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(57) Abstract: A meta-material vibration energy harvester includes a housing element encapsulating a multiplicity of oscillators
capable of harvesting a significant percentage of the total mechanical energy diffusely distributed throughout the vibrating struc-
ture, the harvester design resulting in a rapid transfer of mechanical energy entering it via the housing element from the element to
the oscillators wherein the energy remains trapped while accumulating over an extended time, the percentage of energy transfer
primarily depending on the ratios of the sum of the oscillator masses to the sum of the housing mass and of the measure of the
mass of the vibrating structure and of the width of the band spanned by the oscillators to its center frequency, both the relevant
measure of the vibrating structure mass and the values of the mass and frequency ratios that maximize the percentage of internal
energy transfer depending on the harvesting scenario.
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A META-MATERIAL VIBRATION ENERGY HARVESTER

FIELD OF THE INVENTION

[0001] The invention relates to a vibration energy harvester comprised of a large number of oscillators
encapgulated in a housing element, combined with mecl'lanical/electricai energy converters, one for each
oscillator, and the internal circuitry for cbllecting the individual electric currents and outputting their total,
via the housing element. The invention is applicable to virtually all structures and vibration fields. Moreover,

when used in multiplicity, the invention is capable of harvesting a significant percentage of the total available

energy in a vibrating structure.

BACKGROUND OF THE INVENTION

[0002] In searcix ;)f the solution to the world energy crisis, researchers and i‘ndustry have focused their efforts
on harnessing energy from alternative energy sources, most notably the sun, wind, and ocean waves.

[0603] Technologies for harvesting energy from these sources are in their infancy, though significant progress
" has been maEle. However, the efﬁcieﬁcy of existing technologies is limited, and reé;ulting environmental issues,
such as noise and microclimate change, have become increasingly problematic. Unless these technologies can
be dramatically improved, their energy harvesting potential will be limited. High governmental priority has
been assigned to improving these technologies. The focus so far has been to engineer more efficient de\;ices
" (e. g. blades and turbines) that convert wind and surface wave. energy into electricity and to improve solar
panel design. ‘

[0004] Little attention is being paid to harnessing the vibration energy that is created by natural dynamic
environmental processes and by manmade processes, both of which represent vast pools of renewable me-
chanical energy. Natural dynamic environmental processes (wind., ocean waves, subsurface ocean currents,
tectonic movement) cause the vibration of structures with which they come into contact. Vibration is also
created in almost all manmade processes. It results from all forms of transport, in the vehicles themselves,

and from vehicular contact with roads, bridges, train tracks and other infrastructure. Technologies for har-
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vesting these alternative power sources are in their infancies. Vibration energy harvesters (VEH) are a logical
way to convert this vibration and convert it to electrical energy.

(6005) The state-of-the-.zu't of VEH, as measures by patent applications and awards, are limited to micro-
electro-mechanical systems (MEMS) that are ouly capable of generating very small amounts of power mea-
sures iI; the order of milliwatts. The development of a technology based on a VEH that is capable of
harvesting a measurable percentage -of the total energy in vibrating structures (VS) deserves attention. Ac-
cepting the possibility of such a device, it; development would allow for harvesting a ;ubstantial percentage
of the total energy is VS, using a system comprising a moderate number of devices integrated with and
distributed throughput the VS. Such a system would harness the ;/ast mechanical energy pools created in
the natural world by first converting the energy as vibration in structures designed for this purpose. One
advantage of this novel al;proach is that the integration of the VEH as part of the VS isolates all moving
parts from the potentially hostile environment that'i.s the source of vibratiqn. Structures can be designed
.to capture the mechanical energy in subsurface ocean currents and in deep ocean internal waves. Another
advantage this novel a.ppfoach is"that the coherence of the source of mechanical energy being tapped need
not be as great as that required by a wind turbine, for example. Structures can be désigned to capture
ene'zrgy' from a;t'mos'l.)heric turbulence.' | '. .

[0006] The invention comprises a VEH capable of harvesting a ineasurable percentage of the total energy in
vibrating structures.

