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PIEZOELECTRIC ENERGY HARVESTER FOR HUMAN MOTION

TECHNICAL FIELD

[8041] The present disclosure relates generally to energy harvesters, and more particularly,
piezoelectric energy harvesters for buman motion. Specifically, rotational momentim produced

during bodily activity is converted to electrical energy which may be used by low consumption

devices.
BACKGROUND
[6082] Kinetic energy harvesting, which involves converting mechanical energy from human

niotion into electrical energy, provides promising means for powering electronic devices, particularly
in wearable, implantable, and/or portable devices. Although existing energy harvesters have been

generally adequate for their intended prrposes, they have not been entirely satisfactory in all respects.

BRIEY DESCRIPTION OF BPRAWINGS

{6063] The present disclosure is best understood from the following detailed description when
read with the accompanying figures. Itis emphasized that, in accordance with the standard practice in
the industry, various features are not drawn (o scale and are used for illustration porposes only. In
fact, the dimension of the various features may be arbitrarily increased or reduced for clarity of
discussion.

[6064] FIGURES 1A~1D are simplified views of an exemplary energy harvester according to
various aspects of the present disclosure;

{BO65] FIGURES 2A-2D are siraplified views of an exemplary encrgy harvester according to
various aspects of the present disclosure;

{B0H6] FIGURE 3 is a stroplified view of an exemplary energy harvester according o various
aspects of the present disclosure;

[8047] FIGURE 4 is a straphfied view of an exemplary energy harvester according to vanious
aspects of the present disclosure;

[8088] FIGURE 5 is a simphfied block diagram of an exemplary energy harvesting system
according to various aspects of the present disclosure; and,

[6089] FIGURE 6A-6B 15 a simplified block diagram of an exemplary energy harvesting system

according to various aspects of the present disclosure.

OVERVIEW OF EXAMPLE EMBODIMENTS

[6016] Energy harvesters disclosed herein are configured to maximize transfer of mechanical
energy from motion, such as huiman motion, o piezoclectnc energy harvesting mechanisms, which

generate clectrical enargy. An exemplary energy harvester includes a piezoelectric diaphragm, an

1



WO 2017/139554 PCT/US2017/017341

eccentric mass that rotates in response to external motion, and a piezoelectric stress inducer coupled
with the eccentric mass and the piczoeleciric diaphragm. The piczoclectric stress inducer deformus the
piczoeleciric ring in response to rotational motion of the eccentric mass, causing the piezoelectric
diaphragm to generate electrical energy. The disclosed energy harvesters can be implemented for
powering electromic devices, particilarty wearable devices, internet of things, and/or healthcare

apphcations.

DETAILED DESCRIPTION OF EXAMPLE EMBODIMENTS

[6011] Kinetic energy harvesting, which involves converting mechanical energy from human
niotion into electrical energy, provides promising means for powering electronic devices. If properly
harnessed, human motion can be implemented to supplement or replace batteries used for powering
clectronic devices, particalarly in wearable, portabie, and/or implantable devices, internet of things,
and/or healthcare applications. Kinetic energy harvesters can employ various energy harvesting
mechanisms, such as electromagnetic energy harvesting mechanisias (which generate electrical
energy from electromagnetic ficlds) and piezoelectric harvesting mechanisras (which generate
electrical energy from mechanical stress applied to piezoelectric materials). Piezoelectric energy
harvesting mechamisms exhibit greater power ovtput than elecromagnetic energy harvesting
mecharisms, particularly for mucro-scale kinetic energy harvesters. However, since human motion is
typically random and occurs at extremely low frequencies (for example, a few Hertz), challenges exist
with how to effectively transfer mechanical energy from human motion to piczoelectric materials for
generating electrical energy. The present disclosure provides energy harvesters configured to
maxinize transfer of mechanical energy from human motion to piezoelectric energy harvesting
mechapisms.

{B8012] FIGURE 1A is a simplified top diagranmumatic view of an exenmplary energy harvester 10
according to various aspects of the present disclosure, FIGURE 1B is a simplified cross-sectional
view of energy harvester 10 along hine 1B-1B of FIGURE 1A according to varicus aspects of the
present disclosure; FIGURE 1C 1s a magnified top diagrammatic view of a portion of epergy harvester
10 in FIGURE 1A according to various aspects of the present disclosare; and FIGURE 1D s a
magnpified top diagrammatic view of a portion of energy harvester 10 according to various aspects of
the present disclosore. Energy harvester 10 converts mechanical energy into electrical energy. In
various implementations, energy harvester 10 captures (scavenges) and transforms mechanical energy
from motion (such as human motion) into electrical energy, which can be stored and managed for
powering electronic devices. For example, energy harvester 10 can be implemented to power a2
wearable, portable, and/or iraplantable device, supplementing or even replacing batteries typically
implemented for powering such devices, Energy barvester 10 can be iroplemented for providing

power in electronics applications, internet of things applications, healthcare applications, and/or other

b
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applications. For ease of discussion, FIGURES 1A-1D will be described concurrently, and
FIGURES 1A-1D have been sunplified for the szke of clarity to better understand the inventive
concepts of the present disclosure. Additional features can be added 1o energy harvester 10, and some
of the featires described can be replaced, modified, or eiminated in other embodiments of epergy
harvester 10,

