Universita degli Studi di Catania
Dottorato di Ricerca Internazionale in Ingegneria dei
Sistemi

XXVII Ciclo

Felice Maiorca

Innovative Electromechanical Transduction
Mechanisms for Piezoelectric Energy harvesting from
Vibration: Toward Micro and Nano Electro-
Mechanical Systems.

Ph.D. Thesis
Coordinator: Prof. Ing. Luigi Fortuna

Tutor: Prof. Ing. Salvatore Baglio

December 2015






To life!






Abstract

Vibration energy harvesting is one the hottest topics
addressed by a big part of the scientific community. A lot
of transduction mechanisms have been investigated and
designed, based mechanical systems and transduction
principles in order to recover energy coming from
environmental vibrations. In this work, innovative
transduction mechanisms will be described, suitable to
harvesting energy from weak random vibrations, to
rectifying and multiplying voltages avoiding the use of
classic solutions based on diodes. Innovative devices will
be introduced, based on nonlinear mechanical systems and
piezoelectric transducers; analytical models will be
provided and simulation results will be shown. Laboratory
prototypes and experiments will be also described.
Comparisons between simulations and experiments results
will be provided in order to demonstrate the goodness of
the proposed approaches. Finally, MEMS technologies
suitable with piezoelectric energy harvesting, together

with a very simple micro scale prototype, will be
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introduced as encouraging elements for future

miniaturization of the devices.

II



Contents

ADSITACE. ...cuitieeciie ettt e e I
L010) 117S) 111 USRS 11
INtroduction ........cceeviiiieniieiinieeeeeee e 1
CRhapter 1 ...ooooiieeeeeee e 7
Energy harvesting: state of the art..........c.ccccoevvieiiennennnn. 7
1.1. Oscillating Structures ........cccccveeeeveeecveerireeerieeenns 14
1.1.1 Linear oscillating structures.............cccueun.... 17

1.1.2. Nonlinear oscillating structures ................... 27

1.2. Transduction mechanisms..........ccceecvevieeneeeenenne. 31
1.2.1. Electrostatic transduction............ccceevuennee. 31

1.2.2. Electromagnetic transduction....................... 33

1.2.3. Piezoelectric transduction ...........cccceveeunnnee. 34
Chapter 2 ....oovieieeee e 39
Nonlinear bistable energy harvesters...........c.ccccceevueennenn. 39

III



Contents

2.1. Magnetically coupled cantilevers with antiphase

bistable behavior for kinetic energy harvesting .......... 41
2.2. Multiple nonlinear oscillators .............ccceeeneennnee. 48

2.3. Performance characterization of different nonlinear
transduction mechanisms for piezoelectric energy

RArVEStING ....covvieiiieiiecie e 60

2.4. Two Dimensional Bistable Vibration Energy

HarVESIET ..o 73

2.5. Tristable systems: a possible solution to increase
the resolution of magnetically coupled nonlinear energy

RATVESIEIS e 96
Chapter 3. . ..o 105

"Vibration-driven" rectifiers based on mechanical

SWILCIES . -ttt e e e eee e 105

3.1. Diode-less Mechanical H-Bridge Rectifier for
“Zero Threshold” Vibration Energy Harvesters ....... 109

3.2. A diode-less mechanical voltage multiplier: a novel

transducer for vibration energy harvesting. .............. 136

10Y%



Contents

3.3. “Vibration driven” mechanical switches: a novel
transduction methodology with applications to DC-DC

“diode-less” voltage multipliers...........cccceeveecveennnnnne 162
CRhapter 4 .....ccveieeieeeeeeeeee e e 173

Devices miniaturization: technologies for piezoelectric

MEMS e 173
4.1. PiezoOMUMPS® Process ........cceeeveerveerveenveennnenns 175
4.2. Radiant pMEMS® process.........ccceeeerveerueennenne 179

Conclusions and future trends .........ccccecevveneeiicniennenne 182

Activities during Ph.D. Course...........cccecvevieeieennennen. 185
TralnINg..c..eovveiieeicee e 185

List of publications ........c..ceceeveevuerienienieniinecieeieene 188

REferences .....c.ccoveeiirieniiniiniiieccceeeeee 192






Introduction

One of the main goal of the scientific community is to
obtain electric power by exploiting innovative strategies
and physical principles in order to satisfy specifications
such as a lower environmental impact and a lower cost at
equal efficiency, in order to improve the quality of life of
the individual and society as a whole. In recent decades
the development of new consumer electronic devices
(smart phones, tablets, notebooks, smart watches, etc.) has
exponentially increased and this phenomenon has made
people easier to carry out everyday tasks. Even in
industrial and telecommunications, the progresses of
electronics have had an important role in terms of
simplification of complex systems, increasing the
microchips power, reducing the amount of cables for
sensors networks (today wireless sensors networks are
widespread), etc. In biomedical applications, the
improvement of electronics and the miniaturization of the
devices have allowed to use sensors and actuators smaller

and smaller, used to better diagnosis and to better treat
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various types of diseases. A source of energy (electric
network or batteries) is always needed in order to
guarantee good performances of the electronics devices.
The electric network causes strong limitations due sockets
and cables; traditional batteries have a finite duration and
the rechargeable ones don't solve the problem because of
the dependence from the electric network. Finally, the
disposal of batteries is critical for environmental
protection:  despite  batteries are special waste,
unfortunately, no one usually treats them as such, with
negative consequences for health. Energetic issues also
involve companies, especially in industrial where
electronic equipment are placed everywhere in the plants:
in this case, the replacement of batteries can be also
difficult for the safety operators. Furthermore, in these
cases a reduction of energy consumption can be translated
in a significantly growing of earnings.

Energy harvesting is a branch of the science that studies
the possibility of collecting energy from alternative
sources, making it available for low power electronic

devices, in order to extend the batteries life or, ideally, to
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avoid their employment. An energy harvesting general
processes can be summarized as follows: the first step
consists in identifying a clean alternative energy source;
the second consists in finding strategies useful to convert
it in electric power. Finally, custom devices have to be
designed in order to provide electric energy to low power
electronic devices. As regards the first step, the world has
to be observed critically and physical phenomena have to
be studied in order to identify energy sources.
Environment is full of mechanical vibrations, usually
considered undesired noise. The main characteristics of
these signals are similar to the white noise: studies have
shown that the most of the power content of
environmental vibrations is limited in few hundred hertz in
terms of band of frequencies. This power could be
collected, stored and used. Once vibrations have been
identified as energy source, the main issues to be
considered in energy harvesting from vibrations are
basically three: the mechanical system, useful to intercept
and elastically respond to mechanical vibrations, the

transduction mechanism, employed to transform
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mechanical energy in electrical and, finally, the
mechanism devoted to rectify and store the electrical
energy.

A lot of papers can be found in literature where different
approaches have been exploited in order to achieve the
goal. The most of solutions are based on very simple
oscillating systems, such as cantilever beams, as
mechanically coupling; piezoelectric materials have been
widely employed as best way to transform mechanical
energy in electric and, usually, diodes bridges have been
employed to rectify voltages. In recent decades, progresses
in micro electro mechanical systems (MEMS) have
induced researchers to miniaturize vibration energy
harvesters, in order to obtain devices having a size
comparable with the microelectronic devices. The main
issues in the scaling process have been related to increase
of the natural frequency of the oscillating systems and to
the decrease of the piezoelectric output voltages (typically
under the diode's threshold 0.7/0.8 V). This is a bad
condition because very small voltages cannot be rectified

by using "diodes-based" traditional strategies.
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In this work both the mechanical oscillators and the
rectifying issues have been addressed, in order to design
vibration energy harvesters suitable to the MEMS

fabrication. The most of the efforts have been focused on

e investigating nonlinear oscillating mechanical
systems in order to replace the linear ones
e design voltage rectifiers based on fully mechanical

switch, avoiding the use of diodes.

Innovative linear and nonlinear strategies and prototypes
will be shown in details later in this work; they have been
designed, developed, prototyped and tested in three years

of research activity.

This work is organized in chapters in order to facilitate
both the reading and the understanding of the main

concepts.

In Chapter 1 the state of the art in terms of energy
harvesting will be discussed, focusing the attention on

linear and nonlinear bistable mechanical systems;
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transduction strategies and simple traditional voltage

rectifiers will be also briefly introduced.

In Chapter 2 and Chapter 3 new energy harvesters and
rectifiers will be described; simulations and experimental
results will be shown in order to highlight the goodness of

the three years of research activity.

MEMS technologies potentially suitable to miniaturize the
developed devices will be introduced in Chapter 4,
together with two examples. Finally Conclusions and

future trends will be discussed.



Chapter 1

Energy harvesting: state of the art

Energy harvesting is one of the hottest topics that focus
the scientific community's attentions. Many reasons can be
discussed to justify the importance of this topic such as
costs, environmental impact, safety, etc. Traditional
energy production is characterized by the presence of
pollutants due to the transformation processes of various
substances, with terrible consequences for ambience and
human race. Clean energy has to be employed to preserve
the planet's health. Nature provides a lot of alternative
sources to be exploited in order to obtain clean electrical
energy, such as solar [1], wind [2], ocean waves [3],
thermal [4], etc. Both in civil and in industrial solar and
wind are widely employed and very good results have
been obtained in terms of produced energy and pollution
reduction. Consumer electronics is also involved in energy
consumption and pollutions, especially in the last decades
due to the boom of smart phones, tablet, wearable devices,
etc. It is easy to note that solutions useful in industrial and

7
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civil are usually not suitable to consumer electronics:
firstly consumer devices are characterized by very small
dimensions and very low power consumption as respect to
industrial or civil plants, so it is very difficult to apply
solar or wind as energy source, for example. Secondly,
consumer electronics devices are usually portable, so
batteries are needed in order to guarantee good
performances. Likewise, nowadays wireless sensors
networks (WSN) are widespread thanks to the
improvements in electronics and telecommunications [5].
WSN are very good solutions when the encumbrance of
traditional signal and power cables is a strong constrain
for the whole of the system. WSN are widely employed in
industrial to monitor plants, buildings, machines,
processes, etc., and also in civil to implement home
automation, to collect and to transfer large sets of
measurement data from several points thus realizing
distributed measurement systems that require batteries [6]
[7]. The main limitation of wireless autonomous nodes is
due to the limited battery life time: people have to

periodically replace or recharge batteries and this task
8
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could be unsafe when devices are placed in critical
positions, for example. Finally, small electronic devices,
sensors and actuators, are also employed in bio-medicine
and bio-engineering [8], for diagnosis and treatment of
disorders and diseases, for drugs delivery and so on; the
heart bypass is probably the most famous. Modern electro
medical devices are often integrated with applications,
smart phone and tablet so that the whole of system can
help people's goodness [9] [10]. Even in these cases,
battery limited lifetime is a strong limitation and it may be
serious inconvenience for the patients. It is easy to
understand that batteries are the biggest limitation in
electronics for both the limited lifetime and the big
dimensions; rechargeable batteries don't solve the
problems because of the dependence from the net.
Batteries are also special waste and special treatments are
needed to dispose of them [11], but people usually don't
care, with general negative consequences for health and
for ambient. As introduced at the beginning, energy
harvesting 1s the branch of science that deals the

individuation of alternative sources and strategies useful to
9
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obtain electrical energy [12]. Environmental energy
sources are abundant and have different characteristics, so
that energy harvesting can be divided in two sections,
macro and micro energy harvesting, according to the
dimension of the devices and to the electric power
generated: these characteristics make different energy
harvesters suitable to different applications. Macro-energy
harvesting includes big dimension systems, such as solar
and wind plants; big dimension usually corresponds to big
energy (MW), so that macro-energy harvesting is usually
employed both in industrial and in domestic. Similarly,
micro energy harvesting is referred to very small devices
and very small voltages and power (<mW), suitable to
micro and nano electronic devices (sensors, actuators, etc.)
characterized by very low power consumption: suitable
energy sources have to be investigated, such as
mechanical vibrations [13]. Mechanical vibrations can be
considered as a possible power source suitable to micro
energy harvesting systems [14]. Vibrations are
uncontrolled oscillations that effect the entire environment

with characteristics of band limited white noise (few
10
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hundred hertz). Vibration energy harvesting has focused
the attention of a very large part of scientific community
and very interesting results can be found in literature. In
fact, unlike sun or wind, vibrations are always present,
rich of energy and abundant in ambient. Several solutions
have been developed in order to recover energy from
environmental vibrations; once fixed the vibrational input,
a lot of conversion mechanisms have been explored and
various efficiencies have been detected in relation to the
conversion strategy [15]. In general, a vibration energy
harvester is composed of three main blocks: the first is a
mechanical structure, to sense and carry mechanical
energy, the second is a transduction mechanism, to convert
mechanical energy to sense and carry mechanical energy,
the second is a transduction mechanism, to convert
mechanical energy to electrical energy, and the third block
is devoted to adapt voltage signals to the load or to the end
user. The mechanical structure is usually a mechanical
oscillator that moves in response to external vibrational
input; the transduction mechanism, that provides to

transform mechanical energy in electric, can be
11
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Fig. 3 - General schema for vibration energy harvesting.

electrostatic [16], electromagnetic [17] or piezoelectric
[18], while the energy management block can be
composed of voltage rectifiers and a components for
energy storage. In literature a lot of papers can be easily
found, where vibration energy harvesters based on
electrostatic or electromagnetic transduction strategies are
investigated. However, a lot of scientist have focused the
attention on transduction strategies based on oscillating
mechanical structures (linear and nonlinear) and
piezoelectric materials [12]. Environmental vibrational
noise has to be coupled with a mechanical structure that
oscillates in response to external forces; as consequence,
the piezoelectric element deforms, allowing the
conversion of energy from mechanical to electrical.
Finally, the energy harvested has to be managed and

stored for the future use [19].
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1.1. Oscillating structures

As introduced, one of the fundamental components in an
energy harvesting system is the mechanical system that
elastically responds to external vibrations. A lot of
mechanical structures have been designed, studied, tested
and proposed by the scientific community, as it can be
found in literature. The mechanical oscillating structures
for vibration energy harvesting can be divided in two main
classes: linear and nonlinear. Linear structures are easy to
implement: a simple cantilever beam represents a good
example. The main limitation of linear systems is due to
the resonant behavior: if the frequency of the external
input is very close to the mechanical resonance (strictly
related to the material and the geometric characteristics),
the system provides very good performances otherwise,
the most of the mechanical input energy is lost and the
efficiency drastically decreased. This is the most common
case especially when environmental vibrations are
considered as mechanical energy source: in fact,

environmental vibrations have a wide spectrum (usually

14
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limited to few hundred hertz) and only the energy related
to a very small range of frequency (around the mechanical
resonance of the linear system) can be harvested. The most
of the energy is lost. Furthermore, the miniaturization of
devices implies the increase of the mechanical resonance
frequency so it is very difficult to obtain a good coupling
between the vibrational source and the mechanical
oscillating system. On the contrary, nonlinear systems are
more difficult to study and to implement as respect to the
linear ones, but they show very interesting characteristics
in terms of wide band frequency response, so they are very
suitable to be employed in vibration energy harvesting,
especially in the real cases when the input frequency of
vibration is random or unknown. The simplest nonlinear
mechanical systems are the bi-stable systems: they have
two stable and one unstable equilibrium point, with a
double-well potential function. Bi-stable systems have a
wide band frequency response and this characteristic make
them suitable for energy harvesting from random

vibrations. Details and references of linear and nonlinear
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Fig. 4 - Schematization of a mass spring damper system

bi-stable systems will be provided in the next two

paragraph.
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1.1.1 Linear oscillating structures
Linear oscillator is the simplest mechanical structure

employed in vibration energy harvesting. As known, it can
be easily modeled as a typical second order mass spring
damper system (Fig. 4). Referring the Fig. 4, a mass m is
connected with a spring having k elastic constant, ¢, and
c. take into account of the energy losses due to friction,
electric phenomena due to transduction, etc.

y(t) is the external vibrational input and z(?) is the
displacement of the mass due to y(?). The system can be
described using a second order equation as follows:

mz+ dz+ kz= —-my (1.1)
For a sinusoidal input like y(t) = Y sin(wt), the solution

can be expressed as follows:

z(t) = w’ =Y sin(wt — ¢) (1.2)

Yo' (o)

Where ¢ = arctan ((;"”L—Ci;u) and w, = \/% .The

2

amount of power extracted from the mechanical coupling
system, equal to the power that the system is able to

convert into electricity, can be expressed as

17
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P=c.2? (1.3)
The module of P is
Mmewn w2 (:’—n)3yz

(2er2) + (1-(2))

C
where (., = -

|P| =

z (1.4)

is the electrical damping, {r = (. +

n

Ce

4+ —™_ s the total damping that includes the

Zmwy Zmwy

(y =
mechanical, too.

