model.

SIMULATION RESULTS AND DISCUSSION

Design and simulation of the piezoelectric vibration energy harvesting device are done in COMSOL.
The device's first six vibrational modes and accompanying resonance frequencies are extracted via
modal simulation. Figure 3 depicts the first vibrational mode, which has a resonance frequency of
f1=15.57514Hz. This is the mode in reaction to vibration in the Y direction, as can be seen. The seismic
masses tilt about the X axis as a result of the inertial force since their mass centres are not in the same
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plane as the beams'. The T-shaped beams tilt as a result, and the resulting tension causes the piezoelec-
tric films to produce voltage.

RN v

T Jﬁ“ﬁ&;?-"‘“ﬁ"

Figure 2. COMSOL meshed model of the MEMS vibration energy harvester.
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Figure 3. First vibration mode: for vibration along Y- direction (resonant frequency fy = 15.57514Hz).

Figure 4 displays the COMSOL simulation results for the energy harvester's second vibration mode.
The associated resonance frequency is f2=21.473948Hz. This is the mode of vibration that results from
input vibration travelling in the Z direction. In this mode, both seismic masses oscillate upward and
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downward along the Z axis. As a result, the folded beams as well as both T-shaped beam portions bend
upward and downward, moving the beams out of plane. The piezoelectric coatings on the bottom sur-
face of the T-shape beams produce voltage as a result of the tension this creates inside the beams.

Eigenfrequency=21 473948 Surface: Total duplacement (m)

AN
A25087x10*
x10¢
2.5

15

05

Figure 4. Second vibration mode: for vibration along Z-direction (resonant frequency f, =
21.473948Hz)

Eigenfrequency=41.367501 Surface: Total displacement (um)

t. : ’
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Figure 5. Third vibration mode: for vibration along X-direction (resonant frequency fx = 41.367501Hz).
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Figure 5 displays the COMSOL simulation results for the energy harvester's third vibration mode.
The associated resonance frequency is f3=41.367501Hz. The vibration mode in response to an input
vibration in the X direction is shown here. The seismic masses rotate as a result of the inertial force
they encounter, which produces a net torque. The seismic masses' left and right halves tilt upward and
downward ina Y direction. As a result, one T-shaped beam bends upward while the other bends down-
ward. T-shape beams' internal stress is induced by the out-of-plane bending, which causes the piezoe-
lectric films to produce voltage between their top and bottom surfaces.

The higher vibrational modes' COMSOL simulation results are also achieved. However, they result
in higher order energy harvester vibrations that twist several beams and the masses. As a result, they
are not listed here because they are not the energy harvester's operational modes. According to the
COMSOL simulation, we can observe that vibrations in the X, Y, and Z directions all result in the T-
shape beams vibrating out of plane. As a result, the beam material will experience internal stress, which
will cause the piezoelectric films on its bottom surface to produce voltage output. The rectifier circuit
will transform the output AC voltage into DC voltage, which can then be utilised to charge batteries or
portable electronics. This allows for the collection and storage of the vibrational energy from the envi-
ronment for later use. It is more efficient than energy harvesters that are just sensitive in one direction
since it can collect vibrational energy from all three degrees of freedom. The first three vibrational
modes' resonant frequencies are all under 50 Hz, which is an excellent match for the common frequen-
cies of daily movement. The technology might be used to generate energy from human motions like
walking, leaping, or working out. The device can be very compact and readily inserted inside the sole
of shoes thanks to MEMS technology, as demonstrated in Figure 6. The energy of the shoe's vibration
can be captured and stored in rechargeable batteries for use later on when individuals walk, run, or
exercise. The energy harvester gadget can be used to recharge the backup battery of mobile electronics
such as digital cameras, smartphones, and other small electronics. This generates "green" energy and
provides a practical method for users to "on-the-go" recharge their mobile batteries. Every day, people
go for walks, runs, and workouts. A significant amount of clean energy might be produced if such
MEMS energy harvesters were integrated into every pair of shoes.

=
TR 1

Figure 6. Shoe with vibration energy harvester inserted in its sole.

CONCLUSIONS

A MEMS energy harvester that can collect energy along all three DoFs (Degrees of Freedom) has
been investigated in this work. The energy harvester senses the input vibration using inertial sensing
technology and transforms it into electrical energy that can be stored for use in the future. The device's
seismic masses and beams are various thicknesses. This imbalance causes the in-plane vibration from
the input vibration to result in an inertial force that causes a net torque and causes the T-shape beams
to move out of their normal position. T-shape beams will bend in the same direction along the Z axis as
the input vibration. The T-shape beams' piezoelectric films on the bottom surface sense internal tension
and produce voltage output. The rectifier circuit transforms the generated AC voltage into DC voltage,
which is then used to charge batteries or portable electronic devices. The proposed device produces
more energy gathering in all directions than an energy harvester that is just responsive to one direction.
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Its vibrational modes are simulated using COMSOL Multiphysics, and the associated resonance fre-
guencies were identified. The working vibration modes in the X, Y, and Z axes have resonance fre-
quencies of fx=41.367501Hz, fy=15.57514Hz, and fz=21.473948Hz, respectively, according to the re-
sults of the COMSOL simulation. It is particularly well suited to be placed under the sole of shoes, tires,
road surfaces, bridges, or other locations with regular vibrations due to its small size. Where such energy
was previously lost through vibrations, it can how be harvested.
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