[0007] The use of vibration energy harvesters (VEH) comprised of multiple oscillators attached to a base
that is in turn attached to a vibrating structure (V S), is known in the art. The use of vibration dampers
(VD) comprised of multiple oscillators encapsulated in a housiug elemnent that is in turn attached to a VS,
is also. known in the art. Accepting that the base/housing-element is rigid, its motion does not depend on
the locations of the oscillators; the geometric distinction is, therefore, irrelevant.

[0008) The invention is distinguished over the existing arts by the different objectives, numbers of oscillators,
and the relative massiveness of the devices. For examnple, VEH typically have a small to moderate number
of oscillators; say, less than 10, while VD of the type related to the invention typically have a much larger -

number; say, greater than several 100°s, even 1000’s. Another distinction is known VEH have vastly smaller
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sizes and masses; Patent No: ‘US 6,858,970 B2, for example, describes a MEMS harvester with mass- and
size-ratios, relative to those of the VS, that approach infinitesimals. By contrast, effective VD have mass-
and size-ratios, relative to those of the VS, which while still small relative to 1, are finite.

[0009] Because of their small mass, known VEH are severely limited in the quantities of energy harvestx;,d,
typically- measured at the levelbof milliwatts; Patent No: US 6,858,970 B2 is representative of the art of
VEH. At the milliwatt level, the total quantity of energy harvested in any reasonable time is a vanishing
percentage of the energy available in the VS. The principal épplication of currently known VEH is to power
micro-sized sensors and computers, with an understanding that the rate of enérgy extraction from the VS is
too small to have an affect on the vibration field in the structure. The design of the MEMS energy harvester
is consistent with these applications.

[0010] Rescalin'g the mass of an available VEH can result in a comparable rescaling of the quantity of
energy harvested, but only if the more massive de.vi'ce initiates an energy transfer within the V§, dra.wing_v
energy from locations remote from that of the device, to the device. Without this energy transfer, only
the energy in the immediate neighborhood of the device, a percentage of the total energy available that

approaches an infinitesimal, is available of harvesting. Significantly, the initiation of the energy transport

p;;‘ocess requirés certéin quéntiﬁable desivgn'critgria,- ;10t l‘<110v'vn to the pr'(-asent art, be met;.. The invention
includes the identification of these criteria, expressed by a limited number of device parameters, and a design
framework for determining the values that result in an effective device.

[0011] Mechanical devices for damnping the vibrations of a structure are designed to either change the dy-
namics of the structure, thereby precluding the introduction of energy, or to dissipate the energy as heat..
Damping devices based on a large number of oscillators encapsulated in a housing element are in the latter
category. Typically, the mass of an efficient VD is a l.arge enough percentage of that of the VS to negatively
ilﬁpact design criteria for the VS not related to the VD. Pub No: US 2009/0078519 Al describes a class
of VD that accomplishes the damping by a much less massive device than heretofore known. The design
according to this known device results in the rapid transfer of a significant percentage of the energy drawn

-into the device, to the internal oscillators wherein it “remains trapped indefinitely,” using the terminology

in the reference. The indefinite trapping of energy in the oscillators largely eliminates the need for internal
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“energy dissipaters” that add mass to the device. The design requires that the oscillator resonances densely
fill a frequency band according to a formularization, i. e. a prescribed dependence of the values of the reso-
nant frequencies relative to one another. The dense filling requirement is expressed by a minimum number of
oscillators, which is also determined by a formularization. Both formularizations are essential to this known
device.

(0012) While the present iuventioﬁ is presented as a vibration energy harvester, the observation that a sig-
nificant quantity of the avai_lable energy is removed from the VS suggests it also has a role as a VD. In this
role, the invention is distinguished from the class described in Pub No: US 2009/0078519 Al by the éctive .
removal of energy transferred to and entrapped within the internal oscillators, by converting it to electricity.
Thus, the “near irreversibility” of the vibration damper described in Pub No: US 2009/0078519 A1l is made
“absolute” in the case of the present invention, by the removal of the energy transferred to the interior oscil-
lators, as electricity. This activg removal of energy fund;pnentally changes the device design and fabrication,
by eliminating the need for the formularization that determines precise values for the oscillator. resonances

relative to each other. Eliminating this formulation eliminates a major complexity in the fabrication of the

present device.