{8013] Energy harvester 10 includes a piezoelectric energy harvesting mechanism that converts
{ransfers) mechanical energy, such as that from human motion, into electrical energy. The
piezoeleciric energy harvesting mechamsm inclodes an eccentric mass 20 and a piezoclectric
diaphragm 25 arranged in a housing 30. As described below, eccentric mass 20 applies mechanical
stress to piezoelectric diaphragm 25 as eccentric mass 20 (alternatively referred to as an eccentric
rotating mass) freely rotates around an axis of rotation R in response to motion, causing piezoelectric
diaphragm 23 to generate electrical energy. Piezoclectric diaphragm 25 includes any material that
generates clectrical energy (for example, accuraulates charge) in response to applied mechanical stress
or pressure. Conversely, the material generates mechanical strain in response to applied clectrica
energy, such as an applied electrical field. This phenomenon is referred to as piezoclectric effect.
Exemplary piezocleciric materials include lead zirconate ttanate (PZT), polyvinyhdene difhioride
{PVDF}, goartz, other suitable piezoelectric material, or combination thereof, In FIGURE 1A, though
ecceniric mass 20 18 depicted as a semicircle, and piezoclectric diaphragm 25 is depicted as a
piezoeleciric ring or piezoclectric circle, the present disclosure contemplates eccentric mass 20 and
piezoelectric diaphragn: 25 having any shape and/or configuration that facilitates the energy
harvesting mechanisms described herein. In some implementations, piezoelectric diaphragm 25
inclides more than one piezoelectric component, such as more than one piczoelectric ring. In some
implernentations, piczoclectric diaphragin 25 includes more than one piezoeleciric section. For
example, in some implementations, piczoclectric diaphragm 25 inclades four piezoeleciric material
sections configured to form a circle, where each piezoelectnic material section is configured as a
quarter of the circle.

[8¢14] In FIGURES 1A-1C, energy harvester 10 mncludes a prezoclectric stress inducer 40 that
connects mechanical energy collected by eccentric mass 20 to piezoelectric diaphragm 23,
Piezoelectric stress inducer 40 is conpled with eccentric mass 20, and eccentric mass 20 drives
{conwgols operation/movement of} plezoelectnic stress inducer 40 as eccentric mass 20 rotates around
axis of rotation K. Piezoelectric stress inducer 40 physically contacts piezoelectric diaphragm 25,
deforming (deflecting) piezoelectric diaphragm 25 when piezoelectric stress inducer 40 moves in
response to rofational motion of ecceniric mass 20. Piezoclectric stress inducer 40 inchudes a proof
mass 45, a bearing 50, proof masses 55, bearings 60, and proof mass copnectors 65. Proof mass 45 is
rotatonally connected to bearing 58, such that proof mass 45 rotates around bearing 50. Each proof

mass 35 is rotationally connected to a respective bearing 60, such that proof masses 55 rotate arcund

(a2
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respective bearings 60. In various implementations, proof mass 45 and proof miasses 35 are rotors.
Proof mass connectors 65 connect rotational motion of proof mass 45 with proof masses 55. For
example, in FIGURE 1T, proof mass connector 63 connects proof mass 45 to bearing 60, such that

rotational motion of proof s

s 45 causes rotational motion of proof mass 55 via bearing 60. Proof
mass connectors 65 can have any connecting and/or linking components that link rotational motion of
proof mass 45 with rotational motion of proof masses 55. Proof masses 55 physically contact
piezoeleciric diaphragm 25, such that proof masses 35 mechanically stress piezoclectric diaphragm 25
as proof masses 55 move in response to rotational motion of proof mass 45. Configuring proof
niasses 35 to rotate around respective bearings 60 reduces friction between proof masses 55 and
piezoelectric diaphragm 25 as proof masses 55 roll along piezoelectric diaphragm 25 in response to
rotational motion of proof mass 45.

{6015] Altematively, as depicted in FIGURE 1D, proof masses 35 may be replaced with proof
masses 70, where piezoelectric siress inducer 40 ncludes proof mass 45, bearing 50, and proof
masses 70. In FIGURE 1D, each proof mass 70 is connected to proof mass 453, such that rotational
motion of proof roass 45 causes motion of proof masses 70, In various implementations, proof mass
45 15 a rotor, and proof masses 70 are rolling balls. Any connecting and/or linking components can be
implemented o hak rotational motion of proof mass 45 with motion of proof masses 70. Proof
masses 70 physically contact piezoclectric diaphragm 25, such that proof masses 70 mechamcally
stress piezoelectric diaphragm 25 as proof masses 70 move in response to rotational motion of proof
mass 45. Configuring proof masses 70 to roll in relation to proof mass 45 can further reduce friction
between proof masses 70 and piezoeleciric diaphragni 25 as proof masses 70 roll along piezoelectric
diaphragm 25 in response to rotational motion of proof mass 45. In some implementations,
piezoeleciric stress inducer 40 can nclude a combination of proof masses 55 and proof masses 70.
The present disclosure contemplates any mumber, shape, configuration, and/or combination for
bearings 50, proof masses 53, bearings 60, proof mass connectors 63, and/or proof masses 70 that
Facilitate the energy harvesting mechanisros described herein.

