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(57) ABSTRACT

A piezoelectric transducer for energy-harvesting systems
includes a substrate, a piezoelectric cantilever element. a first
magnetic element, and a second magnetic element, mobile
with respect to the first magnetic element. The first magnetic
element is coupled to the piezoelectric cantilever element.
The first magnetic element and the second magnetic element
are set in such a way that, in response to relative movements
between the first magnetic element and the second magnetic
element through an interval of relative positions, the first
magnetic element and the second magnetic element approach
one another without coming into direct contact, and the inter-
action between the first magnetic element and the second
magnetic element determines application of a force pulse on
the piezoelectric cantilever element.
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PIEZOELECTRIC TRANSDUCER FOR AN
ENERGY-HARVESTING SYSTEM

BACKGROUND
[0001] 1. Technical Field
[0002] The present disclosure relates to a piezoelectric

transducer for an energy-harvesting system and to a method
for harvesting energy through a piezoelectric transducer.
[0003] 2. Description of the Related Art

[0004]) The disclosure is particularly suited to the produc-
tion of piezoelectric microtransducers that may be used in
miniaturized energy-harvesting systems capable of supply-
ing, among others, electronic components and/or devices,
such as low-consumption sensors and actuators, frequently
used in portable electronic devices, such as cellphones, tablet
computers, portable computers (laptops), video cameras,
photographic cameras, consoles for videogames, and so
forth.

[0005] As is known, systems for collecting energy from
environmental-energy sources (also referred to as energy har-
vesting or energy scavenging systems) have aroused and con-
tinue to arouse considerable interest in a wide range of fields
of technology. Typically, energy-harvesting systems are
designed to harvest (or scavenge). store, and transfer energy
generated by mechanical sources to a generic load of an
electrical type. In this way, the electrical load does not use
batteries or other supply systems that are frequently cumber-
some, have low resistance to mechanical stresses and entail
maintenance costs for replacement operations. Furthermore,
systems for harvesting environmental energy are of consid-
erable interest for devices that are in any case provided with
battery supply systems. which, however, have a rather limited
autonomy. This is the case, for example, of many portable
electronic devices that are increasingly becoming widely
used, such as cellphones, tablets, portable computers (lap-
tops), video cameras. photographic cameras, consoles for
videogames, etc. Systems for harvesting environmental
energy may be used for supplying components or devices in
order to reduce the energy absorbed from the battery and, in
practice, increase the autonomy.

[0006] Environmental energy may be harvested from sev-
eral available sources and converted into electrical energy by
appropriate transducers. For instance, available energy
sources may be mechanical or acoustic vibrations or. more in
general, forces or pressures, chemical-energy sources, elec-
tromagnetic fields. environmental light, thermal-energy
sources.

[0007] For harvesting and conversion piezoelectric trans-
ducers may. among others, be used.

[0008] Piezoelectric transducers are in general based upon
a microstructure comprising a supporting body, connected to
which are piezoelectric cantilever elements, having at least

one portion made of piezoelectric material. The free ends of

the piezoelectric cantilever elements, to which additional
masses can be connected, oscillate elastically in response to
movements of the supporting body or to vibrations transmit-
ted thereto. As a result of the movements of bending and
extension during the oscillations, the piezoelectric material
produces a charge that can be harvested and stored in a storage
element.

[0009] Inminiaturized transducers, however. the use of just
the piezoelectric cantilever elements and the additional
masses does not enable adequate levels of efficiency to be
achieved. In practice, the conversion of kinetic energy is not
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satisfactory because the natural frequency of the system
formed by the piezoelectric cantilever element and by the
additional mass is too different from the typical environmen-
tal frequencies that can be transduced.

[0010] To improve the efficiency of piezoelectric transduc-
ers, it has been proposed to use a movable mass separate from
the piezoelectric cantilever elements and magnets that enable
temporary coupling of the movable mass and piezoelectric
cantilever elements. The magnets are arranged in part on the
movable mass and in part on the piezoelectric cantilever
elements and are oriented so as to exert attractive forces. The
movable mass is constrained to the supporting body so as to
be able to come into contact with the piezoelectric cantilever
elements and enable coupling of the magnets. The piezoelec-
tric cantilever elements are drawn along in motion by the
movable mass and undergo deformation until the elastic
return force exceeds the magnetic force. At this point, the
magnets separate, and the action of the magnetic force on the
piezoelectric cantilever elements ceases almost instanta-
neously as the movable mass moves away, allowing the elas-
tic force alone to act. In practice, this is equivalent to applying
a force pulse on the piezoelectric cantilever elements, which
are hence stimulated over a wide frequency band. which also
includes the resonance frequency.

[0011] Albeit far better from the efficiency standpoint, the
devices described present, however, some limits in terms of
reliability. In fact, each oscillation of the movable mass
causes impact between the magnets of the movable mass
itself’ and the magnets of the piezoelectric cantilever ele-
ments. Even though the frequency of oscillation of the mov-
able mass is low (generally less than about 10 Hz), in the long
run repetition of the impact may cause damage to the micro-
structure. In particular, microcracks may be formed. which
rapidly propagate until they render the transducer unservice-

able.