When the frequency of the input signal is equal to the
natural frequency of the mechanical system, the maximum

electrical output power is produced:

. 3y2
Pl = e (1.5)
_ 2 _ miA®
IfA = w*Y,then |P| = 00, (1.6)

So, the output power is directly proportional to the mass
and inversely proportional to the frequency and the
damping. Since {, depends on the employed transduction
mechanism, it is very important to good design the
mechanical system. Furthermore, the mechanical damping

coefficient {,,, has to be minimized in order to increase the
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quality factor
Q= 1 (1.7)

20m

If ¢, increases, the quality factor Q and the gain decrease
a lot, while the band has a very low increase (Fig. 5). The
system should have a large mass.

In general, linear systems are easy to study, design and
realize; for example, cantilever beam is the simplest linear
system both for macro and micro scale prototyping. The
biggest limitation of linear systems is related to the
frequency selectivity: as discussed above, the maximum
power output is obtained when the frequency of the
external input is very close (ideally equal) to the natural
frequency of the mechanical system while the energy
related to all the other frequencies is lost. Usually, the
environmental vibration frequency cannot be predicted
and it is not easy to design and realize a priori mechanical
structures having a suitable natural frequency: this is the
biggest issue of the linear mechanical oscillators. In
literature, several solutions can be found having as main

goal to overcome this limitation.
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For example, SM Shahruz [20] has designed a big device
composed of an array of cantilever with different masses,
geometries and, in consequence, different natural
frequencies (Fig. 7 and Fig. 8). The whole of the device,
also called mechanical band pass filter, was able to work
wideband but it was characterized by very big dimension
and costs, both in macro and in micros scale.

In [21] Roundy has investigated a solution based on the
connection of N linear mass spring damper systems (Fig.
9). At least one of the mass spring damper systems
resonates and spectra overlap in this configuration.
Simulations results are shown in Fig. 9.

Tuning the resonance frequency is another way to
overcome the linear system limitations: tuning can be
active or passive [22]. Active tuning is not convenient in
terms of power, as Roundy e Zhang have shown in 2005
[23]. As regards passive tuning, in 2005 Mossi has
proposed a solution based on the variation of the axial
preload (Fig. 10) in order to obtain a resonance frequency

variation in a cantilever beam [24].
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In 2009 Tadesse proposed a solution based on a linear
cantilever beam and two transduction mechanism at the
same time (piezoelectric and electromagnetic) in order to
increase the energy harvested [25]. Piezoelectric
transduction was implemented by placing a piezoelectric
layer in the maximum deformation area of the cantilever,
while electromagnetic was obtained by using permanent
magnet and coils (Fig. 11). Summarizing, in the last years
both experiments and simulation have demonstrated that
linear systems do not provide good performance in terms
of vibration energy harvesting in the most of real
scenarios. These are the main reasons why scientific
community has focused the attention on nonlinear

systems.
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Fig. 12 - Bistable behavior.
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1.1.2. Nonlinear oscillating structures

Nonlinear systems show good performances in
environmental vibration energy harvesting, especially in
terms of frequency response. Unlike linear systems,
nonlinears have a large band frequency suitable with
environmental random vibrations having a spectrum of
few hundred hertz. In particular, scientific community has
focused the attention on nonlinear bistable mechanical
systems for energy harvesting applications. Bistable
systems have two stable and one unstable equilibrium
states and a double-well potential (Fig. 12). At rest the
system lies in one of the two stable states; when a weak
external perturbation occurs the system oscillates around
the stable state instead, when the perturbation's energy is
larger than the potential threshold, the system overcomes
it and reach the other stable equilibrium state [26]. The
simplest way to analytically model the bistability [27] [28]
is a fourth-degree polynomial as follows:

U(x) = —ax? + fx*, (1.8)
with @ > 0, > 0 (Fig. 13).

27
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Fig. 13 - Some U(x) shapes, changing «, 8 values.
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In mechanical oscillating systems bistability can be
obtained both mechanically and by introducing different
kind of forces, for example magnetic force.

Consider a cantilever beam with a permanent magnet at
the free tip and place it in front of a second fixed
permanent magnet in opposite polarization [29] [30]: the
potential of the whole of the system is double-well and a
repulsive force due to the magnets pushes the free tip
toward a stable equilibrium point (Fig. 14).

If an external force occurs, sufficient to overcome the
potential threshold, the free tip of the cantilever moves to
the other stable equilibrium point.

The distance between the two stable equilibrium point and
the potential threshold are related to the magnetic force, to
the distance between magnets and to the equivalent
stiffness of the cantilever beam.

In Fig. 15 both linear and nonlinear behaviors are shown.
In Fig. 16 spectra are shown in the two cases just
introduced, showing that the nonlinear system can be
better employed in environmental vibration energy

harvesting applications.
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1.2. Transduction mechanisms

Transduction means conversion of any kind of energy in a
different form. In engineering transduction also refers to
the conversion of signals, and a transducers is a particular
device that implements this function. According to the
input and output signals, electro-mechanical, electro-
optical, etc., a transducer can be defined. Usually, in
electric and electronic systems, the output of a transducer
is voltage or current. As regards vibration energy
harvesting, the focus is on devices with mechanical input
and electrical output. In vibration energy harvesting
applications three main classes of transducers can be
identified, according to the transduction principle:

electrostatic, electromagnetic and piezoelectric.

1.2.1. Electrostatic transduction

Electrostatic transduction mechanism is based on the
variation of a capacitor's capacitance due to the relative
displacement of the plates. For example, consider the

capacitance of a two parallel plane plates capacitor
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Fig. 17 - Examples of electrostatic transduction mechanisms in MEMS.

Fig. 18 - Example of planar coil layout in MEMS.

c=et=1 (1.9)
where ¢ is the permittivity of the dielectric, d is the
distance between the plates, Q is the charge and V is the
electric potential difference and A is the area of the single

plate. The energy stored can be expressed as

_loy=leyz=1@
E=-QV=-CV =37 (1.10)
The interaction force between the plates, when there is a

relative motion, can be expressed as energy's first
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derivatives with respect to the displacement while the
recovered energy can be expressed as work done against
the electrostatic force; energy can be expressed in two
ways: as increasing voltage, when capacitance decreases
and the charge is constant, or as a flow charge when
capacitance decreases and the voltage is constant. In
general, electrostatic transduction is widespread in MEMS
(Errore. L'origine riferimento non ¢ stata trovata.),
especially in interdigitated configurations, because of the
advantages due to the scaling. The main issues of the
electrostatic transducers are related to the needs to be
power supplied and to the small output voltages and

currents.

1.2.2. Electromagnetic transduction
The electromagnetic transducers are based on the Faraday-

Neumann-Lenz principle

v=_N (L.11)

where N is the number of the coil's turns, ® represents the
flux concatenated with the single coil, V' is the induced

33
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electromotive force. The flux can be expressed as a

function of the magnetic field B and area A; of each coil
o=YV, [ BdA (1.12)

(the integral is extended to each A4;), so the output energy
is proportional to the number of coils, to the magnetic
field B and to the relative velocity between the parts of the
system. In integrated technology and in MEMS, robust
transducers can be fabricated, based on planar coils
(Errore. L'origine riferimento non ¢ stata trovata.) and
permanent magnets that provide the constant magnetic
field; very high currents and small voltages can be easily
obtained by using this transduction strategy. However in
general, planar coils and permanent magnets could be
negative affect the performances of the integrated systems

as a whole.

1.2.3. Piezoelectric transduction

Some materials exhibit a potential difference when a

deformation occurs and vice versa deform when an
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electric filed is applied: this capacity is defined
piezoelectricity and materials are called piezoelectrics.

The piezoelectric effect is due to the displacement of
electric charges in response to the related deformation of
the material: because of the pressure, the electric charges
move to the ends of the material so a piezoelectric current
can be read by connecting two conductors with the ends
(copper wires, for example) and by closing the circuit.
Vice versa, the material expands or contracts in response
by applying a potential difference.

A lot of piezoelectric materials can be found in nature,
such as quartz and galena; in energy harvesting application
the piezoelectric ceramics (in particular the Lead
Zirconate Titanate, better known as PZT) play a very
important role.

The elementary cell of PZT crystal is shown in Fig. 20.
Lead atoms are placed at the corners of the unit cell and
the atoms of oxygen to the centers of the faces. Above the
Curie temperature, the lattice is cubic and consists of
oxygen octahedrons regularly arranged with an ion

titanium or zirconium at the center. Below the Curie
35
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Fig. 19 - Direct and inverse piezoelectric effects.

(©)

Fig. 20 - Elementary cell of PZT crystal: (a) unpolarized, (b) polarized,
(c) directions and reference system.
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Fig. 21 - d;; and d;; working principles.

temperature, the lattice structure is reordered in a mixture
of tetragonal and rhombohedral crystals and the ion
titanium or zirconium moves from the center position to
one of the permitted directions.

Because of this phase transformation with atomic
displacements of about 0.1 A, it takes place a separation of
charge that produces an electric dipole with a single axis
of symmetry. Generally, the behavior of piezoelectric
materials is strongly anisotropic. The characteristic
parameters of this kind of material are the piezoelectric
constants dj; [C / N] and the coupling factors k; (the
subscripts 7 and j can assume values /,2 or 3 and represent
the axes x, y and z of a Cartesian orthogonal reference

system integral with the crystal of material, Fig. 20).
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Piezoelectric constants are defined as ratio between the
short circuit density charge in the i direction and the
applied stress in the j direction. Piezoelectric materials can
work in bending mode and in compression mode; in both
cases the most common configurations are d3; and dj;.
Coupling factors are also defined as ratio between the
output electrical energy in i direction and the input
mechanical energy in j direction and give information
about the conversion efficiency.

An useful way to analytically model the piezoelectric
transduction is the following:

V=ky$—TV (1.13)
Where 7 and V are the piezoelectric output voltage and its
first derivate, s is the first derivate of the strain, k,,, takes
into account of both the geometrical and the intrinsic
characteristics of the piezoelectric layer and, finally, I is
elated to the time constant of the whole of the considered

system (including the load).
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Nonlinear bistable energy harvesters

In this chapter innovative solutions for vibration energy
harvesting, developed during three years of research
activity, are presented. All the systems are based on
cantilever beams that oscillate in response to external
vibrations; the nonlinear behavior has been always
induced by using permanent magnets placed on the
cantilevers' tips in repulsive configuration, in order to
obtain the double-well potential. Piezoelectric transduction
strategy has been used, when considerations in terms of

voltages and power produced have been carried out.

Important results of the research activity have been
obtained step by step in the three last years. The starting
point was the study of a simple bistable mechanical
system composed of two magnetically coupled cantilevers,
in order to evaluate characteristics in terms of dynamics
and frequency response when random vibrational input,

emulating the environmental noise, occurs. A macro-scale
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laboratory prototype have been fabricated and experiments
have been carried out; at the same time, an analytical
model has been obtained by studying the physical
phenomena involved and by introducing some
approximations. Simulations have been carried out and
compared with experimental results, confirming the
goodness of the proposed approach. The geometry of the
prototype have been designed looking to possibility of
down scaling the system in the future exploiting MEMS
technologies, so magnets have been placed in repulsive
configuration with parallel magnetization: this will be
more clear by reading forward in this chapter. The
preliminary results have encouraged to deeply study the
phenomena and to enlarge the horizon by introducing the
piezoelectric transduction mechanism, the possibility to
harvest energy from vibrations coming from different
directions, the possibility to create an array of nonlinear
bistable cantilevers, and so on. A lot of prototypal devices
have been studied, fabricated, modeled and tested, each
one having a specific application context. After the

introduction of the magnetically coupled dual cantilever, a
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system composed of an array of four bistable cantilevers
with different masses will be described as possible energy
source for autonomous sensors nodes. Then, a general
analytical model suitable to all the introduced systems will
be provided together to a comparison in terms of
performances and output power. After that, the analysis of
a two dimensional energy harvester will be reported,
useful to scavenge energy from vibrations in different
directions and, finally, a tristable system will be
introduced as a possible solution to decrease the potential
barrier in several magnetically coupled nonlinear

mechanical systems.