SUMMARY OF THE INVENTION

[0013] The present invention is a device, described as a “meta-material vibration energy harvester” (MMVEH),
which when 'at.t.ached to a VS has the capacity to harvest a “reasonable” percentage of the energy in a spa-
tially diffuse vibration field contained therein, by drawing energy fromn throughout the VS, t;o and into the
device, wherein it is converted from mechanical to electrical. Further according to the invention are its
efficacy for a virtually inexhaustible range of VS, for virtually all vibration fields, and for a broad range
of attachments of the MMVEH and the VS. The criterion for “reasonable,” in describing the percentage of
energy harvested, is that a smnall multiplicity of MMVEH; less than a modest multiple of 10, say; distributed
across the VS has the capacity of harvesting a significant percentage of the total energy in the vibration

field.

[0014] For purpose of this invention, a meta-material is a manmade material comprised of a large number



WO 2012/057828 PCT/US2011/001804

of 11'1ini-st.ruct’ures encapsulated within a naturally occurring material, also Adescribed as a housing element,
which has properties that are not found in naturally occurring materials. The éncapsulation of the internal-
mini-structures is understood to preclude both their direct observation, by mechanical means, and their
interaction with an external environment. The interaction obtains indirectly through their interaction with
the housing material that, in turn, interacts with the external environment. Their presence is also observed
" indirectly, ill. the changes these cause in the interaction of the housing material and the external environment.
The; usefulness of the concept of meta-materials is the possibility of designing a imanmade material to behave
differently from any material found in nature.

[0015] The invention is a “device” comprising a meta-material that extracts mechanical energy from a VS via
a housing element and outputs electrical energy via said housing ele;nent, for which the designed behavior is
an enhanced “energetics,” as measured by the quantity of mechanical energy extracted and the percentage of
the inputted mechanical energy that is outputted as electrical energy. The enhanced energetics is occa%ion‘ed
by the operation of the device over time, whereby the mechanical energy drawn into the housing element is
rapidly transferred to the interﬁal oscillators, where the eue'rgy accumulates and is ultimately converted and
outputted via the housing element, as an electric current. The mechanical behavior of the invention, which
'does not obtain for a housing ;lernent c.omprisi.ng a;;y m;xterial found Ain nature but no- internal oscii.lato.rs,
is the device acting both as a one-way mechanical valve, allowing the energy to enter but not exit, and a
meéhanical battery, whereby the accumulating energy is stored.

[0016] In one manifestation of the invention, the housing element is rigid and the internal structures are single
degree-of-freedom oscillators combined with mechanical/electrical converters. Figure (1) shows a schematic
of the. mechanical elements of a more particular manifestation of the invention for which housing element??
has a single degree-of-freedom, represented by a translation coordinate, and each of the internal oscillators
also have a single degree-of-freedom, and, therefore are represented, matlxen'latically, as sprung masses?!.
The forces shown acting on the internal oscillator masses represent the converter elements. The negative

work accomplished by these forces in slowing the oscillator masses quantifies the energy converted from

mechanical to electridal.

[0017] For the manifestation in which the housing element is rigid, the designation of the mechanical aspect
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a.s~a “meta-mass” may be more descriptive than “meta-material.” The term meta-material is retained since

the invention contemplates other manifestations for which the housing element is deformable and for which

the internal oscillators have multiple degrees-of-freedom. Also included among these other rnani»festations

are those for which i;lxe internal oscillators are not mechanical; the internal structures can be fabricated as

mechanical/electrical converters joined with osci.llating electrical circuits.