BRIEF SUMMARY

[0012] The present disclosure is directed to a piezoelectric
transducer for an energy-harvesting system and a method for
harvesting energy through a piezoelectric transducer that
enables the limitations described to be overcome or at least
attenuated.

[0013] Oneembodiment of the present disclosure is a trans-
ducer that includes a substrate, a moveable mass elastically
coupled to the substrate, a plurality of cantilever piezoelectric
elements extending from the substrate towards the moveable
mass, a plurality of first magnetic elements at free ends of
respeclive cantilever piezoelectric elements, and a plurality of
second magnetic elements on the moveable mass, each sec-
ond magnetic element being aligned with cantilever piezo-
electric elements in a rest condition.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

[0014] For a better understanding of the disclosure, some
embodiments thereof will now be described, purely by way of
non-limiting example and with reference to the attached
drawings. wherein:

[0015] FIG. 1 is a simplified block diagram of an energy-
harvesting system;

[0016] FIG. 2isasimplified top plan view of a piezoelectric
transducer according to one embodiment of the present dis-
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closure and incorporated in the energy-harvesting system of
FIG. 1, the piezoelectric transducer being represented in a
first operating configuration:

[0017] FIG. 3 shows the piezoelectric transducer of FI1G. 2
in a second operating configuration:

[0018] FIG. 4 shows the piezoelectric transducer of FIG. 2
in a third operating configuration:

[0019] FIG. 5 shows the piezoelectric transducer of FIG. 2
in a fourth operating configuration;

[0020] FIG. 6 is a graph that shows quantities regarding the
piezoelectric transducer of FIG. 2;

[0021] FIG.7isasimplified top plan view of a piezoelectric
transducer according to a different embodiment of the present
disclosure, in a first operating configuration;

[0022] FIG. 8 shows the piezoelectric transducer of F1IG. 7
in a second operating configuration:

[0023] FIG. 9 is a top plan view. with parts removed for
clarity, of a piezoelectric transducer according to a different
embodiment of the present disclosure:

[0024] FIG. 10 is an enlarged cross-sectional view through
the piezoelectric transducer of FIG. 9, taken along the line
X-X of FIG. 9:

[0025] FIG. 11 is a top plan view, with parts removed for
clarity, of a piezoelectric transducer according to a further
embodiment of the present disclosure:

[0026] FIG. 12 is an enlarged cross-sectional view through
the piezoelectric transducer of FIG. 11, taken along the line
XII-X1I of F1G. 12

[0027] FIG. 13 is a top plan view, with parts removed for
clarity, of a piezoelectric transducer according to a further
embodiment of the present disclosure: and

[0028] FIG. 14 is an enlarged cross-sectional view through
the piezoelectric transducer of FIG. 13, taken along the line

XIV-XIV of FIG. 13.
DETAILED DESCRIPTION

[0029]  With reference to FIG. 1. an energy-harvesting sys-
tem is designated as a whole by the reference number 1. The
energy-harvesting system 1 is particularly, but not exclu-
sively, suited to being used for supplying electronic compo-
nents and/or devices. such as low-consumption sensors and
actuators, which ever more frequently used in portable elec-
tronic devices, such as cellphones. tablets, portable comput-
ers (laptops), video cameras, photographic cameras, consoles
for videogames, etc.

[0030] Electronic components and devices supplied
through the energy-harvesting system 1 are rendered self-
sufficient and do not absorb energy from the main supply
system (normally a battery), which hence has greater
autonomy, to the advantage of users.

[0031] Furthermore. in some applications the energy-har-
vesting system 1 may be used both as main supply source, and
as auxiliary supply source for the electronic components and/
or devices referred to above. In this case, the energy-harvest-
ing system 1 may be set alongside a conventional supply
system, for example a battery supply. and go into operation
when the main supply system runs down or presents malfunc-
tioning.

[0032] The energy-harvesting system 1 comprises a trans-
ducer 2. a harvesting interface 3, a storage element 5, a selec-
tive-connection device 6, and a voltage regulator 7. Further-
more, an output of the voltage regulator 7 supplies an
electrical load 8.
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[0033] Thetransducer 2 supplies a harvesting voltage V,, in
response to energy provided by an environmental-energy
source 4 external to the harvesting system 1. The transducer 2
is a piezoelectric transducer that supplies a harvesting voltage
V; in response to mechanical vibrations transmitted from the
outside environment and will be described in greater detail
hereinafter.

[0034] The harvesting interface 3, when supplied by the
storage element 5, receives the harvesting voltage V,, from
the transducer 2 and supplies a charge current I, to the
storage element 5. The energy stored in the storage element 5
increases as a result of the charge current I, and produces a
storage voltage V.