[8¢1s] In operation, ecceniric mass 20 applies mecharnical stress on prezoelectric diaphragm 25
via piezoelectric stress inducer 40 as eccentric mass 20 rotates within housing 30 around axis of
rotation R in response to motion, such as homan motion. For example, energy harvester 101
configured to connect rotational motion of eccentric mass 20 with rotational mouton of proof mass 45
and proof masses 55 (and/or proof masses 70), allowing eccentric mass 20 o drive proof mass 45 and
proof masses 55 {and/or proof masses 70). In FIGURES 1A-1C, eccentric mass 20 is rotationally
connected to bearing 50, such that eccentric mass 20 rotates around bearing 50. Eccentric mass 20 is
also connected to proof mass 45, so that rotational motion of eccentric mass 20 causes rotational
motion of proof roass 45, As proof mass 45 rotates in response to rotational motion of eccentric mass

20, proof masses 53 rotate 1n response o rotational motion of proof mass 45 (for example, because
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bearings 60 and proof mass connectors 65 move together with proof mxass 45). Bearing 50 and
beartngs 60 allow rotational motion of eccentric mass 20 to drive proof masses 35, as bearing 50 and
bearings 60 also rotate around the same point {for exaraple, axis of rotation R) as eccentric mass 20.
Because proof masses 55 remain in physical contact with piczoelectric diaphragm 25, as long as
eccentric mass 20 rotates in yesponse 1o a tiniest of movement, proof masses 55 will cause stress
variation on piezoelectric diaphragm 25. Proof masses 55 roll along piczoelectric diaphragm 25,
deflecting or deforming piezoelectric diaphragm 25, which causes piezoelecinic diaphragm 25 to
generate electrical energy. Essentially, since proof masses 55 contact piezoclectric diaphragm 25 and
apply stress to piezoelectric diaphragm in response to motion of eccentric mass 20, energy harvester
10 can generate power in response to any motion of eccentric mass 20 (in other words, no minimum
degree of rotation 1s required). In various implementations, eccentric niass 20 has a mass {(in some
examples, as heavy as possible) that maximizes transfer of mechanical energy from external motion
{such as human motion) to piczoclectric diaphragm 25. Energy harvester 10 thus generates power
from piczoeleciric diaphragm 23 in response to rotational motion of eccentric mass 20. Any
appropriate electronics circuitry can harvest electrical energy generated by piczoelectnic diaphragm
25, which can be used for powering a load or stored, for example, by capacitors and/or batteries.,
{8017] TIGURE 2A 15 a simplified top diagrammatic view of an exemplary energy harvester 10A
according to variows aspects of the present disclosure, FIGURE 2B is a simplified cross-sectional
view of energy harvester 10A along line 2B-2B in FIGURE 2A according to various aspects of the
present disclosure; FIGURE 2C 15 a magnified top diagrammatic view of a portion of energy harvester
10A in FIGURE 2A according to various aspects of the present disclosure; and FIGURE 2D is a
magnified top diagramimatic view of a portion of energy harvester 10A in FIGURE 2A according to
various aspects of the present disclosure. Energy barvester 104 converts mechanical energy ito
electrical energy. In various implementations, energy harvester 10A captures (scavenges) and
transforms mechanical energy from rootion (such as human moetion) mto electnical energy, which can
be stored and managed for powering electronic devices. For example, energy harvesier 10A can be
implemented to power a wearable, portable, and/or implantable device, supplementing or even
replacing batteries typically implemented for powering sach devices. Energy harvester 10A can be
implemented for providing power in electronics applications, intemet of things applications,
healtheare applications, and/or other applications. For ease of discussion, FIGURES 2A-2D will be
described concurrently. FIGURES 2A-2D have been simplified for the sake of clarity to better
understand the inventive concepts of the present disclosure. Additional feanires can be added in
energy harvester 10A, and some of the featires described can be replaced, modified, or elimninated in
other erabodiments of energy harvester 10A.