[0018]_The design of a speciﬁc MMVEH is expressed in the values of the multiplicity of physical parameters

that describe, mechanically, the housing element; the internal oscillators; and, the mechanical effects of

the mechanical/electrical converters. Given the behavior of the housing element depends on the external

environment, i. e. the VS and the vibration field contained therein, as well as the internal oscillators, an

effective MMVEH design depends on the geometry and composition of the VS and the descrip;tion of the

viBration field contained therein. There is no universal design that can be put forth as describing the

Ainvention. Ihe specifics of the design will differ for VS comprised of structur.al‘ elements having one, two, and

three dimensi;)us and systems comprised of such elements, and- for vibratiox_l fields havil_lg differing measures

of spatial coherence. Further according to the invention is that a multiplicity of MMVEH, each of which is

effective for a moderate band of frequencies, forms a system capable of harvesting the energy in a vibration

field that h.as broad spec'.tra].contérllt. Still furtl;el-, ac;:ording to the inveﬁtion is a v'i;tuall.y iﬁexhaus'tible“
range of ways for attaching the MMVEH and VS, including both linear. and nonlinear attachments, as

occasioned for example via a elasti; element that behaves linearly or nonlinearly. A nonlinear attachment

would result in across-frequency transfer of energy to accompany its transfer fromn the VS to the housing

element, which can be exploited in choosing the internal mechanical /electrical-energy conversion.

(0019] The spatial coherence of the energy containing vibration field warrants attention since the invention is -
intended for a fully coherent field, an example of which is the low frequency vibration of a beam caused by a
spatially localized force; a fully incoherent field, an example of which is a higher frequency vibration in a track
caused by a passing train; and, fields that are partially coherent, an example may be a moderate frequency
vibration in a bridge componexﬁ: caused by automobile traffic. It is known in the art that appropriate
mathematical models that govern the evolutions of vibration fields depend on the spatial coherence of the

field, with models based on the classical vibration theories appropriate for fully coherent fields whereas models -
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based on statistical theories, e. g, “statistical energy analysis” (SEA), are appropriate f01: fully incoherent
fields. The invention contemplates application for al_l vibration fields, reql-liriug only that the specifics of the
MMVEH design accommodate the spatial coherence of the field.

[0020] The range of harvesting scenarios for which the invention is applicable presents a challenge to its
detailed description, beginning in thé next section. In closing this suinmary description, it is noteworthy to
observe that available VEH neither exploit nor require a design that results in elllnalnéed energetics. The
quantity of energy harvestea by available VEH, measured relative to that in the VS, is so small as to make

irrelevant, issues of the rates of transfer of energy between the VS and the VEH.

| BRIEF DESCRIPTION OF THE DRAWINGS

[0021] Fig 1 shows an illustration of a meta-material mechanical energy converter (MMMEEC), comprfsiﬂg
a housing’ element encapsulating a large number of internal oscillators to each of which is coninected a
" mechanical /electrical converter element, represented by a force;

[0022] Fig 2 shows a graphical representation of a generic mathematical model governing the motion of the
- rigid housing element of a.mechanical meta-material;

[0023] Fig 3 shows a graphical representation of a mathematical l‘ﬁodel governing the motion of the rigid
housing element of an ungrounded 1‘r}echanical meta-material;

[0024] Fig 4 shows a graphical representation of a mathematical model governing the motion of the rigid
housing element of a mechanical 1néta—r1‘1aterial grounded by an eléstjc element;

[0025] Fig 5 shows a graphical representation of a mathematical model governing the response of a dynamical
system comprising a rigid base mass grounded by an elastic element and a dashpot, to which a multiplicity
of masses are each attached by a spring and a dashpot;

[0026] Fig 6a to 61 show the results of simulations for the motion history of the base mass for the model
shown in Fig 5 for a range of experiment scenarios;

[0027] Fig 7 shows a schematic of a simply supported beam to which a meta-material lrlechanical energy
harvester (MMVEH) is attached at a “point” location along the beam;

[0028] Fig 8 shows a schematic of the lowest order vibration mode for a simply supported beam;
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" [0029] Fig 9 shows a graphical representation of a mathematical model for predicting the n-th modal ampli-
tude history for a resonant vibrating structure (R\’S);

[0030] Fig 10 shows a graphical representation of a mathematical model for predicting the n-th inodal
“amplitude history of the RVS model represented by Fig 9 when a single MMVEH is directly attached at
some location across the RVS; -