[0035] The selective-connection device 6 selectively con-
nects and disconnects a supply input 3a of the harvesting
interface 3 and the storage element 5 on the basis of the
response of the transducer 2. More precisely, when the har-
vesting voltage V, exceeds an activation threshold V ,, that
represents a state in which the transducer 2 is active and
receives environmental energy from outside, the selective-
connection device 6 connects the harvesting interface 3 to the
storage element 5. so that the harvesting interface 3 receives
the storage voltage V., present on the storage element 5.
[0036] Theharvesting interface may thus use the harvesting
voltage V, for charging the storage element 5.

[0037] Instead, when the transducer 2 does not receive
environmental energy and the harvesting voltage V , is below
the activation threshold V . the selective-connection device 6
disconnects the harvesting interface 3 from the storage ele-
ment 5, so that the consumption of energy of the harvesting
interface 3 ceases.

[0038] Inone embodiment, in particular, the selective-con-
nection device comprises a switch 10 and a driving stage 11,
configured to drive the switch 10 on the basis of the compari-
son between the harvesting voltage V,; and the activation
threshold V .

[0039]  The voltage regulator 7 receives the storage voltage
V¢ ,and supplies a regulated supply voltage V ,,, to the elec-
trical load 8.

[0040] The selective-supply device 6 substantially makes it
possible to reduce to zero the consumption of the harvesting
interface 3 in the absence of activity of the transducer 2 and
hence prevents dissipation of energy accumulated on the stor-
age element 5, when the harvesting system 1 is not in a
condition to receive energy from the environment.

[0041] According to one embodiment of the disclosure,
illustrated in FIGS. 2-5, the transducer 2 comprises a micro-
structure including a supporting body 15, a movable mass 16,
and an oscillating piezoelectric cantilever element 17. The
supporting body 15, the movable mass 16, and part of the
piezoelectric cantilever element 17 are made of semiconduc-
tor material, for example monocrystalline silicon.

[0042] The supporting body 15 may be a monolithic semi-
conductor body, or else may be obtained from the union of
two or more semiconductor dice, possibly with the interpo-
sition of bonding layers and/or dielectric layers.

[0043] The movable mass 16 is elastically coupled to the
supporting body 15 by a system of suspensions 18, here
schematically represented by a spring and a damper. The
suspensions 18 are configured to enable oscillations of the
movable mass 16 along one or more axes of transduction at a
first resonance frequency (main resonance frequency of the
movable mass 16 constrained by the suspensions 18), for
example less than 10 Hz. In the example described. in par-



US 2015/0035409 Al

ticular, the movable mass 16 (the position of which during an
oscillation is indicated by a dashed line in the graph provided
by way of example in FIG. 6) can translate along a transduc-
tion axis X parallel to a face 15a of the supporting body 15
between a first end-of-travel position X, and a second end-
of-travel position X, where there are set stop elements (not
shown) in order to prevent undesirable and potentially harm-
ful over-shooting. The movable mass 16 may comprise, in
addition to semiconductor structures, also layers or portions
made of heavy metals, such as lead or tungsten, in order to
improve the energy-harvesting efficiency.

[0044] Inoneembodiment, the piezoelectric cantilever ele-
ment 17 is defined by a piezoelectric layer 20 formed on a face
of a supporting plate 21 made of semiconductor material,
integral with the supporting body 15. The piezoelectric layer
20 and the supporting plate 21 are coupled in such a way that
any bending of the supporting plate 21 causes corresponding,
deformations of the piezoelectric layer 20. Furthermore, the
piezoelectric layer 20 is connected to a contact pad 22 on the
supporting body 15.

[0045]  The piezoelectric cantilever element 17 is anchored
to the supporting body 15 and projects from the supporting
body 15 in the direction of the movable mass 16, as illustrated
in FIGS. 2-4.

[0046] Furthermore, the piezoelectric cantilever element
17 extends in a direction transverse, for example substantially
perpendicular, to the transduction axis X, which coincides
with the direction of motion of the movable mass 16. The
length of the piezoelectric cantilever element 17 is such that a
free end thereof occupies a position in the proximity of the
movable mass 16 at least in an interval of positions of the
movable mass 16 along the transduction axis X, without,
however, any contact between the movable mass 16 and the
piezoelectric cantilever element 17. Preferably. between the
movable mass 16 and the piezoelectric cantilever element 17
there is always present at least a minimum distance L, (FIG.
2).

[0047] The ensemble constituted by the piezoelectric can-
tilever element 17 and the piezoelectric layer 20 is elastically
deformable and can oscillate with respect to a rest position
with a second resonance frequency (main resonance fre-
quency of the piezoelectric cantilever element 17), higher
than the first resonance frequency by at least one order of
magnitude and preferably comprised between 1 kHz and 10
kHz. In one embodiment, the second resonance frequency is
approximately 1 kHz.

