(12) STANDARD PATENT (11) Application No. AU 2007231723 B2
(19) AUSTRALIAN PATENT OFFICE

(54) Title
Energy harvesting apparatus and method

(61) International Patent Classification(s)

F03G 7/08 (2006.01) HO2N 2/18 (2006.01)
HO1L 41/113 (2006.01)
(21) Application No: 2007231723 (22) Date of Filing:  2007.11.01

(30)  Priority Data

(31) Number (32) Date (33) Country
11/613,893 2006.12.20 us
(43) Publication Date: 2008.07.10

(43) Publication Journal Date: 2008.07.10
(44) Accepted Journal Date: 2013.05.09

(71)  Applicant(s)
The Boeing Company

(72)  Inventor(s)
Clingman, Dan J.;Herrin, Mark W.

(74)  Agent/ Attorney
Spruson & Ferguson, L 35 St Martins Tower 31 Market St, SYDNEY, NSW, 2000

(56) Related Art
US 20070145861 A1
US 6252336 B1




01 Nov 2007

2007231723

ENERGY HARVESTING APPARATUS AND METHOD

ABSTRACT

An energy harvesting apparatus (10, 101, 200). In one form the apparatus
(10) makes use of a pair of flexible beams (12, 14) that are supported at first ends
(12a, 14a) thereof from a base (16). Second ends (12b, 14b) of each of the beams (12,
14) are operatively coupled to rigid links (22, 24). The rigid links (22, 24) are in tumn
operatively coupled to a mass component that is free to move linearly in a path
generally parallel to the longitudinal axes of the flexible beams (12, 14). Movement
of the mass component (18) in response to vibration forces causes a twisting moment
to be applied at the second end (12b, 14b) of each flexible beam (12, 14). This causes
a uniform flexing of each of the flexible beams (12, 14). A piezoceramic material
layer (44, 46) on each beam (12, 14) generates electrical signals in response to the

flexing motion of the beam (12, 14).
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ENERGY HARVESTING APPARATUS AND METHOD

FIELD
The present disclosure relates to energy harvesting apparatuses and methods, and
more particularly to energy harvesting apparatuses and methods that involve the use of
one or more flexible beams for generating electrical signals in response to vibration

energy.

BACKGROUND

The statements in this section merely provide background information related to
the present disclosure and may not constitute prior art.

There is increasing interest in the use of energy harvesting apparatuses and
methods for harvesting vibration energy experienced by various forms of mobile
platforms, for example, spacecraft, aircraft, and automotive vehicles. Energy harvesting
apparatuses and methods can be used to harvest vibration energy for the purpose of
generating electrical signals to power various forms of sensors or actuators, or to control
other electronic or electro-mechanical devices.

Previously developed vibration harvesting devices often make use of a cantilever
beam. The cantilever beam is fixedly supported from a support structure at a first end,
where the first structure experiences vibration energy. A second end of the cantilever
beam is free to move in response to the vibration energy experienced by the beam. The
vibration energy typically forms a force that is applied along an axis that is directed
perpendicular to the longitudinal length of the beam at the outermost tip of the beam (i.e.,
in this example the second end of the beam), as indicated in Figure 1. When such a

perpendicularly directed force is applied to the beam, typically the stress and/or strain

_experienced by the beam is greatest at the root area of the beam (i.e., the area where the

beam is secured to the support structure) when the beam flexes into the dashed position
shown in Figure 1. For example, if the beam comprises a piezoceramic material, the
energy distribution within the piezoceramic material may look similar to what is disclosed
in Figure 2. Figure 2 illustrates that the majority of the piezoceramic energy developed
during flexing of the beam occurs at the root area of the beam. Thus, a majority of the
length of the beam produces only a small amount of energy as the beam is deflected. This
characteristic thus tends to limit the efficiency of the piezoceramic material of the beam in

generating electrical energy during flexing movement of the beam.
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Accordingly, it would be highly desirable to provide an energy harvesting apparatus
which is able to even more efficiently and effectively generate electrical signals in response to

vibration energy.