2.1. Magnetically coupled cantilevers with
antiphase bistable behavior for Kkinetic energy
harvesting

Several strategies have been proposed to address the issue

of recovering energy from low-frequency and large-
bandwidth vibrations [31]. Efficient solutions have been
reported based on bistable oscillators [32] [30] where
bistability is obtained by exploiting the repulsive force

produced by two facing permanent magnets (see Fig. 22a):
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Fixed magnet

Magneticallv-Coupled
Antiphase-Cantilevers

(b)

Fig. 22 - (a) Bistable mechanism, based on opposing magnets, tipically
used to increase the bandwidth response of the harvester; (b) the device
proposed based on Magnetically-Coupled Antiphase-Cantilevers.

one placed on the tip of a cantilever while the other is
placed on the device frame. Implementations of this
strategy on MEMS devices have been also presented [30]
[33]. In view of fully integrated bistable MEMS harvesters

it must be considered that the realization of very close
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magnets having opposite orientations is challenging, it is
then easier to work with a single orientation of
magnetization. The approach presented here is based on
the use of two parallel cantilevers each one carrying a
magnet on its tip, the two magnets will have identical
magnetization (see Fig. 22b). The device is excited by the
inertial force F(¢) coming from environmental vibrations
that will act together with the nonlinear elastic force due to
the magnetic interaction between the two cantilevers.
It results into a bistable behavior for each beam; moreover
both cantilevers will behave in antiphase one respect to the
other. The magnetically coupled system has been modeled
considering two mass (m)-spring (k)-damper (d) equations.
The magnetic interaction has been modeled via two
nonlinear terms:

e ky =a—px?, correlated with the displacement

of the oscillator (x;, i = 1,2);
o ky. =y —6(x; —x1)?%, that includes the relative
displacement between the cantilevers.

Furthermore a magnetic damping coefficient (d,,) has been

also considered:
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{miél = —dx; — kx; + kyx; + knlc(x2 - xl) + dm(a'cz - J.Cl) + F(t)
mit, = —dx, — kxy + kyx, — ke (xy — %) = d,, (3, — x;) + F(¢)

2.1)

The shape of the two double-well potentials is related with
the terms a, f, y, 0 estimated through measures.

The prototype (see Fig. 23a) used to validate the
mechanical principle is composed of two aluminum beams
having a length of 40mm and a width of 7.5mm. Two
permanent magnets with parallel polarities have been used
to create the two stables states as shown in on the right.
Both magnetic structures have been fixed on the cantilever
tips and the distance between the two beams has been
fixed at 4mm. Two piezoceramic elements (see Fig. 23a)
have been used as active material in order to harvest
energy from known imposed vibrations and two strain
gauges conditioned through Wheatstone bridge followed
by a low-noise amplifier have been used to monitor the
displacement of both structures.

The experimental setup consists of a board to support the
Magnetically-Coupled Antiphase-Cantilevers; a shaker has
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been used as a vibration source driven by a Gaussian white
noise generator (low-pass) filtered at 450Hz. Finally an
accelerometer has been used as a feedback element. Fig.
23b shows the measured tip displacements in presence of
an acceleration (rms) of about 5.8g, where the bistable and
antiphase behaviors are evident. In Fig. 24a, the
experimental signal has been compared with the model
assuming two identical beams having a mass (m) of 0.82g
and damping (d) of 0.0044Ns/m, both experimentally
estimated. The linear elastic constant (k = 44 N/m) has
been evaluated through the cantilever beam model.

The parameters a, f, y, 0 of the two nonlinear terms have
been estimated through a fitting procedure (Nelder-Mead
nonlinear algorithm). Fig. 24b shows the power spectrum:
a wide band appears as consequence of the bistable
dynamic.

An output power of about 3.5uW has been measured with
a resistive load of 500kQ for an acceleration (rms) of
about 5.8g. Harvested energy is 2-times higher compared
to a single beam nonlinear oscillator (Fig. 22a) and 10-

times more compared to a linear system (single cantilever
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in absence of magnetic coupling). Work is in progress
toward optimization of the MEMS design and realization,
moreover the proposed bistable antiphase behaviors is
currently investigated for further exploitation in “fully

mechanical MEMS rectifiers”

2.2. Multiple nonlinear oscillators

Several innovative strategies have been proposed in order
to harvest energy from low-frequency, large-bandwidth
and mixed signals (periodic and stochastic sources) [32].
An efficient solution has been proposed in [34] where two
parallel cantilevers each one carrying a magnet on its tip
and having identical magnetization have been used as
energy harvester. This configuration improves bistable
oscillators performed exploiting the repulsive force
produced by two facing permanent magnets also in the
perspective to carry out fully integrated bistable MEMS
harvesters. The oscillator here proposed is suitable to
scavenge energy from low level mixed signals with
multiple piezoelectric elements to increase the power
budget and in order to be tolerant to small frequency
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fluctuation of the input source. The device is composed of
multiple magnetically-coupled cantilevers having each one
a double well potential energy function with different
natural frequencies inside each stable state. This feature
plays a key role, in fact a bistable oscillator has an energy
barrier that should be exceeded in order to start the
switching between one steady state to the other recovering
the energy with a broad spectrum of response. In order to
overcome the barrier, that typically is fixed and difficult to
be tuned, a possible solution is to use vibrations mixed
with periodic signals [35] [36] [32] as often provided in
nature. In [32] authors demonstrate that it is possible to
find an optimal mix of noise variance and amplitude of
sinusoid in order to increase the performance of the
harvester. Moreover also the frequency of the periodic
signal can improve the efficiency especially when its value
matches the system's natural frequency inside a single well
than it does at other frequencies, thus a bigger
displacement will be induced. The choice of different
resonant frequencies here pursued implies that even in

presence of frequency variations of the sinusoidal
49



Chapter 2

component or its fluctuations the system will start to
switch also in presence of small vibration level granting an
improvement in overall conversion effectiveness. The
system is composed of four beams, coupled through four
permanent magnets in order to create the nonlinearity and
four masses in order to induce four different natural
frequencies inside each stable state. The analytical model
can be described through the following second order
equations [34]:

m%; +dx; + kxg — kpyx + ke (o — %21 — x40) Fd (6 — %21 —
Xit1+dpztVi=F(t) (2.2)

It represents a dynamical model of a nonlinear beam ()
having a mass m;, spring k and damping d. The dotted
terms represent the first derivative of the variables. The
terms d, and d,. are the magnetic damping and the
piezoelectric damping respectively. V; is the piezoelectric
output voltage, while the noisily source and the sinusoidal
bias are represented by F(z). The two terms k,; and k.
represent the nonlinear coupling correlated with the
displacement (x;) and with the relative displacement of

each neighbor cantilever (x;.; and x;; ;) respectively.
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Both terms can be explained in the form:

o k=24 -4Bx;

o kue=C - D(xi-Xi1 - Xis1)’
where the terms A4, B, C and D account for the double well
potential shapes. The piezoelectric elements can be

described through the following equation:

. =~ ]_

Vi = kpu %, =2V, 23)
Where V;is the first derivative of the i piezoelectric

output, while Z- is the first derivative of the displacement
of the piezoelectric element. T is the time constant given
by the product of the electric load Rj,; and the
piezoelectric capacitance C,.;, while K., is correlated with
the intrinsic properties of the piezoelectric film. The task
to be accomplished within experiments is the analysis of
the output voltage concerning each cantilever (assumed 4
coupled beams, i=1...4). Fig. 25 shows a schematization of
the prototype. The system is composed of four aluminum
beams (40mm x 9mm) each one having a mass of about
0.82g and damping of 0.0044kg/s. Both parameters have

been estimated through experiments while an elastic
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Fig. 25 - Schematization of the oscillators with four added masses.

constant (k) of 44kg/s” has been evaluated using the model
of a clamped cantilever [37]. The damping effect of
piezoelectric elements (d,.= 1e-007N/V, the magnetic
damping (d,= 1e-010kg/s) and the coefficients of the
nonlinearity (A= 10N/m, B= 1056750N/m’, C= -
11.3513N/m, D= -3.9045¢-004N/m”) have been evaluated
by using a fitting procedure (Nelder—Mead nonlinear
algorithm [34]) between the model and the experimental
data. Four elements of Lead Zirconate Titanate PbTiOs,
having a piezoelectric coefficient K., of 1.13 109V/m
have been fixed at the anchor of the cantilevers. The

beams are magnetically coupled through four NdFeB
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permanent magnets each fixed on the cantilever tip in

repulsive force condition in order to create the two stables

states. A natural frequency inside a single well of about

37Hz has been evaluated through the model [37]. In order

to validate the principle several masses have been glued at

the tip of each beam (m;~0.82g, m,~0.88g, ms~1.3g and

mu~2.5g respectively). Fig. 26 shows the experimental

setup that is composed of:

a shaker (TIRA TV 50009) to impose mechanical
vibrations

a band-limited white noise generator to emulate the
ambient vibrations (assumed limited at 450Hz)

a sinusoidal generator to emulate the deterministic
component

a conditioning circuit able to sum both signals

four piezoelectric elements (Lead Zirconate
Titanate PbTi0;) have been used in order to extract
energy from external vibrations

A single-axial accelerometer has been used as a

feedback element.
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A resistance of 330kQ has been connected as resistive
load (Rjq), While an intrinsic piezoelectric capacitance

(Cpz) of about 1.2nF has been measured across each
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piezoelectric. During measures a maximum voltage of
about 2V has been detected. Fig. 27a shows the simulation
results in absence of additive masses (m;= mp= mz=
m,=0.82g). The system has been excited through 7.5m/s’
(rms) of random accelerations summed with a sinusoidal
bias having frequencies less than 35Hz. This vibration
level is not enough to start the switching and the excitation
frequency of the sinusoid is far from the natural frequency
of the linear region, consequently the system does not
switch, so the beam will oscillate into a single well.
Moreover in presence of additive masses (m;=0.82g,
m,=0.88g, m3=1.3g, ms=2.5g) different values of natural
frequencies are guarantee inside each single well. Exciting
the system through 7.5m/s*(rms) random accelerations
summed with a sinusoidal bias in the range from 20Hz to
35Hz the system will start to switch between the two
stable regions (see Fig. 27b) as consequence a wider

spectrum is attended so more energy can be recovered.
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Fig. 27 - Simulation results: (a) tip displacement of the four beams in
absence of additive masses and (b) in presence of additive masses. A
distance of 4mm appears between the two stable states.
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Fig. 28 shows the experimental results. In particular Fig.
28a shows the FFT of the voltage output (V3) in absence
of additive masses. The shaker has been driven by the two
signals, combined through the conditioning circuit. An
amplitude of about 7.5m/s* has been imposed while the
periodic signal (sinusoid) has been fixed at about 37Hz.
The spectrum evinces that the system oscillates inside a
single well, in accordance with the theory. Fig. 28b shows
the effect of the mass increment. The natural frequency of
each system (linear region) will be different (f;~37Hz,
f,~35Hz, f3~29Hz and f4;~21Hz respectively) so in the
mentioned range the system will oscillate and the
movement of one beam will be propagated to the neighbor
showing a wide band response. This characteristic is
useful to recovery the vibration energy located at low
frequency such kinetic sources available in the ambient or
in the human body. The presented approach allows
scavenging of energy from kinetic sources having: low
level mixed signals, wide band response, multiple
piezoelectric elements in order to extract more energy and

tolerant to variation of the sinusoidal component.
57



Chapter 2

—beam #3, sinusoid at 21Hz|
beam #23, sinusoid at 29Hz
0 —beam #3, sinusoid at 35Hz

)
L=

-4[]Pr ;nln FHJ

Normalized amplitude [dB]

o
=5
[ 4]
L=
2
=4
E
[:+]
L =]
N
g _go —beam #3, sinusoid at 21Hz
S —beam #3, sinusoid at 35Hz
L beam #3, sinusoid at 21Hz (simulation)

100" . .

10 107
Frequency [Hz]
(b)

Fig. 28 - FFT of the output voltage (V7). (a) without masses: in presence of
vibrations and sinusoid (in the range 20-35Hz) having amplitude of about
7.5m/s’. The natural frequency inside each well corresponds to
f1~2~f3~f4~37Hz, a linear response appears. (b) With additive masses: in
presence of vibrations and sinusoid (in the range 20-35Hz) having
amplitude of about 7.5m/s’.
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The experimental results show the suitability of the system
to recovery energy from external vibrations. A maximum
power of about 50uW has been evaluated through
measures. An improvement in terms of bandwidth (wide),
resolution (about 7m/s2), and power harvested (4-times
more) compared with linear and nonlinear systems has
been observed. Furthermore it is suitable to be integrated
thanks to the parallel magnetization of the magnets. In this
context, the work is in progress through the device

fabrication based on MEMS technology.
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2.3. Performance characterization of different
nonlinear transduction mechanisms for

piezoelectric energy harvesting
The three nonlinear oscillators here proposed and

characterized are composed of multiple magnetically-
coupled cantilevers having each one a double well
potential energy function with different natural
frequencies inside each single well. The nonlinear-
transduction mechanisms have been assumed as coupled
mass-spring-damper systems with a nonlinear response of
the elastic term. Furthermore the proposed devices present
several intriguing advantages such as: scavenging from
low level signals (random and periodic), wide band
response, multiple piezoelectric elements and simple
fabrication on MEMS devices. The nonlinear transducers
here proposed are: 1) nonlinear single beam, 2)
magnetically coupled double beam, 3) four magnetically
coupled beams. These devices have been previously
studied [30], [37], [38], and here characterization and
device performance will be exploited showing the

suitability of the proposed mechanisms to sustain or to
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supply autonomous nodes, wireless sensor networks, etc.

In this section, considerable effort will be concentrated
towards investigation of dynamic model. It is based on
analytical description of the device in two physical
domains: mechanical and electrical, including the
electromagnetic coupling related to permanent magnets
located at the tip of each single-oscillator. The electro-
mechanical architecture here presented is based on N-
magnetically coupled beams (a reference is shown in Fig.
29) modeled as coupled second order nonlinear equations.
This analytical approach has been previously addressed
through oscillators in macro and micro-scale [30], [37],
and here a brief overview of the model will be addressed
including a more general modeling oriented for N
magnetically-coupled oscillators. Each device has been
considered as a cantilever beam having each one a NdFeB
magnet at the tip. The magnetic interaction between the N
beams provides repulsive forces obtaining the double well
(bistable and nonlinear) behaviors in the oscillators.

Mathematically, a system of N magnetically-coupled
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Magnetic |
coupling

Fig. 29 - Schematization of N nonlinear oscillators.
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oscillators can be modeled using second order nonlinear

differential equations that can be written as follows [38]:

mE; + dx; + kxg — ke xg + Kyye O — X1 — X))+ (6 — X1 —

Xi+1+apztVi=F(¢) (2.4)

m;, d; and k; are the mass, the damping coefficient and the
spring constant of the i beam, respectively. The terms
x; and X; are the first and the second derivate of the
displacement x;, while d,,, and d,,; take into account the
magnetic damping effect and the piezoelectric damping
due to voltage V; (see Eq.2). k=24 - 4Bx,-2 and k,,;,.=C -
D@ - xig - x,-+1)2 are used to represent the nonlinear
coupling between the i" beam and its neighbors with
displacement x; ; and x;;; these terms are also related with
the double well potential shape through the constants 4, B,
C and D. F(t) is the external force that represents the

vibrations that can be found in the environment.