{60158] Buergy harvester 104 of FIGURES 2A-2D 1s similar in roany respects to energy
harvester 10 of FIGURES 1A-1C. Accordingly, similar features 1 FIGURES 1A-1C and FIGURES
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2A-2D are identified by the same reference numerals for clarity and simplicity. To increase power
output, encrgy harvester 104 includes z piczoelectric diaphragm that includes more than one
piczoeleciric ring for generating electrical energy. For example, energy harvester 1A includes
piezoelectric diaphragm 25 and a piezoelectric diaphragm 25A, which can collectively be referred to
as a piezoclectric ning. Tn FIGURES 2A-2D, a piezoelectric stress inducer inchudes piezoclectric
stress mdocer 40 configured to connect mechanical energy collected by eccentric mass 20 to
piezoeleciric diaphragm 25, and a piezoclectric stress inducer 40A configured to connect mechamcal
energy collected by eccentric mass 20 to piezoelectric diaphragm 23A. For example, piezoclectric
stress inducer 40A includes a proof mass 75, proof masaes 85, bearings 90, and proof mass connectors
95. Proof mass 75 is connected 1o eccentric mass 240, so that rotational motion of eccentric niass 20
causes rotational motion of proof mass 75. Each proof mass 85 is rotationally connected to a
respective beartng 90, such that proof masses 85 rotate around respective bearings 90. In various
iraplementations, proof mass 75 and proof masses 85 are rotors. Proof mass connectors 95 connect
rotational motion of proof mass 75 with proof masses 83, For example, in FIGURE 2D, proof mass
coanector 95 connects proof mass 75 to bearing 90, such that rotational motion of proof mass 75
causes rotagonal moton of proof mass 85 via bearing 90. Proof mass connectors 95 can bave any
connecting and/or Bnking components that Bnk rotational motion of proof mass 75 with rotational
motion of proof masses 83, Proof masses 85 physically contact piezoelectric diaphragm 234, suc
that proof masses 85 mechanically stress piezoelectric diaphragm 23A as proof masses 85 move in
response to rotational motion of proof mass 75. The present disclosure contemplates any number,
shape, configuration, and/or combination for bearings 50, proof masses 553, bearings 60, proof mass
connectors 65, proof masses 75, proof masses 85, bearings 90, and/or proof mass connectors 95 that
facilitate the energy harvesting mechanisms described herein.

{B8019] To further increase power output, energy harvester 10 can imoplement the piezoeleciric
energy barvesting mechansms deseribed above with other power generation mechanisms, such as
electrorpagnetic encrgy harvesting mecharnisms and/or electrostatic energy barvesting mechanmisms. In
such configurations, as rolating eccentric mass 20 causes piczoelectric diaphragm 25 to generate
electricity, rotating eccentric mass 20 can simmltaneously cause magnetic fhux changes and/or
electrostatic charge changes.

18628] FIGURE 3 is a stmphified cross-sectional view of an exemplary energy harvester 200
according to various aspects of the present disclosure according to various aspects of the present
disclosure. Energy harvester 200 is configured to convert simultaneously mechanical energy into
clectrical energy. In various implementations, energy harvester 200 captures (scavenges) and
transforms mechanical energy from motion (such as human motion) into electrical energy, which can
be stored and managed to provide power 1o electronics applications. Energy harvester 200 mcludes a

piezoelectric energy harvesting mechanism 203, which generates electrical energy in response to
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mechanical stress, and an electromagnetic energy harvesting muechanism 210, which generates
electrical energy in response to an clectromagnetic field. Rotational motion of eccentric mass 20 can
sinmultaneocusly provide the mechanical stress and the electromagnetic ficld necessary respectively for
piezoelectric energy harvesting mechanism 205 and electromagnetic energy harvesting mechanism
210 to generate electrical energy. Piczoelectric energy harvesting mechanism 205 can be configured
as the piezoclectric energy harvesting mechanisms described above with reference to FIGURES 14~
1D and FIGURES 2A-2C. For example, piezoelectric energy harvesting mechamsm 205 can include
piezoeleciric diaphragm 25 and piezoclectric diaphragm 25A, which generate electrical energy n
response to mechanical siress applied thereto by eccentric mass 20 via piezoeleciric stress inducer 40.
Elecromagnetic energy harvesting mechanism 210 generates electrical energy in response to a change
in magnetic flux caused by rotational motion of eccentric mass 20. For example, electromagnetic
energy harvesting mechanisia 210 can include a magnetic layer 215 and coils 220 disposed over a
substrate 225. Magnetic layer 215 is rotationally connected to bearing 50, such that magunetic layer
215 rotates around bearing 50. Eccentric mass 20 can drive magnetic fayer 215, where rotational
motion of eccentric mass 20 causes rotational motion of magnetic layer 215 (which serves as a rotor).
Rotational motion of magnetic layer 215 generates roagnetic flux changes through coils 220 (which
serve as stators), causing cotls 220 to generate electrical epergy. In various implementations,
clectromagpetic energy harvesting mechanism 210 can be configored as descnbed in Romero, E. et al,
“Rotational Energy Harvester for Body Motion”, Micro Electro Mechanical Systems (MEMS), 2011
IEEE 24th International Conference on pages 1325-1328 (23-27 Jan. 2011}, the entire disclosure of
which 1s incorporated herein by reference. In such implementations, piezoelectric energy harvesting
mechanism 205 and electromagnetic energy harvesting mechanism 210 can use the same eccentric
mass, eccentric mass 20, and the sare bearing, bearing 50, for generating electrical energy. FIGURE
3 has been simplified for the sake of clarity to better understand the inventive concepts of the present
disclosure. Additional features can be added in energy harvester 200, and some of the featres
described can be replaced, modified, or eliminated in other embodiments of energy harvester 200.
18621} FIGURE 4 is a stmphfied cross-sectional view of an exemplary energy harvester 300
according to vanous aspects of the present disclosure according to various aspects of the present
disclosare. Fnergy harvester 300 is configured o convert simultanconsly mechanical energy into
electrical energy. In various implementations, energy harvester 300 capiores (scavenges) and
transforms mechanical energy from motion (such as human motion) into electrical energy, which can
be stored and managed to provide power in electronics applications. Energy harvester 300 inchudes a
piezoclectric energy harvesting mechanism 303, which generates clecirical energy in response to
mechanical stress, and an electrostatic energy harvesting mechanisn: 310, which generates electrical
energy m response to an electrostatic charge. Rotational motion of eccentric mass 20 can