[0048] A first magnetic element 25 and a second magnetic
element 26 are set. respectively, at the free ends of the piezo-
electric cantilever element 17 and on the movable mass 16, on
an edge adjacent to the piezoelectric cantilever element 17.
The magnetic characteristics of the first magnetic element 25
and of the second magnetic element 26 are selected in such a
way that a magnetic force deriving from the interaction of the
first magnetic element 25 and of the second magnetic element
26 is sufficient to deform the piezoelectric cantilever element
17 upon passage of the movable mass 16 through an interval
of interaction positions AX around a rest position X, of the
piezoelectric cantilever element 17. Furthermore, the mag-
netic characteristics of the first magnetic element 25 and of
the second magnetic element 26 are selected so that, outside
the interval of interaction positions AX, the elastic return
force due to deformation of the piezoelectric cantilever ele-
ment 17 prevails over the magnetic force between the first
magnetic element 25 and the second magnetic element 26.
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Furthermore, outside the interval of interaction positions AX
the magnetic force rapidly decays as a result of the increasing
distance.

[0049]  When the supporting body 15 varies its condition of
motion or is subjected to impact or vibrations, the movable
mass 16 oscillates along the transduction axis X. Upon pas-
sage through the interval of interaction positions AX, albeit in
the absence of direct contact, the magnetic interaction
between the first magnetic element 25 and the second mag-
netic element 26 causes deformation of the piezoelectric can-
tilever element 17. When the movable mass 16 passes beyond
the interval of interaction positions AX, the elastic return
force prevails, and the magnetic force decays until it soon
becomes negligible. The piezoelectric cantilever element 17
thus receives a force substantially of an impulsive type. which
produces stimuli over a wide frequency band. including the
second resonance frequency. The piezoelectric cantilever ele-
ment 17 starts to oscillate as a result of the pulse received, as
indicated with a solid line in FIG. 6, and the corresponding
deformation of the piezoelectric layer 20 produces a voltage
that can be picked up at the pad 22 and used for charging the
storage element 5.

[0050] Itis to be noted that the magnetic forces between the
first magnetic element 25 and the second magnetic element
26 may be indifferently of an attractive or repulsive type,
provided that the interaction determines a force pulse on the
piezoelectric cantilever element 17 during traversal of the
interval of interaction positions AX. In one embodiment, the
magnetic forces may be attractive when the second magnetic
element 26 is located on one side of the first magnetic element
25 and repulsive when the second magnetic element 26 is
located on the opposite side.

[0051] Energy harvesting is efficient because the oscilla-
tions of the movable mass 16 and the piezoelectric cantilever
element 17 are decoupled, and hence the piezoelectric canti-
lever element 17 may vibrate at its natural resonance fre-
quency. Furthermore, the force pulses are transmitted to the
piezoelectric cantilever element 17 without direct contact
with the movable mass 16 or with the first magnetic element
25 placed thereon. The parts of the microstructure are hence
not subjected to impact during operation, to the advantage of
reliability.

[0052] According to one embodiment. illustrated in FIGS.
7 and 8, a piezoelectric transducer 100, which may be used in
the energy-harvesting system 1 instead ol the piezoelectric
transducer 2, comprises a supporting body 115, a movable
mass 116, and an oscillating piezoelectric cantilever element
117. The supporting body 115, the movable mass 116, and
part of the piezoelectric cantilever element 117 are made of
semiconductor material, for example monocrystalline sili-
con.

[0053] The movable mass 116 is elastically connected to
the supporting body 115 by a system of suspensions 118,
fixed to an anchorage 119 and configured to enable oscilla-
tions of the movable mass 116 along a transduction axis X'
parallel to a face 1154 of the supporting body 115 with a first
resonance [requency. for example less than 10 Hz.

[0054] The piezoelectric cantilever element 117 is defined
by a piezoelectric layer 120 formed on a face of a supporting
plate 121 of semiconductor material, integral with the mov-
able mass 116. The piezoelectric layer 120 and the supporting
plate 121 are shaped so that any bending of the supporting
plate 121 causes corresponding deformations of the piezo-
electric layer 120. Furthermore, the piezoelectric layer 120 is
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connected to a contact pad 122 on the supporting body 115
through the suspensions 118 and the anchorage 119, which
may themselves be made conductive by appropriate doping or
else may be coated with a metal layer.

[0055] The piezoelectric cantilever element 117 projects
from the movable mass 116 in a direction parallel to a face
115a of the supporting body 115 and substantially perpen-
dicular to the transduction axis X.

[0056] The ensemble of the piezoelectric cantilever ele-
ment 117 and the piezoelectric layer 120 is elastically
deformable and can oscillate with respect to a rest position at
a second resonance frequency, higher than the first resonance
frequency.

[0057] A first magnetic element 125 is set at the free end of
the piezoelectric cantilever element 117.

[0058]) A second magnetic element 126 is set on the sup-
porting body 115, along the path of a free end of the piezo-
electric cantilever element 117, so that the free end of the
piezoelectric cantilever element 117 passes over the first
magnetic element 125 or in its immediate vicinity, without in
any case direct contact, however.

[0059] The magnetic characteristics of the first magnetic
element 125 and second magnetic element 126 are selected so
that a magnetic force deriving from the interaction of the first
magnetic element 125 and of the second magnetic element
126 is sufficient to deform the piezoelectric cantilever ele-
ment 117 upon passage of the piezoelectric cantilever ele-
ment 117 in the proximity of the second magnetic element
126. Furthermore, the magnetic characteristics of the first
magnetic element 125 and of the second magnetic element
126 are selected so that, outside of an interval of interaction
positions AX', the elastic return force due to deformation of
the piezoelectric cantilever element 117 prevails over the
magnetic force between the first magnetic element 125 and
the second magnetic element 126. Furthermore, outside of the
interval of interaction positions AX' the magnetic force
decays rapidly as a result of the increasing distance.