Concerning the electrical modeling (PZT output), the

following equation can be considered [38]:

. - 1
Vi = kpztxi - ;Vi (25)
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Fig. 30 - Prototypes of nonlinear transducers a) N=1,b) N=2,¢c) N=4.
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where V; is the first derivate of the piezoelectric output
voltage V; of the i beam, Z- is the first derivate of the
displacement of the piezoelectric element, T is its time
constant and k,, takes into account its intrinsic
properties. The following three cases will be analyzed and

will be considered in the characterization section:
1) Nonlinear single beam (see Fig. 30a):

The system is composed of a cantilever beam (N = 1, the
two magnets present un-parallel polarization and one
magnet is fixed), so i = 1, x;_1 = xg =0 and x;;1 =
x, = 0. The equation (2.4) of the analytical model will

assume the following form:

mljél + dxl + kx1 - knlx1+dm5cl + det V1 = F(t)
2.6)

2) Magnetically coupled double beam (see Fig. 30b):

The oscillator includes two cantilever beams (N = 2, the

magnets have parallel polarization).
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Fori= 1, Xi—1 = X9 = 0 and Xiy1 = Xo F 0
Fori=2, Xi—1= X1 F 0 and Xiy1 = X3 = 0
Two equations derive from (2.4):

myx; + dx; + kg — kyx; + knlc(xl - x2)+dm(5cl - ’.Cz) +d,.V=F(®)
myX, + dxy + katy — kyxy + by (ey — x0)+d,, (3, — x1) + AV, = F(1)

(2.7)
3) Four magnetically coupled beams (see Fig. 30c):

four cantilever beams have been coupled (N = 4, the

magnets present parallel polarization).

Fori=1,x,_1 = xo=0 and x;;,1 = x, # 0
Fori=2,x,_1=x1#0 and x;,1 = x3=0
Fori=3,x,_1 = x, #0 and x;;1 = x4 # 0
Fori=4,x,_1 = x3#0 andx;;,1 = x5 =0

Four equations derive from (2.4):
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myXy +dx; + kxy — kyxq + kpe (61 — x2)+d,, (%1 —
X2+dpztVi=Ft
myi, + dxy + kxy — kyyxy + ke (xp — x1 —
X3+dmax2—x1—-x3+dpztV2=F(t)
mais + dxs + kxz — kyxs + kye (x3 — xp —
X4+dmax3—x2—x4+dpztV3=Ft
My, + dXy + kxy — kyyxg + ke (x4 — x3)+dp, (X4 —
X4) + dpy Vo = F(2)

(2.8)
Experiments have been carried out and the oscillations
have been induced through an inertial force F'(z) applied
by using a shaker. The system is composed of brass beams
(40 mm x 9 mm) each one having a mass of about 8.2e-
4kg. Each beam presents and poled monolithic
piezoelectric material (Lead Zirconate Titanate PbTiOs3)
located at the anchor that will be subjected to a
longitudinal mechanical stress (3-1 mode) when
oscillations occur. The experimental setup is composed of:
a shaker (TIRA TV 5009) to impose mechanical

vibrations, a signal generator in order to impose the energy
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sources, a feedback accelerometer to monitor the
impressed vibrations.

The task to be accomplished within experiments is the
analysis of the output voltage concerning each cantilever
assuming three case studies (N = 1, N = 2, N = 4
respectively).  The  characterizations have  been
accomplished by using a resistive load across each PZT
element of 330kQ that represents the optimal load
evaluated through experiments.

The experimental analysis of the device is represented by
the calibration diagram reproducing the behavior of the
PZT output voltage as a function of the vibration
amplitude (Root Mean Square, RMS). Vibrations have
been imposed through the shaker, considering acceleration
between 0.88g and 4.5¢. In order to emulate
environmental source [30], Gaussian white noise limited at
about 450 Hz has been used to excite each bistable beam.
Fig. 31 shows the evolution of the output signal as
function of the external vibrations. The slope variation that
occurs at ~2.3g (case study N=1), ~1.8g (case study N=2)

and at ~1.5g (case study N=4), represents the threshold
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Fig. 32 - Output spectrum (N = 1) in linear condition (1.9¢) and bistable

condition (3g). The spectrum is normalized to its maximum value of
amplitude.

(energy barrier) required to switch between one steady
state to the other. Several strategies have been pursued to
decrease the amplitude of the barrier in order to recovery
energy from low-level ambient vibrations [34]. In this
context the obtained results demonstrate that the
architecture based on 4 coupled nonlinear transducers
presents a decrement of the energy barrier amplitude with
the advantage to collect energy from lower amplitudes of

vibrations (starting from 1.5g) as respect the other two
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architectures. This effect is related with the nonlinear term
kue presented in Eq.l and its correlation with the
displacement of the neighbor beams; increasing the
number of the beams a more “flexible” structure is
attended. This improvement is counterbalanced by a
decrement of the PZT output voltage of each beam as
consequence of the magnetic damping dm (see Eq.l)
increment. The maximum power (RMS) obtained
(considering a single beam response in presence of
vibrations of about 2.5g) corresponds to ~5.5uW (case
study N =1 and N = 2), and ~4uW (case study N=4). The
efficiency of a single beam corresponds to about 18.5%
evaluated as output/input power. In terms of spectral
analysis the threshold level is necessary to initiate bistable
oscillations and to enlarge bandwidth as shown in Fig. 32
in the case study N = 1. With a lower level of vibration
noise (< 2.3 g), the system oscillates inside a single well
(linear response), losing the benefits of the nonlinearity
(wide band of response).

Modeling of N different transducers has been performed

and three systems have been studied and compared in
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terms of calibration diagram, power budget, efficiency,
spectral content. In particular the systems present a wider
bandwidth of response in condition of bistable oscillation,
that represents a suitable prerogative in order to recovery
energy from ambient vibrations (that typically present a
wide spectrum from few Hertz to hundred of Hertz). The
coupled structure using N = 4 has the advantage to
recovery energy about four times more as respect the
single beam device (N = 1), but it presents performance
degradation in terms of occupied area. Furthermore, in the
perspective to integrate the device the parallel
magnetization of the four coupled beams (N = 4) and
double beam (N = 2) would be greatly preferable and
simple to implement in micro and nano scale, as respect a
single beam based on un-parallel magnetization. The work
i1s in progress with a more exhaustive analysis of the
devices based on more performant active materials and the

downscaling process based on a PiezoMumps technology.
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2.4. Two Dimensional Bistable Vibration Energy
Harvester
Usually the vibrations energy harvesting are intrinsically

focused on a single incoming direction (1D) of vibrations.
It is worth noting that in order to generate maximum
power from energy harvester, a good matching between
sources and the harvesters in terms of vibration directions
is also required. For this reasons, several approaches have
been proposed where interesting solutions are investigated
to approach the issue of multidimensional energy
harvesters. In [39] authors present a two-dimensional
linear oscillator having the two resonance frequencies at
370.5 Hz and 373.9 Hz. Both frequencies can be tuned of
few Hz of deviation through fabrication techniques. In
[40] a SOI-based integrated device has been presented. A
capacitive transduction mechanism has been used in order
to convert ultrasonic mechanical energy into electrical
power. A linear response has been detected with resonance
frequencies of 38,520 Hz and 38,725 Hz, harvested power

of about 0.InW and maximum peak-to-peak output

voltage of 10mV.
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Fig. 33 - (a) Schematic principle of the two dimensional wide-band energy
harvester and (b) physical model of the system assumed as two second
order nonlinear equations.
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In [41] authors propose a more efficient device having a
piezoelectric (a bimorph lead zirconate titanate) output
and a macro-scale proto-type. It is capable to generate the
electricity from two-dimensional 60 Hz external sources
generating a power of about 7.5 mW. Moreover also in bi-
dimensional energy harvesters, if the environmental
vibration frequency deviates from the harvester resonance,
very little power can be extracted. In this work, the rich
nonlinear behavior of two bistable beams with bonded
piezoelectric patches for broadband

beams with bonded piezoelectric patches for broadband
nonlinear energy harvesting is exploited. The bi-axial
vibration energy harvester here proposed is composed of
two magnetically coupled bistable beams, with
piezoelectric output, capable to recovery energy even
when the direction of ambient vibration is not aligned with
the beam axes. The schematic principle is shown in Fig.
33a. Two cantilevers are used: one that deflects along the
z direction, the other moving along y direction. Two
neodymium permanent magnets have been placed on the

two cantilever tips with opposite magnetization in order to
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provide for repulsive force. As stated above, this device
(thanks to the combined action of the two orthogonal
cantilevers) allows for collecting energy from incoming
vibrations whichever is their incoming direction on the y—z
plane. Each cantilever will sense the component of the
vibration along its sensing direction, therefore for generic
vibrations on the y—z plane each one of the two cantilevers
will respond to the projection of the kinetic energy along
its own axis respectively. All the incoming energy is
therefore collected. The presence of permanent magnets
on the cantilever tip has been largely exploited in order to
obtain bistable behaviors [30] [42] [43] and therefore to
improve the device performances thanks to the
enlargement of the power spectral density at lower
frequencies. The presence of the two opposing magnets
allows for obtaining a greater efficiency also for the issue
of bidirectional energy harvesting; in fact the vibrations
induced in one of the two beams are transmitted to the
other cantilever through the magnetic coupling due to the
couple of opposite magnets that are also responsible of the

bistable behavior. Therefore each beam behaves in a
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bistable way whichever is the direction of the incoming
vibration thus resulting into a very efficient bi-directional
energy scavenging. Fig. 33b shows the physical model that
can be described through two magnetically coupled
second order equations [37]. Each cantilever has been
modeled by considering a mass m, spring k& and damper d;
a term that describes the magnetic coupling has been
added to each equation. Referring to Fig. 33b, the
variables y and z represent the tip displacement along both
axes (y and z respectively). While y,z and y,Z represent
respectively the beam velocity and the beam acceleration
along y and z-axis. The two terms k,; and k. represent the
nonlinear coupling correlated with each displacement (y
and z) and with relative displacement of each cantilever
respectively. The terms d,, and d,.; represent the magnetic
damping and the piezoelectric damping effect
respectively, while the noisy source (having a physical
dimension of Newton) along y and z-axis is represented by

ny and n, respectively:
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my+dy+ky—knly_knlc(z_y)_dm(Z._Y)+dpthy =ny
mi+dit+kz—kyz+hky zZ-y)+d,Z-y)+d,,V,=n

| Vy:kpzt?_m/y
k szkpztf_nvz

(2.9)
The terms k,; and k., that represent the nonlinear force
due to the presence of magnets, can be explained in the
form:
o k, =2a—4(6%  correlated  with  the
displacement of the beam oscillation along y-axis
(6 = y)or z-axis (§ = z).
o ky.=v—-06(z—y)? including the relative
displacement between the cantilever beams.
where the terms «, 5,y and § account for the double well
potential shapes. The last two equations account for the
piezoelectric transduction: the terms V), and V, represent
the piezoelectric output voltage for each active material

(hypothesized lead zirconate titanate), I/;, and V, are the

first derivates of the voltages, while Z and y are the first
derivate of the displacement (along both axes) of the

piezoelectric elements evaluated by applying the
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Tab. 1 - Coefficients details.

Name Value Units of Information
measurement
m 0.00082 kg Proof mass
k 44 N/m Linear elastic constant
d 0.0044 Ns/m Damping coefficient
a 22.96 N/m Nonlinear elastic
constant
'8 1542700 N/m3 Nonlinear elastic
constant
Y -16.6277 N/m Nonlinear coupling
o) -5.9681 -]0_4 N/m3 Nonlinear coupling
d,, 1] 0-10 kg/S Magnetic damping
dpzt 1-1 0_9 NV Piezoelectric damping
kpzt 1.129-1 09 V/m Piezoelectric constant
0 113.23 S-] Inverse of the time

constant

Castigliano's theorem. (2 is the inverse of the time constant
given by the product of the electric load R; and the
piezoelectric capacitance C,,., while K, . is correlated
with the intrinsic properties of the piezoelectric film. The
prototype is composed of two aluminum beams having a
length of 40 mm and a width of 9 mm. Two cylindrical
permanent magnets (NdFeB, having a diameter of 7
mm and height of 4 mm) with opposite polarities have

summarizes the coefficient and the unit of measurement.
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The prototype is composed of two aluminum beams
having a length of 40 mm and a width of 9 mm. Two
cylindrical permanent magnets (NdFeB, having a diameter

of 7 mm and height of 4 mm) with opposite polarities have
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Fig. 34 - Experimental setup.

80



Nonlinear bistable energy harvesters

Fig. 35 - Prototype.

been used to induce two stable positions. Both magnets
have been placed on the cantilever tips, one over each
cantilever, separated by a 4 mm gap and with identical
magnetic orientation. The magnetic induction generated
by a single magnet corresponds to about 7mT. The
experimental setup (see Fig. 34 - Experimental setup.)
includes a shaker (TIRA TV 50009) to impose mechanical
vibrations, a band limited white noise generator to emulate
the ambient vibrations (assumed limited at 450 Hz), a laser
distance sensor to monitor the mechanical displacement.
Piezoelectric elements (lead zirconate titanate PbTiO3)

have been placed on each cantilever in order to extract
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energy from external vibrations. Furthermore a three-axial
accelerometer has been used as a feedback element. Fig.
35 shows the proposed device that is composed of two
cantilever beams: one deflects along the z direction and
the other one oscillates along y direction. The cantilevers
are magnetically coupled by two permanent magnets with
opposite magnetization placed on their tip to provide
repulsive force thus inducing the desired bistable behavior.
Fig. 35a and b show the first stable state and the second
stable state of the structure respectively.

Each cantilever will sense the component of the vibration
along its sensing direction, the magnetic force will induce
displacement into the other cantilever; the resulting system
will therefore allow for collecting energy from incoming
vibrations in any two directions on the y—z plane.