sirnultaneously provide the mechanical stress and the electrostatic charge necessary respectively for
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piezoeleciric encrgy harvesting mechanism 305 and an electrostatic encrgy harvesting mechanism 310
to generate electrical energy. Piezoclectric energy harvesting mechanism 3035 can be configured as
the piczoclectric energy harvesting mechanisms described above with reference to FIGURES 1A-1D
and FIGURES 2A-2C. For exarople, piczoelectnic energy harvesting mechanism 305 can inclide
piczoelectric diaphragm 25 and piezoelectric diaphragm 25A, which generate electrical energy 1o
response o mechanical stress applied thereto by eccentric mass 20 via piezoelectric stress inducer 40,
Electrostatic energy harvesting mechanism 310 can generate electrical energy i response to a change
in electrostatic charge caused by rotational mouton of eccentric mass 20. In vartous implementations,
electrostatic energy harvesting mechanism 310 can be configured as a triboelectric energy harvesting
nmechanism. For example, electrostatic energy harvesting mechanism 310 can include a material layer
315, a matenal layer 320, and an electrode layer 325 disposed over a substrate 330. Material layer
315 is rotationally connected to bearing 50, such that muaterial layer 315 rotates around bearing 50.
Eccentric mass 20 can drive material layer 315, where rotational mmotion of ecceniric mass 20 causes
rotational motion of material layer 315 (which serves as a rotor). Rotational motion of material layer
315 generates wiboelectrification through material layer 320 and electrodes 325 (which serve as a
stator), causing electrodes 325 to generate electrical energy. In vanous implementations, triboelectric
energy harvesting mechanism 210 can be configored as described in Zha, G. et al, “Radial-arrayed
rotary electrification for high performance wiboelectric generator”, Natare Communications, Arucle
No. 3426 (4 Mar 2014), the entire disclosure of which is incorporated herein by reference. In suc
implementations, piczoclectric energy harvesting mechanisn: 305 and electrostatic energy harvesting
mechaniam 310 can use the same ecceniric mass, eccentric mass 20, and the same bearing, bearing 50,
for generating electrical energy. FIGURE 4 has been simplified for the sake of clarity to better
understand the inventive concepts of the present disclosure. Additional features can be added in
encrgy barvester 300, and some of the feamres described can be replaced, modified, or eliminated in
other embodiments of energy harvester 300.

{8022] FIGURE 5 is a simphfied block diagram of an exemplary energy harvesting systern 400
according to vanous aspects of the present disclosure according to various aspects of the present
disclosare. Tnergy harvesting system 400 can be implemented in a wearable, portable, and/or
implantable device, where energy harvesting system 400 powers the wearable, portable, and/or
implantable device from human motion. Energy harvesting systern 400 includes an energy harvester
component 405, a power management component 410, an energy storage component 415, and an
application component 420. Energy harvester component 405 includes any of the energy harvesters
described above with reference to FIGURES 1-4. Power management component 410 1s configured
to manage (distribute) electrical energy generated by energy harvester component 405, Power
management component 410 can transfer electrical energy generated by energy harvester component

405 o energy storage component 415 or directly to application coraponent 420. Energy storage



WO 2017/139554 PCT/US2017/017341

component 415 is configured to store electrical energy, which can be used for powering application
component 420. Application component 420 inchudes any load powered by electrical energy
generated and/or stored by energy harvesting system 400. For example, application component 420 is
a wireless seasor pode in a wireless network system. In another example, application component 420
is a transceiver of an electronic device. In yet another example, apphication component 420 is any
electronic circnit and/or electronic component powered by electrical energy generated by energy
harvesung system 400. Application component 420 is powered by electrical energy from power
management component 410 and/or from energy storage component 415, FIGURE 5 has been
simplified for the sake of clarity to better understand the inventive concepts of the present disclosure.
Additional features can be added in energy harvesting systen: 400, and some of the features described
can be replaced, modified, or eliminated in other embodiments of energy harvesting system 400.
[6623] According to one or aspects of the present disclosare, FIGURE 6A is a lateral view of an
energy harvester 600 which implements a pendulum 620 as an cccentric mass. Epergy harvester 600
comprises housing 630, electrode 675, annulus 625, bearing member 645, armature 663, bearing 635
and pendutom 620.

{6024] As i3 known in the art, pendubum 620 is 2 weight suspended from a pivot disposed in the
center of bearing member 645 so that it can swing frecly. When pepduhim 620 1s displaced sideways
from its resting, equilibrinm positon, # is subject to 3 restoring force due to gravity that will
accelerate it back toward the equilibrium position. When released, the restoring force combined with
the pendulum's mass causes it to oscillate about the equilibrivim position, swinging back and forth.
[6025] {n some embodiments, a longer lever arm is used on pendulum 620. This produces a

greater Testoring forque at bearing member 645 at the cost of a longer period, pursuant to:

-

{
g

3
]
N
=]

N
where, Tis the period, [ is the length and g is the Jocal acceleration of gravity.