SUMMARY

In a first aspect, the present disclosure provides an energy harvesting apparatus,
comprising:

a flexible beam for generating electrical signals in response to at least one of stress
and strain experienced by said flexible beam as said beam flexes;

said flexible beam having a first end fixedly supported against movement, and a
second end able to move to enable flexing of said flexible beam; and

a moment generating subsystem in communication with said second end for
generating a twisting moment on said second end of said flexible beam in response to
vibration energy, said twisting moment causing a generally uniform application of at least one
of stress and strain over substantially a full length of said flexible beam; and said moment
generating subsystem including:

a mass component supported for movement along a path that is offset from a
longitudinal axis of said flexible beam, and generally parallel to the longitudinal axis of said
flexible beam, and

a link for transmitting motion of said mass component to said flexible beam.

In a second aspect, the present disclosure provides an energy harvesting apparatus,
comprising:

a flexible beam for generating electrical signals in response to at least one of stress
and strain experienced by said flexible beam as said beam flexes;

said flexible beam having a first end fixedly supported against movement, and a
second end able to move to enable flexing of said flexible beam;

a mass component in communication with said second end of said flexible beam and
supported for movement along a path that is offset from a longitudinal axis of said flexible
beam, and generally parallel to a direction of vibration energy to be harvested, and generally
parallel to the longitudinal axis of said flexible beam;

a link for coupling said mass component to said second end of said flexible beam;

and
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said mass component being responsive to said vibration energy experienced by an
external structure on which said apparatus is supported, to cause flexing of said flexible beam
in response to said vibration energy, and generation of said electrical signals by said flexible

beam.

In one embodiment, the flexible beam includes a material which is response to
changing levels of stress and/or strain to generate electrical signals in response to flexing
movement of the flexible beam. A moment generating subsystem is responsive to vibration

energy from a vibrating structure and is in communication with the flexible beam.
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The moment generating subsystem operates to apply a twisting moment adjacent
the second portion of the beam in response to vibration energy experienced by the
apparatus. The twisting moment causes flexing of the flexible beam, which in turn causes
changing levels of stress and/or strain with the beam. The changing levels or stress
and/or strain cause the flexible beam to generate electrical signals. The twisting moment
applied adjacent the second portion of the beam enables the stress and/or strain to be
distributed more uniformly over a majority of the length of the beam, rather than being
concentrated at the fixed end of the flexible beam.

In one embodiment the moment generating subsystem includes a mass
component which is supported for generally linear, sliding movement in response to
vibration energy. A link interposed between the mass component and the flexible beam
transmits motion of the mass component to the flexible beam in a manner that generates
the twisting moment at the second portion of the flexible beam.

In another embodiment a pair of flexible beams are secured at first portions
thereof, while a second portion of each flexible beam is free to move. A moment
generating subsystem applies twisting moments to second portions of each of the flexible
beams in response to vibration energy. Each flexible beam includes a material which is
electrically responsive to changing levels of stress and/or strain. The twisting moment
supplied to each of the flexible beams causes each to generate electrical signals.

In one specific embodiment a flexible beam is employed that includes a
piezoceramic material layer. The piezoceramic material layer experiences changes in
stress and/or strain as the flexible beam flexes, and generates electrical output signals in
response thereto. In one embodiment a pair of flexible beams, each including a
piezoceramic material layer, are included.

Further areas of applicability will become apparent from the description provided
herein. It should be understood that the description and specific examples are intended
for purposes of illustration only and are not intended to limit the scope of the present

disclosure.
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BRIEF DESCRIPTION OF THE DRAWINGS
Preferred embodiments of the present invention will now be described, by way
of example only, with reference to the accompanying drawings wherein:
Figure 1 is a side view of a prior art piezoceramic beam illustrating a force being
applied at an outermost, tip portion of the beam, with the resulting deflection of the beam
being illustrated in dashed lines;

Figure 2 is a graph of the piezoceramic energy distribution of the beam of Figure

Figure 3 is a perspective view of an energy harvesting apparatus in accordance
with one embodiment of the present disclosure;

Figure 4 is an illustration of one of the flexible beams illustrated in Figure 3;

Figure S is an illustration of the flexing motion of the flexible beams in response
to twisting moments applied at the outermost end of each of the flexible beams, in
response to vibration experienced by a mass component that cause the mass component to
move upwardly;

Figure 6 is a view of the apparatus illustrating the flexing motion of the two
flexible beams as the mass component moves in a downward direction;