The system has been simulated by considering a mass
(m) of a single beam (assumed located at the tip)
having a value of 0.00082 kg and the damping coefficient
(d) corresponding to 0.0044 Ns/m. Both characteristics
have been experimentally estimated, while the elastic

constant (kK =44 N/m) has been evaluated using the single-
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beam model [44]. The coefficients a, S, y, J, d, and d,
have been evaluated by using a fitting procedure (Nelder—
Mead nonlinear algorithm [45]) between the model and
the experimental data. The optimization process consists
of minimizing a functional that represents the root mean
square of residuals between the observed beam

displacement and the predicted one [46]. Eq. (2.10) shows

the model.
(0-000825 + 0.0044y + 44y — kY — ke (z = y) —107%(z - y) +
+107%, =n,
0.00082% + 0.00442 + 44z — kyz + ky (z—y) + 1070z — ) +
+107°V, = n,
V, =1.129- 109y— 113.23V,
{ V, = 1.129-10°Z — 113.23V,,

(2.10)
The terms k,; and k., can be explained in the form:
o Kk, =2-2496 — 41542700682, correlated with
the displacement of the beam oscillation along y-
axis (6 = y) or z-axis (6 = z).
o ky. =—16.6277 —5.9681e *(z — y)?.
Simulations have been performed by using Matlab
Simulink and Dormand-Prince solver [47]. Several

rotation angles of the structure (¥) and several analyses in
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terms of tip displacement, output voltages, and power
budget have been conducted. A stochastic source having
amplitude (standard deviation, std) starting from 60 m/s2
has been imposed. This range of vibration represents an
emulation of the common vibration level that the ambient
offers (e.g. wind induced vibrations [48]). Fig. 36a shows
simulation results assuming a rotation angle ¥ = 45". The

figure evinces the beam displacement and the PZT output
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Fig. 36 - (a) Beam displacement and PZT output assuming ¥ = 45¢in
presence of Gaussian white noise (having a bandwidth of 0—450 Hz) and
(b) displacement spectrum (linear vs. nonlinear condition). The peak
around 40 Hz represents the inner-well resonant frequency.
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Fig. 37 - (a) Output voltage evolution of each piezoelectric transducer and
(b) FFT of both signals.
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Fig. 38 - (a) Power output of both PZTs assuming a resistive load (Rp) of
330 kQ and (b) power output of the cantilever beam sensible to the y and
z-axis assuming an accelerationof 95 m/s’.
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that evolves between its two stable regions as consequence
of a noisily acceleration source (Gaussian white noise)
having an amplitude (std) of 95 m/s2. Fig. 36b shows the
FFT of the displacement compared with a linear case
(assuming absence of magnetic coupling). Fig. 37 shows
the output voltage of both piezoelectric elements and the
FFT assuming a rotation angle ¥ =0".

Both figures show the improvement of the nonlinearity in
terms of displacement, and in terms of spectral response
that appear enlarged as respect a “classical” linear case
[49]. A maximum voltage of about 5 V has been detected
assuming a purely resistive load (R;) of 330kQ that
represents the optimal resistive load for the piezo
considered in this experiment. In order to validate the
capability of the system to recovery energy even when the
direction of ambient vibration is not aligned with the beam
axes, several analyses in terms of rotation angle have been
conducted. Fig. 38a shows the power harvested for three
values of rotation angle as function of external
accelerations. The graph shows an increment of power for

both piezoelectric elements also in presence of several
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Fig. 39 - Experimental results vs. simulations: (a) beam displacement
assuming ¥ = 45¢°in presence of Gaussian white noise having a bandwidth
of 450 Hz and amplitude (std) of about 95 m/s> and (b) displacement
spectrum.
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rotations of the structure. In other words the vibration
impressed along the z-axis of the beam induces the
movement to the y-axis of the other cantilever and vice
versa, obtaining two bistable systems able to recovery
energy coming from different directions. As represented in
Fig. 38b, the total power output in linear condition, i.e. in
absence of magnetic coupling, presents a constant
evolution as function of ¥ in the range of 0-90°; while
poor performances are obtained in the proximity of 0" and
90" for each single beam respectively. It is worth noting
that the nonlinear system evinces its suitability showing an
improvement not only in terms of wider bandwidth as
respect the linear case [30] (see Fig. 36b) but also in terms
of power extracted (see Fig. 38b).

Fig. 39 shows the experimental results obtained in the case
of vibration level of about 95 m/s*>. The acceleration is
imposed along the z direction, it can be observed as the
two cantilevers are both vibrating, due to the magnetic
coupling.

The results are in accordance with the mathematical model

of the system and its simulations thus demonstrating the
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Fig. 40 - (a) Measured output voltage of each piezoelectric element, and
FFT of both signals (b). (c) Measured power output of the cantilever #2 in
presence of a resistive load(Ry) of 330 kQ. (d) Comparison between

experiments and simulations in presence of an acceleration of about 95
m/s*and ¥=0-.
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suitability of the proposed novel approach, furthermore a
minimum acceleration amplitude (necessary to induce the
switching mechanism) of about 60 m/s* has been
experimentally detected. However it should be noticed
how this acceleration value is strictly related to the actual
implementation of the experimental prototype presented
here; a different optimal realization can certainly address
lower minimum acceleration values. In particular Fig. 40a
and b shows the piezoelectric element output for both
vibrating systems, detecting a variation of about 4.5V with
a resistive load (R;) of 330 kQ and capacitance C,.; of
about 1.2nF. The vibrations induced through the shaker in
the z-axis beam are transmitted to the y-axis beam (or vice
versa) obtaining two bi-stable behaviors. As a
consequence a wide spectrum appears thus resulting into a
very efficient energy scavenging. Fig. 40c shows the
measured power harvested for three values of rotation
angle (0, 45" and 90" respectively) as function of external
accelerations.

The graph shows an increment of power for both

piezoelectric elements also in presence of several rotation
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of the structure. Furthermore Fig. 40d shows a comparison
between experiment and simulation showing good
agreement  with  the theoretical considerations.
Summarizing, the experimental results show the suitability
of the system to recovery energy from vibration coming
from different directions. A maximum power of about
5.6uW (rms) has been detected for each beam with
optimal load of about 330kQ for incoming accelerations
however oriented in the y—z plane, even in the case of very
disadvantageous orientations. An improvement in terms
of overall power harvested by the coupled bi-directional
bistable elements compared with the linear system has
been therefore observed. The analytical model of the
system has been proposed whose parameters have been
experimentally identified taking into account the prototype
developed. The approach proposed here allows exploiting
the benefit of bistable energy harvesters in 2D: each of the
two beams will behave bistable and therefore will produce
electrical energy from low frequency vibrations;
whichever will be the direction of the incoming vibrations

both cantilevers will vibrate with the same behaviors due
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to the magnetic coupling. As it has been shown, this result
into an improvement of the overall power harvested with
respect to a bi-dimensional linear harvester.

Work is in progress toward the validation of this principle
applied to a couple of micromachined cantilever beams,
based on Silicon On Insulator (SOI) technology, both
magnetically coupled through micro magnets realized by

using neodymium alloy magnetic powder.
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2.5. Tristable systems: a possible solution to
increase the resolution of magnetically coupled
nonlinear energy harvesters

Bistable piezoelectric devices are very good solutions to

harvest energy from environmental vibrations, as
described in previous paragraphs. This family of
electromechanical systems is able to provide a large band
frequency response and it can be suitable to be fabricated
in MEMS technologies, under several conditions.
However, it should be noted that this family of system
presents an energy barrier that must be exceeded in order
to start the switching between the two stable states
obtaining the attended spectral response. Unfortunately the
barrier is very often difficult to decrease, to overcome or
to tune. A recent solution has been proposed in [34] where
the external vibrations have been mixed with a time-
periodic excitation to decrease the threshold level
necessary to switch between stable states. Unfortunately
often both the sources are not available together. The
solution here described improves previous works focusing

the attention on a tri-stable nonlinear oscillator composed
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Fig. 41 - Experimental prototype: (a) magneticallycoupled cantilevers
having piezoceramic elements used as active materials. (b) Zoom of the
device in a stable condition.
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of three magnetically coupled PZT-beams. The proposed

structure presents several intriguing features such as:

e compact (three beams)

e suitable to be integrated (parallel magnetization
facilitates the microfabrication process)

¢ higher resolution

e wider spectral response

In Fig. 41 a tri-stable oscillator is shown; it is composed of
three magnetically coupled beams having each one a
permanent magnet placed at the tip in order to realize the
desired tri-stable potential energy function.

The magnetic dipoles are all equally aligned along the axis
orthogonal to the support with identical magnetization.
Piezoceramic transduction is considered. Each beam has
been modeled as second-order system having a potential
energy function U(x) as presented in equation 1.

U(x) = ax? + Bx* + yx® (2.11)
where x denotes the beam displacement and the terms o, f,

y relate the shape of the potential function. Fig. 42 shows a
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Fig. 43 - Experimental setup.
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Tab. 2 - Cantilevers' parameters.

Name Value Units of
measurement
m 0.0005 kg
l 0.04 m
w 0.0075 m
t 200-10° m

comparison of a linear, bistable (both realized removing
one and two beams respectively from the structure
presented in Fig. 41) and tristable device respectively. A
decrement in terms of barrier amplitude has been detected
as respect a classical bistable behavior, as consequence a
resolution improvement is expected. The prototype is
composed of three aluminum beams having a length of
40mm and a width of 7.5mm and placed at 120°. A
permanent magnet has been placed on the free tip of each
cantilever with a suitable polarization in order to couple
the beams. Each single cantilever has an inertial mass m,
length /, width w and thickness ¢, as summarized in Tab. 2.
A piezoelectric transducer (Lead Zirconate Titanate) has
been fixed at the anchor of the cantilevers, in order to

maximize the output voltage.
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Fig. 44 - Piezoelectric output power as function of resistive loads.
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Fig. 45 - Experimental results.
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The setup (see Fig. 43) is composed of:
e a shaker TIRA VIB S503 with an amplifier TIRA
BAAG60
e a signal generator Hp 33120A, used to emulate the
external vibrations
e an accelerometer MMA7260QT used as feedback
element.
A preliminary campaign of measurement has been carried
out in order to establish the optimum resistive suitable to
achieve the maximum electric power transfer in linear, in
bistable and tristable case respectively. To achieve this
goal, 18 values of resistive load have been investigated
and the corresponding electric power has been calculated,
using a random noisy acceleration of about 3.8g Root-
Mean-Square (RMS). Experiments demonstrate that the
maximum power transfer occurs using a resistive load of
about 330 kQ see Fig. 44). Fig. 45 shows the piezoceramic
output voltage in presence of an acceleration of ~1.5g
(RMS). In this condition the tri-stable system oscillates
between its stable regions and higher voltage amplitude

appears as respect the bistable and linear cases.
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Fig. 46 - Spectral response.
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Fig. 46 shows the spectral responses. In presence of
vibration level of ~1.5g only the tri-stable system start the
oscillation. While the bistable switches from ~2.7g of
vibration level. An improvement in terms of resolution has
been detected in presence of tri-stable behaviors and it has
been estimated to ~0.8g.

The system (composed of three coupled PZT disposed at
120°) improves previous works presenting several
interesting features such as: 1) compact device, 2) high
performances in terms of resolution, 3) suitable to be
realized in MEMS technology, 4) wide band of response.
The validation of this principle with integrated prototypes

will be conducted in the future.
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"Vibration-driven" rectifiers based

on mechanical switches.

Energy harvesting has become a very important research
and development subject in recent years, with particular
emphasis on its impact on the development and
deployment of wireless and self-powered systems [50];
this emphasis has lead to the investigation of different
kinds of energy sources (solar, thermal, biochemical, etc.)
together with strategies to scavenge energy from these
renewable sources [12]. Among the numerous potential
energy sources, vibrations are widespread and, generally,
rich of energy; hence there have been numerous
engineering efforts to exploit them for electric power
generation [51]. The simplest vibration energy harvesting
solutions are based on inertial mass-spring-damper
systems (i.e. cantilever beams with suspended proof
masses) coupled to different transduction technologies e.g.

piezoelectric [18], electromagnetic [17] or electrostatic
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[16]; among these choices, the piezoelectric transduction
approach has been found, to date, to exhibit better
performance than the others [12].

The most restrictive limitation of linear mass-spring-
damper solutions is the necessity of tuning the mechanical
resonance frequency to the frequency of the incoming
vibrational signal in order to produce optimal
performance. However, environmental vibrations have a
wide frequency spectrum [52] usually with a strong
random component. This severely reduces the efficiency
of the linear transduction mechanism. These shortcomings
have been addressed by developing nonlinear energy
harvesters. In [53] an analysis on the role of nonlinearity
and the importance of vibrational sources description has
been carried out. In particular, solutions based on bistable,
non-resonant, oscillating systems have been proposed [29]
[54] [32] [30] that use magnetic repulsive forces to induce
bistable behavior in vibrating cantilevers.

Of course, in any reasonable energy harvester, the
electrical energy harvested needs to be stored. One of the

more common storage technologies is underpinned by a
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diode bridge rectifier; this technique works efficiently
only when the AC voltage produced by the piezo electric
transducers exceeds the diode threshold.

However, micro and nano power harvesters are frequently
required to provide energy to autonomous devices
developed in MEMS and NEMS technologies without
losing the scaling advantages. Reducing the harvester size
inevitably corresponds to a reduction in the output voltage
amplitude to a value below the diode threshold. Moreover,
the incoming signal used for energy scavenging is often
weak and distributed over a wide frequency spectrum at
low frequencies; the resulting output voltage is usually
below the minimum value necessary to pass the diode
threshold and cannot be rectified and stored.

Many techniques have been proposed to overcome the
above limitations [55] [56] [57] [S8] however most of
these use a synchronized approach so that their
performances in the presence of random wideband
excitations leave much to be desired. In some energy
harvesting applications, a combination of synchronized

techniques and active diodes has been explored [S9] [60]
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[61] [62], but these approaches have the same voltage
threshold and power consumption limits due to the use of
active elements. In [63], the authors propose a mechanical
switch solution forced by thermal actuation, while in [64]
the switch is driven by an electrostatic force. In [65] [66]
[67] an inertial force is used to control the switch. The
issue of collecting and storing energy from weak and
random vibrations has been addressed in [68] wherein the
authors have introduced a new solution based on the
interaction between a switch, driven by the external
vibrations, and an inductor.

In this chapter new solutions, aimed at harvesting energy
from vibrations (typically occurring in a low frequency
band and having a significant random component),
rectifying and multiplying the generated voltage and
storing the energy, are proposed; the systems have been
modeled and an experimental prototypes have been

developed and tested.
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3.1. Diode-less Mechanical H-Bridge Rectifier for
“Zero Threshold” Vibration Energy Harvesters

The solution here proposed is based on the use of two
parallel cantilever beams that oscillate in response to a
mechanical input. Each cantilever carries a permanent
magnet, which also acts as a proof mass, on its free tip. A
piezoelectric layer couples the fixed ends of the
cantilevers producing a voltage output in response to the
strain induced by the external vibrations. The magnets are
placed on the cantilever with the same magnetic
orientation so that the beam tips repel one another, thereby
inducing bistable behavior [37].