[6026] The present disclosure conternplates the moing harvester 600 such that it 1s similar to the

gate frequency of an individoal thereby maximizing pepdulum 620 movement and consequent

harvested energy.

{6027] Bearing member 645 can be a disc of any suitable study but conductive material. In some

embodiments, bearing member is made from steel. While in others, bearing member 645 is a high

tensile strength polymer coated in a conductive copper. Bearing member’s 645 purpose is to transfer

torque exeried by pendulum 620 to armatire(s) 665.

{8028} Armature 665 carries a radial load from bearing member 645 to bearing 655. Similar in

suitable materials to bearing member 645, armatore 665 is constructed from high tensile strength,

conductive matertals. Armature 665 is subjected to compressive stress and shearing siress due to the

J

9
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torque exeried by bearing mmember 6435 which is opposed by friction at the bearing 655/annulus 625

interface.
{B8025] Aonulus 625 1s a substantially flat ring of piczoeleciric matersal. A piczoclectric material
is a solid substance that accumulates electric change n response to applied mechanical stress. The

piezoelectric effect is understood as the linear electromechanical interaction between the raechanical
and the electrical state in crystalline materials with no tnversion synunetry. The piezoelectric effect is
a reversible process in that matenals exhibiting the direct piezoclectric effect {the mternal generation
of electrical charge resulung from an apphed mechanical force) also exhibit the reverse piezoclectric
effect (the internal generation of a mechanical strain resulting from an applied electrical field). In one
embodiment, annulus 625 comprises lead zirconate titanate crystals will generate measurable
piezoelectricity when their static structure is deformed by about 0.1% of the original dimension.
[6036] In some embodiments, anmalus 625 represents a slice of a pipe or cylinder. In that, it is
substantially circular but having somewhat flat inner and outer surfaces. In other embodiments, the
tnner surface is grooved in the radially direction such that it substantially mates with a ball bearing.
However, any suitable shape or construction is not beyond the scope of the present disclose.

{6031} Electrode 675 comprises any suitable conductive matenial. It's purpose is to camry away
the electrical charge induced by pressure from bearing 655 against annuolus 623, In some
embodiments, electrode 675 rigidly circumsenbes anpulus 625 giving rise to increased pressures from
bearing 655. In the present embodiment, bearing 635 is a conductive roller bearing. Roller bearings
are a type of rolling-element bearing that uses cylinders (rollers} to maintain the separation between
the moving parts of the bearing (as opposed to using balls as the rolling element). The purpose of a
roller bearing is to reduce rotational friction and support radial and axial loads.

{8032] FIGURE 6B is a cross-sectional view of an energy harvester 600 which implements a
pendulura 620 as an eccentric mass, according to one or aspects of the present disclosure. Energy
harvester 600 comprises, anaulus 625, bearing member 645, armature 5665, main bearing 650, bearing
655 aod pendulum 620,

18633] In practice, bearing 655 substantially presses against annubus 625 thereby engendering a
piezoeleciric effect. As pendubum 620 radially displaces relative to housing 630, electric charge
accumelates on the inner and outer surfaces of annulus 625, The resultant potential between bearing
635 and electrode 675 can then be uulized or stored in any suitable energy storage device, e.g..
capacitor, battery, etc. In some embodiments, a conductive brush disposed on housing 630 carries
away the electrical charge. Known in the art, the conductive brush can be disposed to create any
conduction pathway from the inner anoulus 625, for example, brushing the bearing member 645. This
s why it is useful, although not necessary, to have bearing 655, armatire 565 and bearing maember

6435 all be substantially conductive.

10
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{B034] In various implementations, the various components of the FIGURES can be
implermented on a board of an associated electronic device. The board can be a general circuit board
that can hold various components of an internal electronic system of the electronic device and, further,
provide connectors for other peripherals. More specifically, the board can provide the elecirical
connections by which the other components of the system can communicate electrically. Any suitable
processors (inchusive of digital signal processors, microprocessors, supporting chipsets, ec.), memory
elements, ete. can be suitably covpled o the board based on particular configuration needs, processing
demands, computer designs, other considerations, or a combination thereof. Other components, such
as external storage, sensors, controllers for audio/video display, and peripheral devices may be
attached to the board as plug-in cards, via cables, or integrated into the board itself.

{6035} In various implementations, the various components of the FIGURES can be
tmplemented as stand-alone modules (for exaraple, a device with associated components and circuitry
configured to perform a specific application or function) or implemented as plug-in modules into
application specific hardware of electronic devices. Note that particular embodiments of the present
disclosure may be readily included in a system-on-chip (SOC) package, either in part, or in whole.