Figure 7 is an enlarged side view of one of the flexible beams of Figure 5
illustrating schematically the moment arm that produces a twisting action at the free end
of the flexible beam;

Figure 8 is a graph of the substantially linear piezoceramic energy distribution
across the length of one of the flexible beams of the apparatus of Figure 3;

Figure 9 is a view of another embodiment of the apparatus of the present
disclosure, but incorporating only a single flexible beam that is being flexed outwardly
during upward motion of a mass component;

Figure 10 is a side view of the apparatus of Figure 9, but with the flexible beam
flexing in the opposite direction in response to downward motion of the mass component;
and

Figure 11 is a perspective view of another energy harvesting apparatus that
makes use of four flexible beams for generating electrical signals simultaneously in

response to movement of a mass component.

DETAILED DESCRIPTION
The following description is merely exemplary in nature and is not intended to

limit the present disclosure, application, or uses. It should be understood that throughout
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the drawings, corresponding reference numerals indicate like or corresponding parts and
features.

While various embodiments have been described, those skilled in the art will
recognize modifications or variations which might be made without departing from the
present disclosure. The examples illustrate the various embodiments and are not intended
to limit the present disclosure. Therefore, the description and claims should be
interpreted liberally with only such limitation as is necessary in view of the pertinent prior
art.

Referring to Figure 3, an energy harvesting apparatus 10 is shown in accordance
with one embodiment of the present disclosure. The apparatus 10 includes at least one
flexible beam 12, and in this example a pair of flexible beams 12, 14. Each of the flexible
beams 12, 14 is secured at a first end 12a and 14a, respectively to a base 16. The flexible
beams 12, 14 are also in electrical communication with a signal conditioning subsystem
17 that receives the electrical output signals from the flexible beams 12, 14, as will be
described in greater detail in the following paragraphs.

Supported for linear sliding movement on the base 16 is a mass component 18
that is guided by a rod 20 fixedly securely to the base 16 and extending generally parallel
to the longitudinal axes of the flexible beams 12,14. The mass component 18 includes an
opening 18a which receives the rod 20. A pair of rigid links 22 and 24 communicate
motion of the mass component 18 to each of the flexible beams 12 and 14. Rigid link 22
includes a flexure 26 that connects a lower end 22a of the link 22 to the mass component
18. Similarly, rigid link 24 includes a flexure element 28 that connects the mass
component 18 to a lower end 24a of the rigid link 24.

Rigid link 22 includes an upper end 22b that is coupled to a flexure 30, which is
in turn coupled to a coupling element 32. The coupling element 32 is fixedly coupled to
an upper end 12b of the flexible beam 12. Upper end 12b can be viewed as the “free end”
of the flexible beam 12 because it is free to move in space, as compared to lower end 12a,
which is fixed to the base 16. Rigid link 24 similarly includes an upper end 24b having a
flexure 34 that secures the upper end 24b to a coupling element 36. The coupling element
36 is in turn fixedly secured to an upper end 14b of the flexible beam 14. The
combination of the mass component 18, rigid links 22 and 24, flexures 26, 28, 30 and 34,
and coupling elements 32 and 36, can collectively be viewed as a moment generating
subsystem. The function of the moment generating subsystem will be described in detail

momentarily.
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With further reference to Figure 3, the lower ends 12a and 14a of the flexible
beams 12 and 14, respectively, may be secured in any suitable manner to the base 16. For
example, the lower ends 12a and 14a may be inserted into blind recesses formed in the
base 16 and secured therein by suitable adhesives, by set screws or any other suitable
means. The upper ends 12b and 14b may extend through comparably shaped openings in
the coupling components 32 and 36, and may be secured to the coupling components 32
and 36 by adhesives, by set screws, or by any suitable alternative structure. The flexure
elements 26, 28, 30 and 34 may similarly be secured to the mass component 18 and the
coupling elements 32 and 36, for example, by inserting end portions into blind recesses
or holes, and using adhesives, set screws or any other securing implements. The base 16
is secured to a vibrating structure 38, in this example, by a plurality of threaded fasteners
40. However, adhesives, clamps or any other suitable structure or device could be
employed to hold the base 16 securely to the structure 38.