[0031] Fig 11 shows a schematic of a simnply supported beam with multiple MMVEH’s attached;

[0032) Fig 12 shows a graphical representation of a mathemnatical model for predicting the n-th model -
.amplitude history for the RVS model represented by Fig 9 when multiple MMVEH’s are directly attached
at locations across the RVS;

[0Q33] Fig 13 shows a schematic of a region of an unboundedly long beam with a sin'g]e attached MMVEH;
[0034] Fig 14 shows a graphical representation of a mathematical model for predicting the velocity history
of the llpusilng element of a MMVEH directly attachgd to a non-resongmt vibrating structure (NRVS);
[0035] Fig 15 shows 3 schematics of the energy flows in a NRVS in the neighborhood of a directly attached
MMVEH, according to too-light; too-heavy; and ideal MMVEH;. ‘

[0036) Fig 16 shows a schematic of a MMVEH attached to a beam-like VS via anéi elastic element;

'[001;7] F'ig 17héhows a schenhla-tic of attaching a MMVEH, as part’(.)f a dyxléxlnical s'yst.el.l.x, to a_beaaﬁ-like VS;
[0038] Fig 18 shows a schemat&c of attaching a MMVEH to two locations of a structural frame, using elastic
elements;

[0039] Fig 19 shows a schematic of a deformable meta-material mechanical/eléctrical energy converter, for
which the housing element is a rod;

[0040] Fig 20 shows a generic mathematical model governing the change in length of the housing element
réd illustrated in Fig 19, and '

[0041] Fig 21 shows a schematic of a deformable meta-material mechanical/electrical energy converter, for

which the housing element is a beam, or a plate.
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A DETAILED DESCRIPTION OF THE INVENTION

[0042]‘ The novelty of the concept of meta-material devices, as described in the summnary description, and
the paucity of studies reported in the literature, which directly apply to the invention necessitates a highly
technical detailed description. The description is presented in stages, focusing first on the energetics of a
“mechanical” meta-material (MMM) device that forms the genesis of the invenﬁon, and, second, on the
energetics of a “meta-material mechanical/electrical energy converter” (MMMEEC) in the context of -an
- experiment scenario that has a direct relation to energy lnarvestillé. When joined to a VS, which is the
source of input energy to the MMMEEC, the device is a MMVEH. Issues related to the geometry and
composition of the VS and to the coherence of the vibration field and the role of these in determining an
effective MMVEH désign are addressed at this point in the detailed description.

[0043] Additional se‘ctions in the detailed description describe different type attachments of the MMVEH to

the VS; deformable MMVEH; and, the conversion of mechanical energy to an electrical current.

THE MECHANICS OF A META-MATERIAL DEVICE

[0044] Théeffécts of both the external exlvir01'1.me11t and of t..}.le internal oscillators on tl.le motion history of the
housing element?0 are represented by forces, as illustrated in Fig 2. The force representing the effects of the
external environment has two compoﬁents, in general: an “active” component, denoted by F'(t), which is the
cause of the housing element motion; and, a “passive,” or “reactive,” component, denoted by Fp(t), which
develops in response to the housing element motion. (An example of an external reactive force would be that
due to an elastic element grounding the housing element.) With broad generaﬁty, the passive component can
be represented by an operator, denoted by Kys, which maps the housing element motion history, denoted
by ;(t), to Fp(t); one writes a formal “operator” equation, Fp(t) = Kvsz(t). Givéu a specific harvesting
scenario, the active force history, F(t), and a representation for the operator, Kvs, can be determined by
pre-calculation. The “net internal force” that represents the effects of the internal oscillators, denoted by
F(t) in the illustration, is pas;ive; it develops in response to the housing element moti;)n. There are multiple

ways one can represent Fi(t), which are equivalent if not equivalently convenient; the convenience depends



WO 2012/057828 PCT/US2011/001804

somewhat on the experiment scenario. The issue of the representation of Fi(t) is addressed in the context

of illustrative experimental scenarios.