[0060] FIGS. 9 and 10 illustrate a piezoelectric transducer
200 according to a different embodiment of the present dis-
closure. The transducer 200 comprises a supporting body
215, a movable mass 216, and a plurality of oscillating piezo-
electric cantilever elements 217. The supporting body 215,
the movable mass 216. and parts of the piezoelectric cantile-
ver elements 217 are made of semiconductor material, for
example monocrystalline silicon. Also illustrated in FIG. 10
is a protective cap 250 arranged so as to cover the movable
mass 216.

[0061] The supporting body 215 has a recess 2155 acces-
sible through a face 215a. The recess 2155 houses the mov-
able mass 216, which, in a rest configuration, is flush with the
face 215a.

[0062] The movable mass 216, which has a substantially
rectangular or square shape, is elastically connected to the
supporting body 215 by a system of suspensions 218, config-
ured so as to enable oscillations of the movable mass 216
along a transduction axis Z at a first resonance frequency. In
the example described. in particular, the transduction axis 7 is
perpendicular to a face 2154 of the supporting body 215. The
transducer 200 is consequently of the so-called “out of plane”
type. By way of non-limiting example, the movable mass 216
may have a length and width of between 400 and 800 pm,
while the thickness may reach 400 pm.

[0063] The piezoelectric cantilever elements 217 are
defined by piezoelectric layers 220 formed on faces of respec-
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tive supporting plates 221 of semiconductor material, integral
with the supporting body 215 and having faces parallel to the
face 2154 of the supporting body 215 itself. The piezoelectric
layers 220 and the supporting plates 221 are shaped so that
any bending of the supporting plates 221 causes correspond-
ing deformations of the respective piezoelectric layers 320.
Furthermore, the piezoelectric layers 220 are connected to
respective contact pads 222 set on the supporting body 215.
[0064] The piezoelectric cantilever elements 217 project
from the supporting body 215, in particular from the perim-
eter of the recess 2155, towards the movable mass 216, in a
direction substantially perpendicular to the transduction axis
7 and parallel to the face 215a of the supporting body 215. In
greater detail, the piezoelectric cantilever elements 217 are
comb-fingered in groups, each of which faces a respective
side of the movable mass 216. The length of the piezoelectric
cantilever elements 217 is such that the respective free ends
are in the proximity of the movable mass 216 at least in an
interval of positions of the movable mass 216 along the trans-
duction axis Z, without, however, any contact between the
movable mass 216 and the piezoelectric cantilever elements
217.

[0065] The ensemble of each piezoelectric cantilever ele-
ment 217 and of the respective piezoelectric layer 220 is
elastically deformable and can oscillate with respect to a rest
position at a second resonance frequency, higher than the first
resonance frequency. The oscillations are substantially in
planes perpendicular to the face 2154 of the supporting body
215.

[0066] First magnetic elements 225 and second magnetic
elements 226 are set, respectively. at the free ends of the
piezoelectric cantilever elements 217 and on the movable
mass 216.

[0067] The second magnetic elements 226, in particular.
are arranged along the perimeter of the movable mass 216 and
are each aligned to a respective piezoelectric cantilever ele-
ment 217. Inone embodiment (not illustrated) a single second
magnetic element is present and runs along the entire perim-
eter of the movable mass 216.

[0068] The first magnetic elements 226 are set at the free
ends of respective piezoelectric cantilever elements 217 and
are hence in the proximity of corresponding second magnetic
elements 226 at least when the movable mass 216 is in an
interval of interaction positions AZ around a rest position 7,
of the piezoelectric cantilever elements 217.

[0069] The magnetic characteristics of the first magnetic
elements 225 and the second magnetic elements 226 are
selected in such a way that a magnetic force deriving from the
interaction of the first magnetic elements 225 and of the
second magnetic elements 226 is sufficient to deform the
piezoelectric cantilever elements 217 upon passage of the
movable mass 216 through the interval of interaction posi-
tions AZ. Furthermore. the magnetic characteristics of the
first magnetic elements 225 and of the second magnetic ele-
ments 226 are selected so that. outside the interval of inter-
action positions AZ, the elastic return force due to deforma-
tion of the piezoelectric cantilever element 217 prevails over
the magnetic force between the first magnetic elements 225
and the second magnetic elements 226. Outside the interval of
interaction positions AZ the magnetic force decays rapidly as
a result of the increasing distance. In this way, passage of the
movable mass 216 through the interval of interaction posi-
tions AZ transmits, through contactless interactions between
the first magnetic elements 225 and the second magnetic
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elements 226, a force pulse that sets the piezoelectric canti-
lever elements 217 in vibration.