An SOC represents an integrated circuit that integrates components of a computer or other efecronic
system into a single chip. It nway contain digital, analog, mixed-signal, and ofien radio frequency
functions: all of which may be provided on a single chip subsiate. Other embodiments may inclade a
multi-chip-module (MCM), with a plurality of separate ICs located within a single electronic package
and configored to interact closely with each other through the electronic package. In various other
embodiments, the various functions described herein may be implemented in one or more
seniiconductor cores (such as silicon cores) in application specific integrated circuits (ASICs), field

programmable gate arrays (FPGAs), other semiconductor chips, or combinations thereof.

&

{B8036] Note that the activities discussed above with reference to the FIGURES are applicable ¢
any integrated circuits that involve signal processing, particularly those that can execute specialized
software prograros or algorithms, some of which may be associated with processing digitized real-
time data. Certain embodiments can relate to molu-D3P signal processing, floating pomt processing,
signal/control processing, fixed-function processing, microcontroller applications, ete. In certain
contexts, the features discussed herein can be applicable to medical systerns, scientific
wstrumentation, wireless and wired commumnicauons, radar, industrial process control, andio and
video equipment, current sensing, instrumentation {which can be highly precise)., and other digital-
processing-based systenis. Moreover, certain embodiments discussed above can be provisioned in
digital signal processing technologics for medical imaging, patient monitoring, medical
mstrumentation, and home healthcare. This could inchide pulmonary monitors, accelerometers, heart
rate momitors, pacemakers, ete. Other applications can involve autornotive techoologies for safety

systeras {e.g., stability control systerns, driver assistance systems, braking systems, infotainment and

i1
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interior applications of any kind). Furthermore, powertrain systems (for example, i bybrid and
electric vehicles) can use high-precision data conversion products in battery monitoring, control
systems, reporting controls, mainienance activities, etc. In yot other example scenarios, the teachings
of the present disclosure can be applicable 1o the industrial markets that include process control
systems that help drive productivity, energy efficiency, and reliahility. In consumer applications, the
teachings of the signal processing circuits discussed above can be nused for iimage processing, avto
focus, and image stabilization (e.g., for digital still cameras, camcorders, etc.). Other consumer
apphications can inchude audio and video processors for home theater systems, DVD recorders, and
high-definition televisions. Yet other consumer applications can involve advanced touch screen
controllers (e.g., for any type of portable media device). Hence, such technologies could readily be a
part of smartphones, tablets, security systems, PCs, gaming technologies, virtual reality, simulation

training, etc.

P
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WHAT IS CLAIMED I5:

1. An energy harvester comprising:

a piezoclectric ring;

an eccentric mass that rotates in response to external motion; and

a piezoelectric stress inducer coupled with the eccentric mass and the piezoelectric ring,
wherein the piczoelectric stress inducer deforms the piezoclectric ring in response to rotational raotion
of the eccentric mass.

2. The energy harvester of claim 1, wherein the piczoclectric stress inducer includes a
proof mass configured to roll along the piczoelectric ring in response to rotational motion of the
eccantric mass.

3. The energy harvester of claim 1, wherein the piczoelectric stress inducer inclodes:

a first proof mass connected to the eccentric mass, such that rotational motion of the eccentric
mass causes rotational motion of the first proof mass; and

a second proof mass connected to the first proof mass, such that rotational motion of the first
proof mass causes rotational motion of the second proof mass.

4. The energy harvester of claim 3, wherein the piezoelectric stress inducer further
includes a first bearing and a second bearing, wherein the eccentric mass is rotationally connected to
the first bearing and the second mass is rotationally connected to the second bearing.

5. The encrgy barvester of claim 3, wherein the second proof mass physically contacts
the piezoclectric ring.

6. The encrgy harvester of claim 3, wherein the first proof mass is a rotor, and the
second proof mass is a rotor.

7. The energy harvester of claim 3, wherein the first proof mass is a rotor, and the
second proof mass is a rolling ball.

8. The energy harvester of claim 1, fimther comprising an electrostatic component
configured to generate electrical energy in response to rotational motion of the eccentric nuass.

9. The encrgy barvester of clain 8, wherein the eccentric mass and the clectrostatic
component are connected to a same bearing.

i0. The energy harvester of claim |, further comprising an electromagnetic component
configured to generate electrical energy in response to rotational motion of the eccentric mass.

it The energy harvester of claim 10, wherein the eccentric mass and the electromagnetic
energy component are connacied to a same bearing.

12. A method for generating electrical energy in response to human motion, the method
COMPrising:

collecung, by an eccentric mass, mecharnical energy from human motion; and
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transferring, by rotational motion of the eccentric ass, the mechanical energy from human
motion to a piezoelectric ring.

13. The method of claim 12, wherein transferring the mechanical energy includes causing
the piczoelectric ring to deform in response to rotational motion of the eccentric mass.

14. The method of claim 13, wherein causing the piezoelectric ring to deform includes

rolling a proof mass along the piezoelectric ring in response 1o rotational motion of the eccentric

mass.
i5. The method of claim 12, wherein transferring the mechanical energy includes:
causing a first proof mass to rotate in response to the rotational motion of the eccentric mass;
and

causing a second proof mass to rotate in response to rotational motion of the first proof mass.