THE ENERGETICS OF AN UNGROUNDED MECHANICAL META-MATERIAL

[0045) Consider an experimental scénario in which the force répresenting the external environment has only an
active component, i. e. the housing element is ungrounded-, and for which there are no mechanical/electrical
energy converters, i. e. the meta-material is purely mechanical. The experiment, which does not represent
a realistic harvesting séenario, is a useful prelude for investigating the exlefgetics of an}.r “mechanical meta-
material” (MMM) device, and for identifying the global design parameters that result in enhanced energetics.
The elimination of. the mechanical/electrical converters results in an “energy conserving” meta-materiai;
this is necessary for constructing a mathematically rigorous, analytical framework for quantifyiné the device
.energetics. The experimental sqenario is schemapical]y illustrated in Fig 3 in which the multiple .internal
oscillators are represented by a gingle, net iqternal force, Fi(¢).

[0046] It is convenient to represent the net internal force Fy, by an operator, denoted by H*, which maps
the external force, F(t), to an “effective” force, F*(t) = F(t) — Fi(t); i. e., F*(t) = H*F(t). The designation

of the'fc;rce F*(t) as “effective”. reflects an 'unde‘rsta'nding .that 't.he motion of the.housing element of the

meta-material forced'by F(t), is the same as is the motion of the housing element comprised of a naturally

occurring material, a rigid mass in this case, with no internal oscillators, when forced by it.

[0047] The construction of a spectral, i. e. frequency, space representation of the H* is a straight-forward

exercise for a practitioner knowledgeable of vibration theory. The result is written,
1 B Hf' (u.)]2 - w?)

S ) ey

where w denotes the frequency coordinate; the w; denote the resonant frequencies of the N internal oscillators;

(1)

H*(w) =

and, the in; denote the ratio of masses of the oscillators to the housing element nass M. The w9 in the
second expression on the right-hand-side are the N roots of the denominator polynomial, i. e. are solutions
of the equation obtained on setting the denominator in the first expression equal to zero. The w9 are
the N, non-zero resonant frequencies of the ungrounded MMM as a dynamical system; that the MMM is

ungrounded implies that, as a dynamical system, it also has a resonant frequency equal to 0.

10
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{0048] It is easily concluded from the first expression for the denominator polynomial that the w7 and wj
are intertwined, with the N — i, smallest w{?) locating points on the real frequency line that are each within
one of the NV — 1 intervals describe(; by the w;. For a scenario for ;vhi‘ch the w; “densely” fill a frequency
- band of width, ©, then, these N — 1, w(?) also densely fill the band. Only the largest of the w9 locates a
point outside the band. Further, referring to the second expression for the operator representation, each of
the interior “poles” of its spectral space representation can be paired with a cprfesponding “zero;”‘ the one
nearest to it; with the frequency difference between each paired pole and zero decreasing for increasin§ N,
and fixed €. h.

(0049] A knowledgeable practitioner appreciates the operator H* has a temporal space representation as
a convolution described by a time-series that is the Fourier inverse of its spectral space represéntétion in
- Eq. (?7). Without loss in either generality or mathematical rigor, one can write an expression for this time-
series as a sum of four components, a.delt.a fungtion c01.'nponent that, when convolved wjth F(¥) reprodupes
F(t), and .three components that, whep convolved with each other and with F(t) determi.ue F(t). The latter
three components are two that are separately due to the NV — 1 interior poles and to the single outlier pole,
and a third that is a convolution of the first two. The behavior that ultimately results in enhanced energetics

is the contribution from the interior poles, represented by the time—éeries,
N-1

Hi(t) =Y #4;sin (W), (2)
j=1

where the 7; are the values of “residues,” one for each of the w? poles, normalized using the frequency
interval locating the pole, i. e. A;. Because of the normalization, tln_e 7; are all pure numbers that, subject
to the dense filling requirement, have values between 0 and a number approximqtely equal to 1.