[0070] The embodiment described enables efficient exploi-
tation of the kinetic energy associated to the movable mass
216 for conversion into electrical energy, in particular thanks
to the high density of piezoelectric cantilever elements 217
that it is possible to obtain thanks to modern techniques of
machining ol semiconductors.

[0071] FIGS. 11 and 12 illustrate a piezoelectric transducer
300 according to a different embodiment of the present dis-
closure. The transducer 300 comprises a supporting body
315, a movable mass 316. and a plurality of oscillating piezo-
electric cantilever elements 317. The supporting body 315,
the movable mass 316. and parts of the piezoelectric cantile-
ver elements 317 are made of semiconductor material, for
example monocrystalline silicon. Also illustrated in FIG. 12
is a protective cap 350 arranged to cover the movable mass
316.

[0072] The supporting body 315 has a recess 3155 acces-
sible through a face 315a. The recess 3155 houses the mov-
able mass 316, which, in a rest configuration, is flush with the
face 315a.

[0073] The movable mass 316 has a substantially rectangu-
lar or square shape and is elastically connected to the sup-
porting body 315 by a system of suspensions 318, configured
to enable oscillations of the movable mass 316 along a trans-
duction axis 7' at a first resonance frequency. In the example
described, in particular, the transduction axis 7' is perpen-
dicular to a face 3154 of the supporting body 315. The trans-
ducer 300 is consequently of the so-called “out of plane™ type.
[0074] Present for each side of the movable mass 316 is a
respective piezoelectric cantilever element 317. which
extends, in one direction, from the supporting body 315 as far
as into the proximity of the movable mass 316 and, in the
perpendicular direction, substantially along the entire respec-
tive side of the movable mass 316. The piezoelectric cantile-
ver elements 317 are defined by piezoelectric layers 320
formed on faces of respective flexible supporting plates 321
made of semiconductor material, integral with the supporting
body 315 and having faces parallel to the face 315a of the
supporting body 315 itsell.

[0075] The piezoelectric layers 320 and the supporting
plates 321 are shaped so that any bending of the supporting
plates 321 causes corresponding deformations of the respec-
tive piezoelectric layers 320. Furthermore, the piezoelectric
layers 320 are connected to respective contact pads 322 on the
supporting body 315.

[0076] The ensemble of each piezoelectric cantilever ele-
ment 317 and of the respective piezoelectric layer 320 is
elastically deformable and can oscillate with respect to a rest
position at a second resonance frequency. higher than the first
resonance frequency. The oscillations are substantially in
planes perpendicular to the face 3154 of the supporting body
315.

[0077] First magnetic elements 325 and second magnetic
elements 326 are set, respectively, at the free ends of the
piezoelectric cantilever elements 317 and on the movable
mass 316. In one embodiment, the first magnetic elements
325 and second magnetic elements 326 are continuous strips.
The first magnetic elements 325 extend along the entire edge
of the respective piezoelectric cantilever elements 317. The
second magnetic elements 326 have a length substantially
equal to the length of the respective coupled first magnetic
elements 325.

Feb. 5, 2015

[0078] The first magnetic elements 326 are set at the free
ends of respective piezoelectric cantilever elements 317 and
hence are in the proximity of corresponding second magnetic
elements 326 at least when the movable mass 316 is within an
interval of interaction positions AZ around a rest position Z,,
of the piezoelectric cantilever elements 317.

[0079] The magnetic characteristics of the first magnetic
elements 325 and of the second magnetic elements 326 are
selected so that a magnetic force deriving from the interaction
ofthe first magnetic elements 325 and of the second magnetic
elements 326 is sufficient to deform the piezoelectric canti-
lever elements 317 upon passage of the movable mass 316
through the interval of interaction positions AZ. Outside the
interval of interaction positions AZ, instead, the elastic return
force due to the deformation of the piezoelectric cantilever
element 317 prevails over the magnetic force between the first
magnetic elements 325 and the second magnetic elements
326.

[0080] Consequently, passage of the movable mass 316
through the interval of interaction positions AZ transmils,
through contactless interactions between the first magnetic
elements 325 and the second magnetic elements 326, a force
pulse that sets the piezoelectric cantilever elements 317 in
vibration. The embodiment described enables limitation of
the number of connections for harvesting of the mechanical
energy and its conversion into electrical energy. Furthermore,
the area of piezoelectric material available is further
increased, given the same efliciency, and manufacture is sim-
plified.

[0081] Illustrated in FIGS. 13 and 14 is a piezoelectric
transducer 400 according to a further embodiment of the
present disclosure.

[0082] The piezoelectric transducer 400 comprises a sup-
porting body 415, a movable mass 416, and a plurality of
oscillating piezoelectric cantilever elements 417. The sup-
porting body 415, the movable mass 416, and part of the
piezoelectric cantilever elements 417 are made of semicon-
ductor material, for example monocrystalline silicon. Also
illustrated in FIG. 14 is a protective cap 450 arranged to cover
the movable mass 416.

[0083] The supporting body 415 has a face 4154 in which a
circular recess 415b is provided. The recess 415b houses the
movable mass 416. {lush with the face 4154.