The links 22 may be made from any material that is resistant to flexing and
bending. Suitable materials may include aluminum, steel, or high strength plastics. The
flexures 26, 28, 30 and 34 may be formed from relatively thin sections of spring steel or
any other suitable material that is able to flex slightly. In one form, the flexures 26, 28,
30 and 34 are formed by spring steel material having a thickness in the range of between
0.003 inch - 0.0003 inch (0.0762 mm - 0.00762 mm). The coupling elements 32 and 36
may be formed from aluminum, high strength plastic, steel or any other suitable material
able to generate a twisting moment on its associated flexible beam (12 or 14).

The structure 38 may form a portion of a non-mobile structure or a mobile
platform. It is anticipated that the apparatus 10 will find particular utility in connection
with airborne mobile platforms such as manned and unmanned spacecraft, on
commercial and military aircraft, and on automotive vehicles such as cars, trucks, vans,
busses, etc. Other potential applications include use on marine vessels.

Referring to Figure 4, flexible beam 12 is shown in greater detail. The flexible
beam 12, in this example, is identical in construction to flexible beam 14. The flexible
beam 12 includes a support substrate 42 with a pair of stress and strain responsive
material layers 44 and 46 secured to opposite surfaces thereof. In one embodiment the
support substrate 42 may be formed from spring steel, a conductive carbon composite, or
any other conductive resilient material that is capable of flexing without breakage or
fracturing. The stress and strain responsive material layers 44 and 46 may comprise
piezoceramic material layers, Piezo fiber composite material layers or (piezopolymer

polyvinylidene fluoride (PVDF)). For convenience, material layers 44 and 46 will be
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referred to throughout the following discussion is “piezoceramic” material layers 44 and
46. Using a conductive material for the support substrate provides the advantage that the
electrical signals from the two piezoceramic material layers 44, 46 can be added. This is
provided that the piezoceramic materials used for the layers 44, 46 are each polled during
manufacture such that one will generate a positive polarity voltage when placed under
tension, while the other will generate a positive voltage when placed under compression.

The piezoceramic material layers 44 and 46 may be secured to the substrate 42
by adhesives, by clamping elements, or any other suitable securing arrangements. End
portion 45a may be secured within a blind recess or opening of similar dimensions in the
base 16. End portion 45b may be secured in a blind recess or an opening of similar
dimensions in the coupling element 32. The piezoceramic material layers 44 and 46 may
vary in width, length and thickness, but in one form each has a length of about 0.5 inch -
2.5 inch (12.7 mm - 63.5 mm), a width of between about 0.2 inch - 0.75 inch (5.08 mm -
19.05 mm), and a thickness of about 0.02 inch - 0.005 inch (0.508 mm - 0.127 mm). The
support substrate 42 typically will have dimensions similar to those of the piezoceramic
material layers 44 and 46. In one example, the support substrate 42 has a thickness of
about 0.002 inch - 0.015 inch (0.0508 mm - 0.381 mm), a width that is approximately
equal to the width of each piezoceramic material layer 44,46 and a length that is
approximately equal to that of each of the layers 44,46.

With further reference to Figure 3, the mass component 18 may comprise a
variety of shapes and configurations. Thus, it will be appreciated that the particular
configuration illustrated in Figure 3 is strictly exemplary. The mass component 18 may
be made from aluminum, steel or any other suitable material having dimensions and a
mass that is suitable to produce a twisting moment at the upper ends 12b and 14b of the
flexible beams 12 and 14 in response to vibration of the structure 38. In this regard it will
be appreciated that the precise dimensions and material selected for the mass component
18 may depend in part on the expected amplitude and frequency of the vibration energy
that is expected to be experienced by the apparatus 10. Also, the length of the links 22
and 24 is selected such that the mass component 18 is suspended above an upper surface
16a of the base to enable motion of the mass component 18 in both directions along a
vertical axis represented by arrow 50 in Figure 3. The overall mass of the mass
component 18, however, in this example, may be such that it is suspended without
causing flexing of the flexible beams 12 and 14 while no vibration is being experienced