The switching mechanism is realized via two conductive
pads on both sides of each cantilever and a pair of
conductive stoppers orthogonal to the plane of the
cantilevers; they are in the close proximity but not in
contact with the cantilevers. Both the pads, of each
cantilever, are connected with the bottom plate of the
piezoelectric transducer through a conductive line. Fig. 47

schematizes the layout.
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LEGEND @ Piezo electric
transducer
(D Cantilever @ Conductive
@ Permanent stopper
magnet ®) Pad

Fig. 47 - Schematic representation of the bistable mechanical switching
system.
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The magnets induce bistable behavior: each cantilever has
two equilibrium states, UP and DOWN. If one beam is in
an equilibrium state (e.g. UP), the other one is forced into
the other one (e.g. DOWN), and vice versa. The two
beams are, therefore, always in an anti-phase
configuration. Four electrical contacts have been realized:
two on the top surface of the cantilevers (S_A and S_B),
and two on the bottom surfaces (S_C and S D). The
system can be, therefore, schematized as a voltage
generator comprising the two piezoelectric elements,
which are connected to the load via the four switches.

In the absence of external vibrations all the switches are
open and the whole system is in equilibrium with the
beams pushed apart; each beam occupies one of the two
stable states. In the presence of an external vibrational
input with an amplitude larger (this is necessary in order to
have switching events between the stable states) than the
threshold of the bistable system, the beams exchange their
respective equilibrium states and, due to their inertia,
touch the two stoppers thus closing the corresponding

switches. Specifically, either the couplet [S A, S C] or
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Fig. 48 - Electrical equivalent circuit of the system. The first beam
touches the upper electrode while the second the lower (a) and vice versa

(b). The current always flows in the same direction through the load.
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the couplet [S B, S D] of switches will close. It should be
noted that the polarity of the piezoelectric voltage is
always coherent with the direction of displacement of the
beam; moreover, the beam deflections are always in anti-
phase and so are the voltages they produce. The two
piezoelectric transducers are electrically connected in
series but with opposite polarity so that they always
generate the sum of each output voltage. Hence, a positive
current will always flow from the piezoelectric generator
to the load, thereby implementing the rectifying
mechanism. This is schematized in Fig. 48.

Assuming that the cantilevers are identical, each one of
them has been modeled as a second order mass (m) -
spring (k) - damper (d) system. The repulsive magnetic
forces and the relative couplings have been modeled via
two nonlinear terms k,; and k,.: the first is related to the
single beam displacement, while the second takes into
account the relative positions of the two cantilevers [37].
The resulting potential energy function of the system is

bistable as shown in Fig. 49a.
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Time (5]
(@) (b)
Fig. 49 - Bistable potential (a). Simulated displacement of the beams with
a band limited (450 Hz) white noise input (b).

In order to account for the magnetic damping and the
piezoelectric  effect, two additional terms (with
coefficients d,, and d,., respectively) have been introduced.
Furthermore, two additional equations must also be
introduced to take into account the piezoelectric
transduction. Setting x; to be the displacement, x; the
velocity (the overdot denotes the time derivative), and X;

the acceleration of the i-¢h cantilever and with V, , in and

5;being the piezoelectric output voltage, its first
derivative, and the first derivative of the strain [69]
(according to Castigliano's Theorem [70]) of the i-th

piezoelectric element respectively, the analytical model
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for the electromechanical system can be written down:

mi; + dXy + kg — Ky xq + Ky (e — x3) + dp (B — %) + dppe Vi, = F(T)
m¥, + dx, + kxy — knyxp + ke (62 — x1) + dyy (% — %)+ dpy Vi, = F(2)
{ Ve, = kpat 51 = T,
\ Ve, = e 52 — TV,

(3.1)
In equation (3.1), ky =a—px? and ky =y-—
85(x; — x1)% with (i = 1,2), while k,,: and T" related to
the piezoelectric material and its dynamical response. The
parameters «,f5,y,6 weight the effects of the magnetic
and elastic forces. In order to perform the simulations
necessary to understand the qualitative behavior of the
device the parameters values, shown in Tab. 3, have been
used. Finally, the (intermittent) contact between the beams
and the stoppers has been modeled, in order to simulate
the switching effect. Assuming x = 0 to be the plane where
each mass should lie in the absence of the magnetic force,
the stoppers have been modeled with two numerical
thresholds (one positive and one negative, equidistant
from x = 0) that represent the physical positions along the
displacement direction x. In this specific case a value of x,
= 0.0035m has been used.
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Tab. 3: Parameters. The labels '"Estimated", ''Calculated" and
"Identified" mean that the value has been evaluated respectively through
direct measurements, analytical formula, and the Nelder-Mead Simplex
Method.

Name Value Units of Details
measurement

m 0.00082 kg Estimated
k 44 N/m Calculated
d 0.0044 Ns/m Calculated
a 11 N/m Identified
B 154270 N/m® Identified
Y -15 N/m Identified
5 -4.4997-107 N/m® Identified

dn 110" kg/s Identified

st 1107 NV Identified

Kyot 1.1299-10° V/m Calculated
r 169.1580 s Calculated

Each switch has been considered in the ON-state when the
position of the mass exceeds the threshold (x; > +x;, or xi<
-x;,). The electrical circuit is considered closed when both
the two switches are in the ON-state at the same time. This
model has been implemented in Simulink in order to
evaluate the dynamical and electrical behaviors. The
results of the simulations confirm the theoretical

hypotheses, and the validity of the mechanical rectification
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strategy. The simulations were carried out in the presence
of a band limited (450 Hz) gaussian vibration source and,
separately, an impulsive periodic (2 Hz) signal; the latter
provides a good approximation to the mechanical
vibrations generated during human walking.

It is instructive to define the “noise” in a more precise
manner. The noise is considered to be Gaussian band-
limited; it has zero mean value, and its two-point
correlation function can be expressed via an Ornstein-
Uhlenbeck process as [71]:

Ty () = —y(t) + g (t) (3.2)
where £(t) is Gaussian delta-correlated noise having zero
mean. The “colored” noise y(?) thus has the correlation

function:

Oy = S exp [~ 2] (3.3)

which, in the white limit (. — 0) approaches the delta
function correlation (y(t)y(t)) = ¢28(t —t). The
correlation time 7, of the colored noise y(?) is the inverse

of the noise bandwidth (450Hz in our simulations), and

2
(y2(t)) = Uzi is the colored noise intensity. One readily
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Fig. 52 - Simulated displacement of the beams with a human walk input
[52].
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verifies that the power spectral density of the colored
2
noise has the form E(w) =~ in the white noise limit

this reduces to Z,, (w) = o2 as expected.

The response to the noisy vibrations is shown in Fig. 49b
wherein the bistable dynamical behavior of the two beams
is evident. In Fig. 50, the states of the two mechanical
switches are shown: when the value is 1 the first/second
beam touches the upper stopper and the second/first the
lower. When the value is 0 the circuit is open and there is
no current flow. In Fig. 51, the output voltage evaluated
across a 390k resistor is reported. Finally in Fig. 52, Fig.
53 and Fig. 54, the displacement of the beams, the
rectified voltage output, and a comparison between the
rectified output voltage and the PZT output are,
respectively, shown for a pulse train input. It is
worthwhile to compare the approach proposed in this
paper and the classical full wave, diode bridge rectifier; to
this end, several simulations have been carried out in order
to evaluate the output voltages of both systems on a

390kQ resistor (this has been estimated as the optimal
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Fig. 53 - Simulated output voltage on a resistor with a human walk input

[52]. It can be seen that the voltage has negligible negative peaks.
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Fig. 54 - Simulated single PZT output voltage (green), and mechanically
rectified output voltage (blue) with a human walk input [52].
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load for power transfer in our system [72]). Four diodes,
each having a 0.8V threshold voltage, have been used to
substitute the mechanical switches in the system of Fig.
48. A noisy input, having a bandwidth of 450Hz, has been
applied; its rms amplitude has been changed to explore the
system behavior in different working regimes. The
simulation results, shown in Fig. 55, demonstrate that the
proposed solution provides better performances than the
classical one for small input rms voltage, in fact with these
signals the peak amplitude is lower than the diode
threshold and the diode bridge cannot transfer any power
to the load. When the input signal level increases the
proposed H-Bridge remains advantageous, even if less
efficient (as can be seen from the lower slope of the
transduction curve in Fig. 55), for a range of input rms
values up to the diode threshold. An experimental
prototype of the mechanical H-bridge rectifier has been
realized in order to validate the ideas presented here. Two
brass cantilever beams (/ = 40mm, w = 7mm, ¢ = 0.2mm)
have been used, together with two cylindrical permanent

magnets, made of N4F.B and having diameters of 7mm,
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Fig. 55 - Output voltage from the proposed H-Bridge circuit (red) and

classical, i.e. diode bridge based (blue) rectifying solutions. The input
here is a nosy signal whose rms value is shown in the horizontal axis.
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heights of 4mm; these magnets, weighing 0.00082kg each,
are attached to the free tip of each cantilever. The magnets
are placed with identical direction of magnetization; hence
the reciprocal of their separation determines the repulsive
force that generates the bistable behavior of the system.
The experimental prototype is shown in Errore. L'origine
riferimento non ¢ stata trovata.. It is comprised of the
PZT (Lead Zirconate Titanate) transducer bonded to the
cantilever in the region of maximum strain and the
electrical contacts, to realize the switches that are tunable
in, both, the distance from the beam and their horizontal
position. The system was stimulated by an
electrodynamical shaker driven by a waveform generator,
as shown in Fig. 57. An accelerometer MMA7361L has
been used as feedback element in order to have an
independent measurement of the acceleration applied to
the system. Numerous experimental tests have been
performed on the prototype by adjusting the positions of
the electrical contacts, in search of the optimal

performances for mechanical exciting input signals of
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various shape (e.g. sinusoidal, noisy, impulsive) and

amplitude. The measurement results

Fig. 56 - Experimental prototype.
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Fig. 57 - Experimental setup.

have demonstrated that the optimal configuration has the
stoppers placed close to the middle of the beams with
L =0.028 m and t& = 0.001 m. The parameter ¢ represents
the distance between the beam that lies in a stable state
and the nearest stopper (see Fig. 58d.). A noisy input
signal has been considered here having amplitude of 2.2 g
and bandwidth of 450Hz. Fig. 58b and Fig. 58c show the
output voltage measured in non optimal conditions where
the stoppers are placed either too close (Fig. 58b) or too
far (Fig. 58c) from the beam. The optimal positioning of
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the stoppers gives a larger output signal as shown in Fig.
58d. Experiments were performed both on a resistive
(390kQ) and capacitive (47uF) load. While the resistive
load has been used to demonstrate the voltage rectification
working principle as shown in Fig. 58b-d, the capacitor
has been used to demonstrate the validity of our approach
for energy storing. This is, in fact, the main goal of this
device: electrical energy must be collected and stored even
with weak piezo electric voltages, thus avoiding the loss
due to the diode threshold in conventional rectification

schemes.
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Fig. 58 - PZT output voltage for different placements of the
stoppers(identified by the numbers and colors). The optimal placement of

the stoppers is obtained in the case (d).
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Fig. 59 - Rectified output voltage on a 390kQ resistive load. Some

negative voltage peaks are, clearly, visible.

The system was excited by a noisy vibration acceleration
having a 3.03g rms value and 450Hz bandwidth,
producing a 7V rms piezoelectric voltage. In Fig. 59 the
output voltage is shown as a function of time for the
experimental prototype: the experiments reveal some
unwanted negative voltage peaks which, in the case of a
capacitive load, would result in very little capacitor

discharge with respect to the ideal rectified value.
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Fig. 60 - Experimental measurements on the mechanical H-bridge
rectifier. a) The external acceleration is reported together with the
voltage produced by the series of piezoelectric transducers and the
rectified output. b) Expanded view where the rectified output voltage

(Vour) In response to the bistable switching of the coupled cantilever is

more evident.
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A closer look at the time evolution of signals in the
experimental prototype is given in Fig. 60. In Fig. 60a the
voltage appearing across the series of the two piezoelectric
transducers (see Fig. 48) is shown together with external
acceleration and the rectified output voltage across the
load resistor. The same signal as in Fig. 60a is exploited in
time in Fig. 60b, the working principle is clearly shown:
the output voltage shows peaks corresponding to each
simultaneous closure of the two switches. The rectifying
mechanism shown here is also important whenever weaker
signals are involved, as in the case of very small
piezoelectric converters or weak vibrations. In these cases,
the voltage produced may be well below the threshold
represented by the diodes in a conventional rectifier. The
approach proposed here, allows for rectifying these weak
voltages, as well; in fact, no diodes are involved in our
system. Fig. 61 shows that the rectified output voltage can
be obtained, also, in the case of very weak piezoelectric
voltages provided that the coupled cantilever switches are
suitably crafted to allow switching between the two stable

states even for small input vibrations. This justifies the
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larger efficiency claimed for the mechanical H-bridge (and
shown in the left region of Fig. 55) where the presence of
diodes inhibit the rectification of weak voltages. The diode
threshold will obviously depend on the technology
considered, however a threshold will be necessarily
always present, the strategy proposed here presents a zero
threshold approach. The inserts in Fig. 61 show the
voltage transferred by the mechanical H-bridge to the
resistive load in the case of sub- threshold voltages; these
low voltages would have been wasted with a traditional
diode rectifier. Finally, in order to show the ability of the
proposed circuit to store energy, a 47nF capacitor has been
considered as “load” in the scheme shown in Fig. 48. The
same working conditions as in the case shown in Fig. 59
were applied and the time evolution of the voltage across
the storage capacitor is shown in Fig. 62. It should be
noted that the steady state value is related to the rms value
of the rectified piezoelectric output voltage when the
circuit is closed: in fact when the circuit is open there is no
current flow on the capacitor and the voltage across it can

be considered constant.
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Fig. 61 - Experimental output voltage for the mechanical H-bridge. The
inserts show expanded region where weak, sub-threshold voltages are
collected and rectified. These sections of the input signal would have been
lost in the case of a diode rectifier. The proposed mechanical H-bridge
rectifier is, therefore, especially suitable for the use with weak voltages to
be rectified provided that the bistable system is suitably crafted to switch

with the input vibrations.
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Fig. 62 - Voltage buildup on a 47uF capacitor connected as output load in
the mechanical H-bridge rectifier. The trace shows the capacitor voltage
when the with the same input as in the case shown in Fig. 60 for a

resistive load.