[0084]  Also the movable mass 416 has a circular shape and
is connected to the supporting body by a system of suspen-
sions 418 connected to a central anchorage 419. The suspen-
sions 418 are configured so as to enable the movable mass 416
to perform oscillating rotational movements, at a first reso-
nance {requency, about a transduction axis Z" perpendicular
to the movable mass 416 itself (in practice, perpendicular to
the face 4154 of the supporting body 415).

[0085] The piezoelectric cantilever elements 417 are
defined by piezoelectric layers 420 formed on faces of respec-
tive supporting plates 421 made of semiconductor material,
integral with the supporting body 415 and having faces per-
pendicular to the face 4154 of the supporting body 415 itself.
The piezoelectric layers 420 and the supporting plates 421 are
shaped so that any bending of the supporting plates 421
causes corresponding deformations of the respective piezo-
electric layers 420. Furthermore. the piezoelectric layers 420
are connected to respective contact pads 422 set on the sup-
porting body 415.

[0086] The piezoelectric cantilever elements 417 project
from the perimeter of the recess 4155 in a radial direction
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inwards and extend as far as into the proximity of the movable
mass 416, from which they are separated by radial gaps 401.
The piezoelectric cantilever elements 417 are hence not in
direct contact with the movable mass 416, either in a rest
condition or in normal conditions of motion of the movable
mass 416 itself.

[0087] The ensemble of each piezoelectric cantilever ele-
ment 417 and of the respective piezoelectric layer 420 is
elastically deformable and can oscillate with respect to a rest
position at a second resonance frequency, higher than the first
resonance frequency. The plane of oscillation of the piezo-
electric cantilever elements 417 is substantially parallel to the
face 415a of the supporting body 415.

[0088] First magnetic elements 425 and second magnetic
elements 426 are set, respectively. at the free ends of the
piezoelectric cantilever elements 417 and on the movable
mass 416.

[0089] The second magnetic elements 426, in particular,
are arranged along the perimeter of the movable mass 416 and
are each aligned to a respective piezoelectric cantilever ele-
ment 417, when the movable mass 416 is in a rest angular
position.

[0090] The first magnetic elements 425 are set at the free
ends of respective piezoelectric cantilever elements 417 and
hence are in the proximity of corresponding second magnetic
elements 426 at least when the movable mass 416 is in an
interval of interaction angular positions A0 around a rest
position 0. In one embodiment, in the rest position 0, of the
movable mass 416, the second magnets 426 are aligned to
respective piezoelectric cantilever elements 417, which are in
turn in rest conditions. The direction of movement of the
second magnetic elements 426 is moreover perpendicular to
the faces of the piezoelectric cantilever elements 417 (the
path of the first magnetic elements 425 is in fact circular,
whereas the piezoelectric cantilever elements 417 extend in a
radial direction).

[0091] The magnetic characteristics of the first magnetic
elements 425 and of the second magnetic elements 426 are
selected so that a magnetic force deriving from the interaction
of the first magnetic elements 425 and of the second magnetic
elements 426 is sufficient to deform the piezoelectric canti-
lever elements 417 during rotation of the movable mass 416
through the interval of interaction angular positions A8. Fur-
thermore, the magnetic characteristics of the first magnetic
elements 425 and of the second magnetic elements 426 are
selected so that, outside of the interval of interaction angular
positions AB the elastic return force due to deformation of the
piezoelectric cantilever element 417 prevails over the mag-
netic force between the first magnetic elements 425 and the
second magnetic elements 426. Outside of the interval of
interaction angular positions A0 the magnetic force decays
rapidly as a result of the increasing distance. In this way,
rotation of the movable mass 416 through the interval of
interaction angular positions A0 transmits, through contact-
less interactions between the first magnetic elements 425 and
the second magnetic elements 426, a force pulse that sets the
piezoelectric cantilever elements 417 in vibration.

[0092] Finally, it is evident that modifications and varia-
tions may be made to the system and method described
herein. without thereby departing from the scope of the
present disclosure.

[0093] The various embodiments described above can be
combined to provide further embodiments. These and other
changes can be made to the embodiments in light of the
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above-detailed description. In general. in the following
claims, the terms used should not be construed to limit the
claims to the specific embodiments disclosed in the specifi-
cation and the claims, but should be construed to include all
possible embodiments along with the full scope of equiva-
lents to which such claims are entitled. Accordingly, the
claims are not limited by the disclosure.

1. A piezoelectric transducer for an energy harvesting sys-
tem, comprising:

a semiconductor substrate:

a cantilever piezoelectric element: and

a first magnetic element coupled to the cantilever piezo-
electric element;

a second magnetic element coupled to the substrate, the
first and second magnetic elements being movable with
respect to each other, the first magnetic element and the
second magnetic element being configured to generate a
force pulse on the cantilever piezoelectric element by
mutual magnetic interaction in response to relative
movements between the first magnetic element and the
second magnetic element through an interval of relative
positions, the first magnetic element and the second
magnetic element being configured to approach each
other without mutual direct contact.