by the apparatus 10.
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Referring to Figures 5 and 6, the operation of the apparatus 10 will now be
described. Referring first to Figure 5, when the base 16 experiences a vibration force in
the direction of arrow 52, the mass of the mass component 18 causes it to tend to remain
stationary as the base 16 moves downwardly. The effect is that the base 16 moves
downwardly away from the mass component 18, relatively speaking, which causes the
rigid links 22 and 24 to exert a twisting moment at the upper end 12b of the flexible beam
12 and the upper end 14b of the flexible beam 14. The twisting moment applied to
flexible beam 12 is applied by the coupling element 32, while the twisting moment to
flexible beam 14 is applied by coupling element 36. The flexures 26, 28, 30 and 34 flex
slightly as needed during this upward motion of the mass component 18 relative to the
base 16. Electrical signals are generated by the flexible beams 12,14 as the beams flex
and the signals are output to the signal conditioning subsystem 17. The signal
conditioning subsystem 17 can be tailored to produce an electrical output that can be used
as needed to either power other electro-mechanical or electronic devices, or to provide
electrical signals to control such devices.

With brief reference to Figure 7, the twisting moment applied to the upper end
12b of flexible beam 12 is shown diagrammatically by line 54. The coupling element 32
effectively applies a downwardly directed moment at an outer surface 56 of the flexible
beam 12, while an upwardly directed moment is applied at the inner surface 58 of the
flexible beam 12. This causes the piezoceramic material layers 44 and 46 to experience
changing levels of stress and/or strain and to each generate electric output signals that are
input to the signal conditioning subsystem 17.

The twisting moment produced at the upper end 12b, 14b of each of the flexible
beams 12,14 provides a significant advantage in that the stress and/or strain experienced
by each of the beams 12,14 is applied more evenly and uniformly across the full length of
the beams 12,14. With brief reference to Figure 8, a graph 60 illustrates the linear
piezoceramic energy distribution over the length of the flexible beam 12. This illustrates
that the stress and strain experienced by the flexible beam 12 is distributed uniformly
along the entire length of the flexible beam 12. This is in significant contrast to the
piezoceramic energy distribution of Figure 2 for a conventional cantilever beam, where
the beam experiences a force at its outermost tip that is directed perpendicular to the
beam’s longitudinal axis. Thus, the output of the piezoceramic material layers 44 and 46
of each of the flexible beams 12,14 is significantly enhanced by the twisting moment
applied at the end of each beam 12,14,
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Referring now to Figure 6, as the base 16 experiences a vibration force in the
direction of arrow 66, the mass of the mass component 18 tends to hold the mass
component 18 stationary. This effectively causes the mass component 18 to move towards
the base 16, relatively speaking. This in turn causes the rigid links 22 and 24 to pull

downwardly, thus flexing the flexible beams 12 and 14 inwardly towards one another.

This causes twisting moments at the upper end 12b of flexible beam 12 and at the upper

end 14b of flexible beam 14, with the twisting moments being directed essentially

opposite to those produced during the flexing motion of the flexible beams 12,14 as

shown in Figure 5. Again, the piezoceramic material layers 44, 46 associated with each

flexible beam 12,14 experience changing stresses and/or strains during this flexing

motion and generate electrical output signals in response thereto that track the flexing ‘
action. This flexing motion of the beams 12,14 alternates between the flexing motions
depicted in Figures 5 and 6 as the base 16 experiences oscillating vibration energy from
the structure 38.

Referring now to Figures 9 and 10, another embodiment 100 in accordance with
the present disclosure is illustrated. The apparatus 100 is similar to apparatus 10 but
instead makes use of only a single flexible beam and a single rigid link, rather than a pair
of flexible beams and a pair of rigid links as with the apparatus 10. Components of the
apparatus 100 in common with those described in connection with apparatus 10 are
designated by reference numbers increased by 100 over those used in connection with the
description of apparatus 10. Vibration energy directed in accordance with arrow 152
causes a flexing of a flexible beam 112 of the apparatus 100 as a mass component 118
moves upwardly away from a base 116 of the apparatus 100. In Figure 10, vibration
energy in the direction of arrow 152 effectively causes the mass component 118 to move
towards the base 116 causing flexing of the flexible beam 112 in a direction opposite to
that shown in Figure 9. With the apparatus 100, it will be appreciated that since no
counteracting force is present on the side of the mass component 118 opposite to that
where the rigid link 122 is attached, a suitable bearing assembly may be required at the
interface of the guide rod 120 and a bore 118a of a mass component 118 to handle the
lateral loads that will be experienced during flexing of the flexible beam 112.