Summarizing, a new energy harvester device is presented
in this paragraph. It allows for the collection of energy
from widespread random mechanical vibrations thanks to
a nonlinear bistable mechanism and implements a
rectifying strategy based on an opposite (i.e. anti-phase)
configuration of mechanical switches driven by the same
input vibrations that induce electric charges into the piezo

electric beams. The H-Bridge idea avoids the use of diodes
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and their voltage threshold limits. It is, therefore, suitable
in affording a route to efficiently provide full wave signal
rectification even for very low voltages which would be
subthreshold in a diode-bridge underpinned harvester
circuit. This is, in fact, the main issue that must be
addressed with micro and nano energy harvesting systems
in which the dimension shrinkage will, inevitably, result in
a reduction in the output voltage. The working principle
has been confirmed through extensive numerical
simulations; in addition an experimental prototype has
provided a validation of the model and its predictions.
Further work is in progress in order to develop an

integrated device in microsystems technology.
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3.2. A diode-less mechanical voltage multiplier: a
novel transducer for vibration energy harvesting.
Voltage rectification is one of the most important issues in

a lot of microelectronics and micro-systems applications:
usually, a simple voltage rectifying mechanism is not
sufficient to satisfy the requirements, especially when a
higher level than the simple rms (root means square) input
value is required. Typically, capacitors and diodes suitably
interconnected in networks are used in order to obtain the
desired multiplication effect. An example is shown in Fig.
63, where a circuital configuration known as Villard
Cascade is shown: these kind of solutions are limited by
the presence of diode thresholds that must be overcome by
the input signal in order to guarantee a correct work. It is
clear that in the specific conditions characterized by input
voltage signals under diode activation threshold, the
classic Villard Cascade approach, based on diodes, is not
able to provide any output voltage. Innovative solutions
are needed to avoid the use of diodes: starting from this
consideration the proposed approach has been developed

and will be shown below.
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Fig. 63 - Electrical schematic of the classic diode based voltage multiplier,
also called Villard cascade.
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Fig. 64 - Comparison between the single cell of traditional voltage
multiplier (a) and the proposed approach (b): the switches replace the
diodes emulating their behavior, but no voltage threshold has to be
overcome.
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Let us consider a single cell (Fig. 64a) of the network
shown in Fig. 63. The basic idea of the novel approach is
to replace diodes with a couple of mechanical switches
(Fig. 64). The working principle is based on the anti-phase
behavior of the switches, according to the sign of the input
voltage, thus emulating diodes behavior: specifically,
considering Fig. 64, if Vv 1s negative, S1 is closed and S2
open as it would be for D1 and D2, while if Vi is positive
the two switches will reverse their configuration. In
electromechanical systems, vibrations are often used as
energy source; there are several mechanisms used to
transform mechanical energy to electrical, for example the
piezoelectric transduction [73], according to which if a
piezoelectric transducer is placed into an oscillating
systems it provides an alternate voltage source as shown in

Fig. 64.

Referring to Fig. 65, if there is no input acceleration the
piezoelectric voltage is zero, the switches are open so no
current flows through the circuit and no charge appears at

the capacitors (Fig. 65a); when an input acceleration
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Fig. 65 - The circuital equivalent of the proposed system: (a) No
piezoelectric input voltage is produced and the switches are open, C1 and
C2 are discharged; (b) the piezoelectric voltage is negative, S1 is closed
and S2 open so a current flows through C1 and V, is positive; (c) the
piezoelectric voltage is positive, S1 is open and S2 closed so a current
flows through C1 and C2 and Vc; is positive (close to Vpzr + Vg (d)
Vpzr is zero and the switches are open again so the voltage across C2 is
maintained.
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occurs, providing a piezoelectric voltage negative, S1 is
closed, S2 open and a positive current flows through C1 in
the sense of the arrow so C1 is charged with a positive
voltage V¢ (Fig. 65b). In the following step (Fig. 65¢) the
piezoelectric voltage is positive, S1 is open and S2 closed
so C2 is charged with a positive voltage V¢, obtained
adding Vpzr with V¢y; finally, in the last step, the input
acceleration disappears, both of the switches are open, and
a positive voltage is maintained across C2 (Fig. 65d). The
maximum value achievable for V¢, is ideally the rms
value of the piezoelectric voltage and V¢, is 2-Vpzr (rms):
connecting n cells in cascade and repeating the same
considerations as for the single cell, a 2:n-Vpzr (rms) can
be obtained (Fig. 66). The goal of the proposed approach
is to realize a 4-stage mechanical voltage multiplier: it is
based on the use of 4 cantilever beams with 4 couples of
stoppers that implement the mechanical switches and
another beam (together with a piezoelectric transducer)
used for generating an alternate voltage where each
cantilever can be modeled with a second order mass-
spring-damper system.
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Fig. 67 - A second order mass-spring-damper system has been used to
represent the mechanical part of the proposed system. Each cantilever
beam is considered having an elastic constant Kg; since the springs are in
parallel configuration, the whole of the system will have an elastic
constant given by k=5-ks.
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In order to implement the synchronization mechanism
between every couple of switches (as better explained in
Section III), the beams can be joined by a single mass on
their free tips as the schematic system in Fig. 67 shows. In
this case the beams can be considered as 5 parallel springs,
each of them characterized by an elastic constant kg, so
that in the model it's possible to summarize the 5 beams
with a single spring with k=5-ks. Furthermore the system
has been analytically modeled in order to evaluate both the
mechanical and the electrical behavior through numerical
simulations. As explained before a mass-spring-damper
equation has been used to model the mechanical part of
the system, capable to oscillate in response to an external
mechanical stress (such as a vibrational input); an
additional equation has been introduced to take into
account the piezoelectric transduction effect, as shown in

(3.4) [69]:

mi+dx+kx+d,, V. =F(t
{ pat () (3.4)

x
Vx = kpzt§_ IV,
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x, xand X represent displacement, velocity and
acceleration of the mass m respectively while k and d the
elastic constant and the damping coefficient, V, and V, are
the piezoelectric voltage and its first derivate, d,, k;;
I', take into account the transduction and in particular are
related to the piezoelectric damping effect, the material,
the dynamic response respectively, F(t) and § are the
external input mechanical force and the derivate of the
strain according to Castigliano’s Theorem [70]. In absence
of external mechanical input, the mass m lies in the x =0
plane, all the switches are open (OFF) and the
piezoelectric transducer doesn't produce any output
voltage; when an external input with sufficient amplitude
occurs the mass starts oscillating and a piezoelectric
output voltage is generated in accordance to eq. (3.4). The
switching mechanism is implemented taking into account
the mass position: it is assumed that the switches S1 and
S2 close (get ON) when the mass reaches a well defined
positive and negative position respectively. The parameter

values used in simulations are shown in Tab. 4.
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Tab. 4 - System parameters; the labels "Estimated", '"Calculated" and
"Identified" mean that the value has been evaluated respectively through
direct measurements, analytical formula, and the Nelder-Mead Simplex
Method.

Name Value Units of Details
measurement
m 0.00511 kg Estimated
k 59 N/m Calculated
d 0.0024 Ns/m Calculated
dp,; 1107 N/V Identified
kpye — 1.1299-10° V/m Calculated
r 2030 st Calculated

The implemented model refers to a four stages voltage
multiplier. Simulations have been carried out in Simulink.
In order to evaluate the dynamical behavior, the system
has been stimulated with a sinusoidal input acceleration
having amplitude of 1.06 g (rms) and frequency of 15.6
Hz (Fig. 68); a 0.92 V (rms) piezoelectric voltage (Fig. 69)
has been obtained and used as input for the mechanical
multiplier; moreover it has been chosen a capacitance
values of 1 uF to realize the voltage multiplication and a
resistance values of 3.95MQ to take into account the
losses due to the contacts of the switches and the read-out

set-up.

144



"Vibrations-driven" rectifiers based on mechanical switches

Acceleration [g]
Q =

]
—
T

oL |
0 0.2 0.4 06 08 1
Time [s]
Fig. 68 - The simulated input acceleration.
2 L 4
1 L 4
>
[(}]
g0
o
>
Ak
ok
0 0.2 0.4 06 08 1
Time [s]

Fig. 69 - The simulated piezoelectric voltage obtained exciting the system
with the input acceleration described in the previous figure.
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Fig. 70 - The simulated output voltages of a 4-stage mechanical voltage
multiplier; results are shown for 400 seconds with 1uF capacitors.

The simulated output voltages are shown in Fig. 70. Some
simulations have been carried out to show the current
flowing through the capacitors, in order to analyze the
differences between the proposed approach and the
classical voltage multiplier based on diodes: these
simulations have highlighted that the currents flow in the
same direction in both the approaches, except for a little
contribution due to the not unidirectional behavior of the

mechanical switch unlike diodes (Fig. 71).
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Fig. 71 - (a) Simulated currents flowing through the capacitors in the
classical diode based voltage multiplier, having 0.8 diode threshold and
1pF capacitors. (b) Simulated currents flowing through the capacitors in
the proposed mechanical voltage multiplier, having 1pF capacitors.
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There isn’t a way to reduce the reverse current because the
mechanical switches (differently from diodes) are not
unidirectional and the open and close phases depends on
the geometrical configuration of the system and from the
vibrational external input. The presence of these reverse
currents explains why the steady-state values for DC
output voltages of every single stage are obtained by
multiplying the RMS value of the input voltage rather than
its peak value as it would be into a standard Villard
Cascade circuit.

A laboratory prototype of the presented system has been
fabricated in order to experimentally demonstrate the
validity of the proposed approach: it is composed of five
cantilever beams having their own free tips constrained to
the same proof mass m of 0.00511 kg (Fig. 72) in order to
guarantee an univocal and synchronized motion direction.
The beams are made of brass, and each one has the
following dimensions: length of 77 mm, width of 4 mm,
thickness of 0.2 mm. The piezoelectric transducer, made
of a PZT (Lead Zirconate Titanate), has been placed in the

maximum strain region of the central beam in order to
148



"Vibrations-driven" rectifiers based on mechanical switches

Cl C3 C5 C7 $24
A 5

Cé

GND_]__ S11 -_CHZ— 64

Fig. 72 - The schematic representing the whole of the electro-mechanical
system.

Fig. 73 - The electrical schematic of the proposed 4-stage mechanical
voltage multiplier, with the correspondence of each electric junction with
respect to the mechanical scheme of the previous figure.
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optimize the output amplitude voltage; all the cantilevers,
except the central one, are employed to implement the
switching mechanism, each one together with a couple of
conductive stoppers while the central cantilever is
electrically connected with the piezoelectric transducer in
order to generate an alternate voltage coherent with the
switching phases. Assuming x=0 the rest position, the
output voltage is positive (negative) when the cantilevers
get up (down), S2i (S1i) are closed and S1i (S2i) open.
Fig. 72 and Errore. L'origine riferimento non ¢é stata
trovata. show the electrical schematic of the whole of the
system and how beams, stoppers, transducer and
capacitors have been connected in the prototype.

The fabricated prototype is shown in Fig. 74. The
experimental setup used in order to carry out
measurements and to validate the proposed multiplying
strategy 1s shown in Fig. 75: it includes an electro
dynamical shaker driven by a signal generator used to give
the vibrational input, an accelerometer MMA7361L used

as feedback element in order to independently estimate the
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applied acceleration, two digital oscilloscopes used to

show and acquire the signals of interest.

: Mechamcal
Multt ] lzer
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Fig. 75 - The experimental setup.

Some preliminary tests have been carried out in order to
verify that the switches close at the same time as it has
been previously described: DC voltages of 5 and -5 V
have been forced to the stoppers S2i and S1i respectively
and the voltage on the beams acquired. Experimental
results (continuous colored lines), compared with
simulations (dashed black lines), shown in Fig. 76, have
confirmed the correct behavior of the mechanical
switches: as it can be seen, Fig. 76 shows the presence of a
lot of glitches; this effect is due to the realization of the
prototype, and in particular to a little misalignment
between the stoppers and the plain where cantilevers lie
and to the rebounds during cantilever-stopper contact too.
Therefore this effect, how it can be seen, does not
significantly affect the overall device performances.

The experimental results are shown in Fig. 77, Fig. 78 and
Fig. 79. Experimental results demonstrate that the novel
multiplication mechanism here proposed shows very good

performance, confirming hypothesis and simulations as it
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can be seen in the comparisons shown in Fig. 79, Fig. 80

and Fig. 81.
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Fig. 76 - Experimental results showing the switching phases for every
couple of switch. The correct behaviour of the system can be
demonstrated thanks to the observed contemporary of the contacts. The
figure shows also a comparison between experimental (continuous
colored lines for each switch) and simulations (dashed black lines).
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Acceleration [g]
o

Fig. 77 - Experimental acceleration: the driving signal set to the shaker is
a sinusoid with a frequency of 15.6 Hz and an amplitude of 1.06 g(rms),
while the noisy signal shown is the feedback measured by the
accelerometer MMA7361L.
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Fig. 78 - The experimental piezoelectric voltage obtained exciting the
system with the input acceleration described in the previous figure. The
impulsive behaviour caused by the impacts is observed here, as in the
simulation tests. The rms value is 0.87 V(rms). The offset in the signal is
due to the deformation of the beams (on which the piezoelectric layer is
placed) caused by the impact with the mechanical stoppers that are not
perfectly symmetric.
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Fig. 79 - Comparison between experimental (colored shapes) and
simulated (colored continuous lines) output voltages. The experimental
output voltages of the 4-stage prototypal mechanical voltage multiplier;
results are shown for 400 seconds with 1pF capacitors. The 4™ stage
capacitor is charged with a voltage level higher than the input one. The
multiplication effect is demonstrated.
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Fig. 80 - Comparison between experimental (blue line) and simulated (red
line) input acceleration.
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Fig. 81 - Comparison between experimental (blue line) and simulated (red
line) piezoelectric voltage.
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Fig. 82 - The simulated output voltages of a 4-stage mechanical voltage
multiplier when PZT voltage is under diode threshold (peak value of
about 0.2 V and RMS value of about 0.1 V). Results are shown for 400
seconds with 1pF capacitors.

As already discussed at the end of section II, the RMS
value of the voltage produced by the piezoelectric
transducers must be taken into account: this voltage has
been measured in our prototype being equal to 0.87 V.
Each voltage multiplication stage should produce therefore

a DC output voltage equal to 2*n*Vin (RMS), that is
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ideally 1.74 V for the first multiplication stage (n=1) and
6.96 V for the 4-th one (n=4). During the measurements
campaign losses occurred due to the readout setup, to the
parasitic ~ resistive  effects of  the  contacts
cantilever/stoppers, so the measured output voltages at the
first and the 4-th stages resulted into lower values than
expected (respectively 1.25 V and 5 V). These losses are
proportional with both the number of multiplication stages
and the input voltage, it has been modeled therefore as a
resistive loss in the device model. The piezoelectric
transducer used in order to fabricate the macro-scale
laboratory prototype allows obtaining output voltages over
the classical diode threshold (0.7 - 0.8 V) as shown in Fig.
78. However the method proposed in this paper can be
adopted even in the case of very low voltage
multiplication, where the classical diode based approach
doesn’t work because the diode activation threshold has to
be overcome; this latter case has been investigated and

simulation results are shown in Fig. 82.
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In conclusion, this paragraph concerns the development of
a novel solution for vibration energy harvesting: in
particular here a strategy for multiplying voltages based on
mechanical switch instead of diodes is presented. This
issue of avoiding the use of diodes is one of the most
important addressed in scientific community because the
reduction of devices sizes inevitably results in a drop of
voltage levels. The system has been designed, modeled,
simulated and experimentally tested using a laboratory
prototype which has confirmed the validity of the working
principle; moreover, the case of very weak voltages has
been successfully studied through numeric simulations.
Further efforts are in progress to study an integrated
solution in order to fabricate a device in MEMS

technology.
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3.3. “Vibration driven” mechanical switches: a
novel transduction methodology with applications
to DC-DC “diode-less” voltage multipliers.