[0050] Determining the precise values of the 7; requires detailed descriptions of the sets of w; and m; values,
and numerical calculations. For understanding the enhanced energetics of the ungrounded MMM, however,
one does not require precise values of the 7;, all one requires is a conclusion that the variation across the
set will be slow, which is valid provided the w; are more-or-less evenly distributed across the frequency band
and the m; are more-or-less equal. The mild restrictions on the values of the w and the corresponding
7; significantly constrain the variation in the time-series, an observation that can be demonstrated by addi-

tional analysis or numerical experimentation. Thus, the time-series admits of a “universal” description as an

11
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'unending sequence of pulses with widths measured ‘in units of 7!, separated by a time i-nterval measured
in units of NQ~1. For N substantially large, then, the pulses are well separated and their effects can be con-
sidered separately. Noteworthy is an obgervati011 that a primary effect of introducing mechanical/eléctrical
energy converters would be to eliminate the later-arriving pulses, leaving only plxat which begins at t = 0._
[0051) The first pulse, removed from the later arfiviug’ pulses, has a spectral repreéentation that is described
by a dimensionless, positive real-valued function, 7(w), a band-limited function of frequency, which has a
graphical representation obtained by passing a smooth curve through the set of discrete residue values, 7;.
Assuming 7(w) is more-or-less symmetrically distributed about we, the center frequency of the band spanned

by the oscillators, the first pulse is described by

Aq(t) sin (wet),

where the amplitude modulation increases from a val.ue of 0 at time t = 0 reaching some maxiﬁmm value
before returning to a value near 0, all in a time interval of the order of Q~!. - Moreover, attaclied to'the
end of the pulse is an extended tail during which its magnitude decreases algebraically with increasing time;
the genesis of the tail is the sharp change in #(w) values near the ends of the frequency band. The most
significant “global” measure of A} (t) is its “strength,” defined as the integral of its variation over unbounded
time. Normalizing the measure of strength, it can be described by < 7 > Q||A]|, where < 7 > is the average
of 7(w) over the frequency band for which it is nonzero.

[0052) To appreciate the enhanced energetics of the ungrounded MMM, consider a specific time-varying force,
F(t) = Fysin (wct).
For this external force history, the effective force history is, approximately,
: ‘ | .
F*(t) = Fp | sin (wet) — §A1(t) cos (wet) ),

where, once again, the approximation requires the fractional bandwidth 2/w. be substantially small.
[0653] The energetics is quantified by the rate at which the external force acting on the moving housing
element accomplishes work; this equals the product of F(¢} and v(t), the velocity history of the housing

element, obtained on ihtegrating F*(t). Integrating the first term obtains a contribution to v(t),
(Mwe)™ Fy (1 — cos (wet)) ,
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where the harmonically varying component is 90° out-of-phase with harmonically varying component in the

expression for F(t). Multiplying this contribution by F(t}, obtains,
- . 1
(Mwe) 1F2 (sm (wet) — 5 sin (cht)) ,

a sum of two terms, both of which vary harmonically in time. This expression implies there is no net kinetic
energy introduced to the housing element over time; the kinetic energy introduced as positive work during
certain time intervals is removed as negative work during other timne intervals.

[0054] The net internal force, the second term in the expression for F*(t), resu'lts in a se'cond- contribution

to u(t) that, again accepting the small fractional bandwidth approximation, equals
t
(2Muw.) ' Fy (/ Ai(t) dt') sin (wct),
0

which has a harmonic component that is in-phase with the corresponding variation in F(t) expression. A

consequence of this is the product of this contribution and F(t) contains a term,
t .
(4ch)-1F3/ A () dt’,
0
which asymptotically approaches a constant,
(AMuwe) L F2rQ) A |l.

[0055] The last expression describes what is a monotonically increasing energy inputted to the housing
element of the ungrounded MMM. Significantly, the largest percentage of the inputted energy doesn not
remain as kinetic energy in the housing element but is transferred in a time 1i‘1¢.3asured in units of 71,
as vibration energy in the internal oscillators. This is easily demonstrated by an expression for the work
accomplished by the net internal force acting on the moving housing element.