Referring now to Figure 11, an apparatus 200 in accordance with another
embodiment of the present disclosure is illustrated. The apparatus 200 is similar to
apparatus 10 but includes four flexible beams rather than two. Components in common
with the apparatus 10 are designated by reference numbers in Figure 11 increase by 200

over those used to describe the apparatus 10. In this example, essentially a pair of
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flexible beams 212 and a pair of flexible beams 214 are incorporated, together with
corresponding pairs of rigid links 222 and 224. The apparatus 200 otherwise operates
identically to apparatus 10, but can be expected to provide essentially double the electrical
output provided by the apparatus 10. From Figure 11 it will be appreciated that virtually
any number of flexible beams could be incorporated, depending upon the required
electrical output, the expected amount of vibration energy, and other factors relating to a
specific application.

The various embodiments described herein all enable vibration energy to be
harvested and used to produce electrical energy. The various embodiments are expected
to find particular utility in those applications where it would be difficult or impossible to
route conductors to a remotely located sensor or other form of component that
experiences vibration, in order to power such a sensor or component. In such
applications, locating one of the embodiments of a vibration energy harvesting apparatus
as described herein in proximity to the sensor or component would enable the apparatus
to provide power to the sensor or component, thus eliminating the need to run electrical
conductors to the remotely located sensor or component.

Further areas of applicability will become apparent from the description provided
herein. It should be understood that the description and specific examples are intended
for purposes of illustration only and are not intended to limit the scope of the present

disclosure.
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CLAIMS:

1. An energy harvesting apparatus, comprising;:

a flexible beam for generating electrical signals in response to at least one of stress
and strain experienced by said flexible beam as said beam flexes;

said flexible beam having a first end fixedly supported against movement, and a
second end able to move to enable flexing of said flexible beam; and

a moment generating subsystem in communication with said second end for
generating a twisting moment on said second end of said flexible beam in response to
vibration energy, said twisting moment causing a generally uniform application of at least one
of stress and strain over substantially a full length of said flexible beam; and

said movement generating subsystem including:

a mass component supported for movement along a path that is offset from a
longitudinal axis of said flexible beam, and generally parallel to the longitudinal axis of said
flexible beam; and

a link for transmitting motion of said mass component to said flexible beam.

2. The apparatus of claim 1, wherein said flexible beam includes a piezoelectric

material layer for generating said electrical signals.

3. An energy harvesting apparatus, comprising:

a flexible beam for generating electrical signals in response to at least one of stress
and strain experienced by said flexible beam as said beam flexes;

said flexible beam having a first end fixedly supported against movement, and a
second end able to move to enable flexing of said flexible beam;

a mass component in communication with said second end of said flexible beam and
supported for movement along a path that is offset from a longitudinal axis of said flexible
beam, and generally parallel to a direction of vibration energy to be harvested; and generally
parallel to the longitudinal axis of said flexible beam;

a link for coupling said mass component to said second end of said flexible beam;
and

said mass component being responsive to said vibration energy experienced by an

external structure on which said apparatus is supported, to cause flexing of said flexible beam
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in response to said vibration energy, and generation of said electrical signals by said flexible

beam.

4. The apparatus of claim 3, wherein said mass component is supported for movement

along a path that is parallel to said flexible beam.

5. The apparatus of claim 3, further comprising a link for coupling said mass

component with said second end of said flexible beam.

6. The apparatus of claim 3, further comprising a base for supporting said first end of
said flexible beam and for guiding movement of said mass component along a generally linear

path.

7. The apparatus of claim 3, further comprising an additional flexible beam for
generating electrical signals in response to said vibration energy, and disposed laterally
adjacent said flexible beam and in communication with said mass component, for flexing in

response to movement of said mass component operating.

8. The apparatus of claim 3, wherein said flexible beam comprises a flexible substrate

having a piezoelectric material layer thereon.

9. The apparatus of claim 3, wherein said flexible beam comprises a flexible substrate

having a pair of piezoelectric material layers disposed on opposing surfaces of said flexible

substrate.

10. An energy harvesting apparatus substantially as hereinbefore described with

reference to Figures 3 to 8, Figures 9 and 10 or Figure 11 of the accompanying drawings.

The Boeing Company
Patent Attorneys for the Applicant/Nominated Person
SPRUSON & FERGUSON
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