The main goal of the proposed device is to multiply DC
voltages in order to obtain desired and suitable levels. The
system has a DC input voltage and n» DC output voltages,
where n represents the multiplication factor. Each stage is
composed of cantilever beams and stoppers, together with
capacitors connected in a suitable way, that allow the
system to provide the desired effect. Fig. 83 shows the
diagram of the proposed system with respect to the
classical approach. The second block (the multiplication
stage, composed of diodes and transistors in the typical
techniques) is replaced by a fully mechanical vibration
driven system, also including storage capacitors. In Fig. 84
a complete schematic representation of the designed
system, has been reported: this figure shows the details of
the designed system including the connections between
stoppers, capacitors and DC input voltage source (the

number of stage can be increased).
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Fig. 83 - Block diagram of the presented system with respect to the
classical approaches, based on diodes and transistors.

Fig. 84 - Generic electromechanical scheme of the system. The switch
mechanism is implemented by using the contact between a conductive
beam and two stoppers in orthogonal position with respect to the plane
Xy.
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Fig. 85 - Generic electrical scheme (the number of stage can be
increased): the switches are driven by two different alternating phases, S1
and S2. The first two couple of switches implement the DC-AC
conversion while the remaining three couples realize the AC-DC
conversion and the voltage rise. Typically the capacitors C1, C2.... have
the same capacitance value, in order to maintain the same multiplication
factor.

The corresponding circuital configuration of the DC-DC
converter is shown in Fig. 85.

As it can be seen, the entire converter can be divided into
two main sections: the first is a DC-AC converter that
transforms the DC input voltage into a square wave
through the alternation between S1 and S2 phases, the
second one is composed of mechanical switches and
capacitors useful to multiply the AC voltage coming from
the first section and in order to obtain the DC transduction.

The working principle of the transducer can be
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Fig. 86 - Ideal behavior of DC-AC section in the DC-DC proposed
solution. (a) DC voltage input, and (b) square wave.

summarized as follows: in absence of external vibrations
(absence of displacement), all the cantilever-stopper
contacts are open; the output voltage provided at the
outputs of the converter is zero. When external vibrations
occur, the cantilevers begin to oscillate along the z axis; as
consequence the stoppers will alternatively bump on the
top and on the bottom of the plane xy; the corresponding
electrical contacts are closed in phase opposition (S1 and
S2 are used here to identify the two phases). The first two
mechanical switches (two cantilevers and the four

corresponding stoppers) are exploited in order to realize
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the DC-AC conversion: during S1 phase, the DC input
voltage presents positive sign while during S2 the polarity
is exchanged (the sign is negative). The obtained effect is
a similar to a square-wave voltage signal (see Fig. 86).
The voltage can be multiplied in order to obtain the
desired levels exploiting the rest of the mechanical
switches. It must be observed that traditional voltage
multiplier [74] [75] are based on diodes and capacitors
connected in a suitable way. However these kind of
solutions have limits due to the presence of diodes
threshold to be overcome in order to obtain an output
voltage. The approach here proposed do not require diodes
and it exploits vibration energy in order to realize a fully
mechanical voltage multiplication effect [76]: in the
proposed solution, in fact, the AC voltage multiplication is
also fully mechanically obtained. Always taking into the
account the phase of S1 and S2 previously introduced: the
first two mechanical switches provide the conversion of
the input voltage fro DC to AC, while the rest of the
switches provides to rectify and multiply the voltage [76].

The novel approach proposed is suitable to realize
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vibration driven mechanical DC-DC transducers based on
mechanical switches (passive elements) addressed to
implement low power device (i.e. WSNs, disseminated
and autonomous measurement systems) and low leakage
voltage multipliers. Furthermore, the DC voltage source to
be multiplied, can be under diodes threshold in fact here
no diodes are required. The system proposed has been
analytically modeled by using a second order mass-
spring-damper system, see equations (3.5).

Each cantilever has a spring constant k., furthermore the
beams are connected in parallel. A common inertial mass
(m) has been located at the tip of the oscillating structure
in order to synchronize the open and closed phases, so that
the entire system has a spring constant equal to k = 5k..
Assuming a damping constant d, an external vibration
source F'(¢), the equation of the motion of the system has
been modeled as follows:

{ma’c’+d5c+kx=F(t)

V(Do = 20V, (3-5)
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Tab. 5 - System parameters; the labels "Estimated" and "Calculated" mean that
the value has been evaluated respectively through direct measurements, analytical
formula.

Name Value Units of Details
measurement
m 0.0376 kg Estimated
k 333.6 N/m Calculated
d 0.0024 Ns/m Calculated

Where i represents the i-t4 multiplication stage. The
switching mechanism is implemented taking into account
the mass position, in particular it has been assumed that
the switches S1 and S2 are closed/open when the mass
reaches a well defined positive and negative position
respectively, neglecting bump, transient effects and
nonlinear contribution of the stoppers. The parameter
values used in simulations are shown in Errore. L'origine
riferimento non ¢ stata trovata., while Fig. 87 shows
simulations results obtained implementing equations (3.5)
through matlab simulink and considering a four stage
structure has been considered. The prototype used is

composed of a four stages DC-DC voltage multiplier

168



"Vibrations-driven" rectifiers based on mechanical switches

useful to describe and demonstrate the basic working

principle, however an n stages multiplier can be
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Fig. 87 - Simulated voltages obtained by numerical simulations.
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Stoppers

Shaker

Fig. 88 - Laboratory prototype.

/

easily obtained assuming n stages cascaded [76]. The laboratory
prototype has been fabricated in order to validate the model and the
desired behavior. The DC-DC converter consists of 6 brass beams with an
inertial mass located at the tip. A pair of conductive stoppers for each
cantilever have been placed along the oscillation direction. A capacitor of
A capacitor of 1pF has been used as output load (C1...C8). The prototype
(C1...C8). The prototype has been shown in

Fig. 88. Several input amplitudes have been considered, in
particular Fig. 89 shows the measured performed using a
DC voltage of 1V while an harmonic vibration of about
15Hz (that corresponds to the mechanical resonant
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frequency of the oscillating system) has been imposed as
mechanical stimulus through an electro-dynamic shaker.
Summarizing, a novel solution for the multiplication of
DC voltages based on vibration driven mechanical
switches have been designed, modeled, simulated and
experimentally tested. Here, the vibrational energy is
exploited to open and close a series of mechanical

switches composed of cantilever and stoppers.

e VC 2meas VC4meas VCSmeas Vcameas

Voltage [V]

I i 1 1
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Time [s]

Fig. 89 - Experimental results considering an input voltage Vi=1V. As it
can be seen tests validated the expected working principle.

A laboratory prototype has been fabricated in order to
validate the working principle and experiments have

shown good performance and agreement with the model.
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The proposed device is fully passive, in fact no transistors
have been used, and furthermore it is able to correctly
work with input voltages under the diode threshold
because no diodes are required. All these features make
the proposed solution suitable for micro and nano low
power systems. The future activities will include an
exhaustive characterization of the proposed mechanical

transducer.

172



Chapter 4
Devices miniaturization: technologies

for piezoelectric MEMS

In this chapter two technologies to fabricate linear and
bistable piezoelectric devices will be introduced. Then,
rapid prototyping solutions for nanotechnology devices
and centimeter size components based on FIB milling will
be proposed. The acronym MEMS means Micro Electro
Mechanical Systems; it is referred to the whole of
technologies for the integration and the miniaturization of
electro-mechanical elements. Usually, MEMS physical
dimensions go under the millimiter. Various type of
MEMS can be found in literature: sensors, actuators, etc.
MEMS with mechanical moving elements are the most
interesting in energy harvesting applications because they
are potentially able to oscillating in response to a
vibrational mechanical input. This characteristic is very
important because it represents the first step in the energy
conversion from mechanical to electrical, as explained in
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the chapter above. At first, MEMS have been fabricated
by adapting microelectronics technologies (for example
CMOS); however the wide diffusion of micro devices, the
good performances showed, and the progresses in
engineering, physics and chemistry have induced
researchers and companies to modify some process and
also to develop custom technologies for MEMS
fabrication (for example BESOI, MetalMUMPS,
ThELMA). In nonlinear piezoelectric energy harvesting
from vibrations there are two main issues: the nonlinearity
of the mechanical structures and the need of a
piezoelectric layer. As regard mechanical structures,
several strategies can be employed in order to obtain the
desires nonlinearity (for example axial preload, permanent
magnets, etc.); for the piezoelectric layer, fabrication
processes have to be properly engineered in terms of
materials, sequence of material etc. Two processes,
PiezoMUMPS® and Radiant pMEMs®, will be briefly
described here because they have been investigated in the

research activity described in this work.
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4.1. PiezoMUMPS® process
PiezoMUMPs® is a multi-user process provided by

MEMSCAP® under the program MUMPs (Multi-User
MEMS Processes). PiezoMUMPs® process has been
introduced by MEMSCAP® during the 2013 and is
designed for general purpose micromachining of
piezoelectric devices in a Silicon-On-Insulator (SOI)
framework for sensors, actuators and energy harvesters
[77]. The cross-section of this process is showed in the
schematic in Fig. 90. A silicon-on-insulator wafer, having
the following characteristics, is used as the starting
substrate:

e silicon layer thickness: 10um

e oxide layer thickness: 1um

e handle wafer (Substrate) thickness: 400um
The Substrate can be patterned and etched from both the
top and the bottom side, so that suspended structures can
be fabricated. The silicon layer can be also used for
mechanical structures; furthermore it can be employed for
fabricate resistors and, as it is doped, for electrical routing

too.
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Silicon Substrate Bottom Oxide . Pad Metal
Oxide PiezoMaterial Pad Oxide

Fig. 90 - Cross section of the PiezoMUMPS® process.

Fig. 91 - PiezoMUMPS® process die with several linear and nonlinear
devices.
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A piezoelectric layer, made of aluminum nitride (AIN),
allows for the development of piezoelectric sensors. A
Ium thick aluminum layer deposited and patterned on the
top of the aluminum nitride layer acts as top electrode of
the piezoelectric layer (the bottom electrode is represented
by the 10um thick silicon layer) and electrical routing
layer. A 0.2um thick silicon dioxide layer is used as
electrical isolating layer. Further details about process
flow and design rules are described in [77]. In Errore.
L'origine riferimento non ¢ stata trovata. a picture of a
PiezoMUMPS® process die with several linear and
nonlinear devices is shown; the die has been designed at

the Nanotechlab of the University of Catania (Italy)
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Fig. 92 - Schematic representation of the RTI Sp® process
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Fig. 93 - SEM picture of a RTI Sp® process.
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4.2. Radiant pMEMs® process
Radiant is an American company specialized in the

fabrication of integrated ferroelectric devices. Radiant has
developed a specific fabrication process named “RTI
S5u®” in order to fabricate integrated ferroelectric
capacitors. In RTI 5u® a thin film (about 250 nm) of Lead
Titanate Zirconate (PZT) as dielectric material, has been
placed between two platinum layers (each one of about
150 nm of thickness), as electrodes [78]. The silicon
substrate has been electrically and thermally isolated from
the piezoelectric stack described above by using a 500 nm
thick silicon dioxide layer. Furthermore, a very thin (about
40 nm) buffer layer like titanium oxide has been used
between oxide and piezoelectric stack in order to
encourage their adhesion. A passivation layer has been
employed on the top of the piezoelectric stack to protect
the device instead, metal pads for electrical
interconnections have been implemented by using an alloy
of chromium and gold. In Fig. 92 and Fig. 93 a schematic
representation of the RTI S5u® process cross section and a
SEM picture are respectively shown.
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In this work, the ferroelectric capacitors just described
have been used for rapid prototyping of piezoelectric
cantilevers, thanks to the presence of the PZT layer and
the electrodes. Rapid prototyping has been carried out by
using a focused ion beam (FIB) lithography based
approach. An example of realized device is shown in Fig.

94 and

Fig. 95: it has been fabricated by using the Tescan Vela3
SEM-FIB of the Nanotechlab of Catania (Italy).

SEM HV: 30.0 kV WD: 8.81 mm VELA3 TESCAN

View field: 166 pm Det: SE 50 pm
Felice Maiorca Date(m/d/y): 09/25/13
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Fig. 94 - Cantilever beam fabricated by using the Tescan Vela3 SEM-FIB
of the Nanotechlab of Catania (picture 1).

SEM HV: 30.0 kV WD: 9.00 mm VELA3 TESCAN

View field: 168 ym Det: SE 50 pm
Felice Maiorca Date(mi/dly): 09/25/13

Fig. 95 - Cantilever beam fabricated by using the Tescan Vela3 SEM-FIB
of the Nanotechlab of Catania (picture 2).
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The most important results of three years of research
activity have been described in this work. Environmental
vibration energy harvesting has been the main focus of all
the activities and innovative strategies have been

developed to recover energy with very good results.

Nonlinear  oscillating systems and piezoelectric
transducers have been widely investigated and employed,
in order to transform the kinetic energy in electric,

maximizing the energy harvested.

The "magnetically coupled cantilevers with antiphase
bistable behavior for kinetic energy harvesting" has been
the starting point; once consolidated, the working principle
has been extended to the "multiple nonlinear oscillators".
The "two dimensional bistable vibration energy harvester"
has been successfully developed in order to investigate the
possibility to harvest energy coming from any direction,
while the goal of the "tristable system" has been to study

the possibility of reducing the potential barrier to be
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overcome in order to encourage the cantilevers' switching

mechanisms.

In order to rectifying, multiplying and, in general,
managing the piezoelectric output voltages coming from
vibration energy harvesters, mechanical switches have
been introduced. In this way, diodes have been
successfully replaced by "vibration driven mechanical
switches" in order to avoid issues related to the voltage

threshold.

The H-Bridge device, described in this work, have
represented an interesting example of bistable, mechanical
switches based, voltage rectifiers, while the AC-DC and
the DC-DC converters have also achieved the goal of the

voltage multiplication.

Macro scale prototypes of all the devices mentioned above
have been designed, fabricated and tested. Simulations and

experiments have been compared with excellent results.

MEMS technologies, PiezoMUMPS and Radiant, have

been taken into account in order to investigate the

183



Conclusions

possibility to fabricate micro scale devices; very simple
laboratory prototype have been fabricated with very

encouraging results.

The fabrication of the most of the device described in this
work in micro scale will be surely an intriguing future

trend.
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