2. The transducer according to claim 1 wherein a distance
between the first magnetic element and the second magnetic
element is greater than a minimum distance in each relative
position of the first magnetic element and the second mag-
netic element.

3. The transducer according to claim 1 wherein a direction
of relative motion of the first magnetic element and the sec-
ond magnetic element is transverse to the cantilever piezo-
electric element.

4. The transducer according to claim 1. further comprising
a movable mass elastically coupled to the substrate to oscil-
late in accordance with a transduction axis.

5. The transducer according to claim 4 wherein the canti-
lever piezoelectric element is anchored to the substrate and
the second magnetic element is on the movable mass.

6. The transducer according to claim 5 wherein the canti-
lever piezoelectric element extends toward the movable mass
and the second magnetic element is at a perimeter of the
movable mass.

7. The transducer according to claim 4 wherein the canti-
lever piezoelectric element is anchored to the movable mass
and the second magnetic element is on the substrate.

8. The transducer according to claim 4 wherein the mov-
able mass is elastically coupled to the substrate to translate
along the transduction axis.

9. The transducer according to claim 8 wherein the trans-
duction axis is parallel to a face of the substrate.

10. The transducer according to claim 8 wherein the trans-
duction axis is perpendicular to a face of the substrate.

11. The transducer according to claim 4 wherein the mov-
able mass is elastically coupled to the substrate to rotate about
the transduction axis.

12. A transducer, comprising:

a semiconductor substrate:

a moveable mass elastically coupled to the substrate:

a plurality of cantilever piezoelectric elements extending

from the substrate towards the moveable mass:

a plurality of first magnetic elements at free ends of the
cantilever piezoelectric elements, respectively: and



US 2015/0035409 Al

a plurality of second magnetic elements on the moveable
mass, each second magnetic element being substantially
aligned with cantilever piezoelectric elements in a rest
condition.

13. The transducer according to claim 12 wherein the sec-
ond magnetic elements are configured to respectively interact
with the first magnetic elements and respectively generate
respective force pulses on the cantilever piezoelectric ele-
ments, respectively.

14. The transducer according to claim 12 wherein the mov-
able mass has a quadrangular shape and the cantilever piezo-
electric elements are in a comb-fingered arrangement, each
cantilever piezoelectric element facing a side of the movable
mass.

15. The transducer according to claim 12 wherein the mov-
able mass has a quadrangular shape with four sides and for
each of the four sides of the movable mass there is at least one
of the cantilever piezoelectric elements that extends from the
substrate towards the movable mass.

16. The transducer of claim 15 wherein the plurality of
cantilever piezoelectric elements includes four groups of can-
tilever piezoelectric elements, the groups of cantilever piezo-
electric elements extending perpendicularly to the sides of the
movable mass. respectively, and extend substantially along
the whole respective sides of the movable mass.

17. The transducer of claim 15 wherein the cantilever
piezoelectric elements extends towards the movable mass
without directly contacting the movable mass.

18. The transducer according to claim 12 wherein the mov-
able mass has a circular shape and the first magnetic elements
extend in a radial direction.

19. An energy harvesting system. comprising:

a piezoelectric transducer configured to harvest environ-
mental energy and to convert harvested environmental
energy into a harvesting electrical signal, the piezoelec-
tric transducer including:

a semiconductor substrate:

a cantilever component having a piezoelectric element:

a first magnetic element on the cantilever component;
and
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a second magnetic element configured to interact with
the first magnetic element to move the cantilever com-
ponent;

a storage element configured to store electrical energy

from the piezoelectric transducer; and

a harvesting interface coupled to the transducer and con-

figured to provide a charge electrical signal to the stor-

age element as a function of the harvesting electrical
signal.

20. The system of claim 19, further comprising a movable
mass elastically coupled to the substrate, the second magnetic
element being on the movable mass and the cantilever com-
ponent extending from a portion of the substrate.

21. The system of ¢claim 19, further comprising a driving
element configured to receive the harvesting electrical signal
and to control a switch.

22. The system of claim 21 wherein the driving element is
configured to selectively connect and disconnect the harvest-
ing interface to the storage element based on the transducer.

23. The system of claim 22 wherein the driving element is
configured to connect the harvesting interface to the storage
element when the harvesting electrical signal exceeds an acti-
vation threshold to charge the storage element.

24. A method. comprising:

harvesting energy through a piezoelectric transducer, the

harvesting including:

moving a first magnetic element with respect to a second
magnetic element the first and second magnetic ele-
ment being coupled to a substrate of the piezoelectric
transducer, and the first magnetic element being
coupled to a cantilever piezoelectric element;

inresponse to relative movements between the first mag-
netic element and the second magnetic element across
an interval of relative positions, bringing the first
magnetic element and the second magnetic element
close to each other without direct mutual contact and
applying a force pulse to the cantilever piezoelectric
element through interaction between the first mag-
netic element and the second magnetic element.

25. The method of claim 24, further comprising:

coupling the transducer via a harvesting interface to a

storage element when the transducer outputs a harvest-

ing electrical signal that exceeds an activation threshold.
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