16. A device for converting mechanical energy from hwman motion into clectrica
energy, the device comprising:

a piezoclectric ring;

an ecceniric mass that rotates in response to buman motion; and

a piezoclectric stress inducer coupled with the eccentric mass and the piezoelectric ring,
wherein the piezoelectric stress inducer physical contacts the piezoelectric ring.

17. The device of claim 16, wherein the piezoelectric stress inducer inclades:

a first proof mass connected to the eceentric mass, such that rotational motion of the eccentric
mass causes rotational motion of the first proof mass; and

a second proof mass connected o the first proof mass, such that rotational motion of the first
proof mass causes rotational motion of the second proof mass.

8. The device of claim 17, wherein the piezoelectric stress inducer further includes a
first bearing and a second bearing, wherein the eccentric mass is rotationally connected to the first
bearing and the second mass 1s rotationally connected to the second heanng.

9. The device of claim 16, wherein the piezoelectnic stress inducer inchudes a proof mass
configured to roll along the piezoelectric ring in response to rotational motion of the eccentric mass.

20. The device of claim 16, further comprising an electromagnetic component or an
electrostatic component configored to generate electrical energy in response o rotational motion of
the eccentric mass,

21. A device for converting mechanical energy from human motion into electrical
energy, the device comprising:

an outer assembly comprising:

a housing;
an anrulus substantially comprising piezoclectric material; and,

an electrode in electrical communication with the annulus;

i4
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and, an inner assembly comprising:
an eccentric mass;
a bearing member connected to the eccentric mass;
an armature connected to the bearing member; and,
a bearing disposed at the distal end of the armature wherein, the bearing dynamically
contacts the annulus;
whereby, the inner and ouler assemblies rotate relative {o one another about a pivot point at

the center of the bearing member thereby producing some deformation in the anmulus due to bearing

contact.

22. The device of claim 21 wherein, the eccentric mass is substantially pendulum
shaped

23. The device of claim 21 wherein, the bearing is a roller bearing.

24. The device of claim 23 wherein, the roller bearing is electrically conductive.

25. The device of claim 24 wherein, the armature is electrically conductive.

26. The device of claim 21 wherein, the electrode circumscribes the annulus.

27. The device of claim 26 wherein, the electrode is substantially rigid such that it the

anmulus 1s pinched by the deformaton.

28. The device of claim 21 wherein, the annuolus extubits a shape that of aslice of &
cylinder.
29. The device of claim 28 wherein, the annulus further comprises a radial groove on it’s

inner surface.
30. The device of claim 29 wherein, the bearing is a ball bearing which substantially

interfaces with radial groove.
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An energy harvester comprisinga piezoelectric ring; an
eccentric mass that rotates in response to external motion;
and a piezoelectric stress inducer coupled with the
eccentric mass and the piezoelectric ring, wherein the
piezoelectric stress inducer deforms the piezoelectric ring
in response to rotational motion of the eccentric mass
(claim 1), wherein the piezoelectric stress inducer includes
a first proof mass connected to the eccentric mass, such
that rotational motion of the eccentric mass causes
rotational motion of the first proof mass; and a second
proof mass connected to the first proof mass, such that
rotational motion of the first proof mass causes rotational
motion of the second proof mass (claim 3);

wherein the first proof mass is a rotor, and the second
proof mass is a rolling ball (claim 7).

2. claim: 9

The energy harvester of claim 1, further comprising an
electrostatic component configured to generate electrical
energy in response to rotational motion of the eccentric
mass (claim 8), wherein the eccentric mass and the
electrostatic component are connected to a same bearing
(claim 9).

3. claims: 10, 11(completely); 20(partially)

The energy harvester of claim 1, further comprising an
electromagnetic component configured to generate electrical
energy in response to rotational motion of the eccentric
mass (claims 10, 11); or

a device for converting mechanical energy from human motion
into electrical energy, the device comprising a
piezoelectric ring; an eccentric mass that rotates in
response to human motion; and a piezoelectric stress inducer
coupled with the eccentric mass and the piezoelectric ring,
wherein the piezoelectric stress inducer physical contacts
the piezoelectric ring (claim 16);

further comprising an electromagnetic component configured
to generate electrical energy in response to rotational
motion of the eccentric mass (claim 20, first alternative).

4. claims: 12-15

A method for generating electrical energy in response to
human motion, the method comprising collecting, by an
eccentric mass, mechanical energy from human motion; and
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transferring, by rotational motion of the eccentric mass,
the mechanical energy from human motion to a piezoelectric
ring.

5. claims: 29, 30

A device for converting mechanical energy from human motion
into electrical energy, the device comprising an outer
assembly comprising a housing; an annulus substantially
comprising piezoelectric material; and an electrode in
electrical communication with the annulus; and an inner
assembly comprising an eccentric mass; a bearing member
connected to the eccentric mass; an armature connected to
the bearing member; and a bearing disposed at the distal end
of the armature wherein, the bearing dynamically contacts
the annulus; whereby, the inner and outer assemblies rotate
relative to one another about a pivot point at the center of
the bearing member thereby producing some deformation in the
annulus due to bearing contact (claim 21); wherein the
annulus exhibits a shape that of a slice of a cylinder
(claim 28); wherein the annulus further comprises a radial
groove on its inner surface (claims 29-30)
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