. [0056] Introducing mechanical/electrical energy converters at the level of the internal oscillators and the
necessary circuitry for collecting the internal electrical currents, changes the nature of the MMM; it would now
be more properly described as a “meta-material mechanical-to-electrical converter” (MMMEC), recognizing
the mechanical energy inputted to the housing element is outputted via the housing element as an electric
current. Given the enhanced mechanical energy inputted to the device via the housing element and its rapid

transfer to the encapsulated oscillators wherein it remains trapped while accumulating, awaiting conversion
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to electrical currents, the quantity of energy converted is substantially larger than would a coxﬁbinatioxl of
the housing element without the encapsulated oscillators, and an mechanical/electrical converter.

[0057] Removing mechanical energy at the level of the internal oscillators can be expected to effect the
inputting of mechanical energy to the housing element z;.lld the subsequent transfer of this energy to the
internal oscillators, but this effect is secondary to the effects described by the theoretical analysis. This last
observation can be demonstrated by numerical analysis, presented in the context of an experiment scenario

in which the MMM is grounded, in a subsequent section.

LESSONS FROM THE THEORETICAL ANALYSIS THAT APPLY TO THE INVENTION

[0058] The conclusions based on the theoretical analysis regarding the energetics of the meta-material are

summarized as follows.

1. The transfer of energy from the housing element to the internal oscillators is measured in units of 27!,
where 2 is the width of the band of oscillator resonances, and the time the transferred energy remains
trapped in the oscillators is measured in units of N2~!, where N is the number of internal oscillators.
These conclusions prove to be “universals,” applicable for all harvgstiug scenarios and independent of

all other physical measures describing the meta-material; the VS; and, the connection of the MMVEH

- to the VS. -

2. There can be a significant percentage increase in the quantity of energy inputted to the meta-mateﬁql
by the action of a specified external force, provided the spectral content of the external force overlaps
the f;'equency band spanned by the internal oscillators, i. e., that described by its center frequency, w,
and Q. The increased energy inputted to the meta-material, via the housing element, is transferred
from the housing element to the internal oscillators as described in the first conclusion. This second

conclusion also proves to be a “universal,” applicable for all harvesting scenarios.

3. The energy increase is quantified by a measure of the strength of a net internal force pulse. The value
of the strength measure proves to depend on a multiplicity of physical parameters that describe the

meta-material, primarily the sum of the masses of the internal oscillators and the mass of the housing
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element; the VS; and, the connection of the MMVEH thereto. That is, the value of the strength

measure is not a “universal,” but depends on the harvesting scenario.

THE ENERGETICS OF AN ELASTICALLY GROUNDED MMM

[0059) Consider an experiment scenario for which the MMM is grounded by a linearly elastic element?? of
stiffness K, the mathematical model go&erning the response of the housing element is schematically illustrated
in Fig 4. -As for the ungrguxlded MMM, the internal oscillators are not shown in the illustration, only shown
is the net internal force .Fl(t) these cause to act on the housing element in response to the action of the
. external force F(t).

[0060] The grounding of the MMM introduces an additional characteristic frequency to the geometryI and
cémposition of the dynamical system, the resonant frequency of the housing element with no internal oscil-
l.ators, denoted by wg. For the internal oscillatprs to have maximum effect on the energetics of the grounded
MMM, the value of wy must be deep within.the band sParlned by the internal oscillator resonances; for
specificity, let wy = c;)c. |
[0061] Neglecting,. for a moment, the effects of the mechanical/electrical energy converters as secondary,
.t‘he aﬂé.lysis describéd- for the ungrounded MMM can be ‘-s.light.ly g;neraliied f(.)-r the grounded MMM The
analysis is expressed in the description of an operator, H*, that maps an external force, F(t) to an effective
force, F*(t), which now, sign?ﬁcantly, acts on the grounded MMM. Referring to Eq. (?7), describing the
spectral space representaﬁon of the operator for the case of the ungrounded MMM, the only cinange for the
grounded MMM are minor changes in the locationé of the poles identified by Eq. ("7) -fmd the addition of
one zero and pole, the additional pole described as an ;‘outlier,” since its value is less than the smallest of
the resonances of the internal oscillators.

[0062] Referring to Eq. (77), describing the time-series that is the contribution of the interior poles to the
convolution that represents H* in temporal space, the principal effects of the grounding alée twofold, a sign
change is the residue values for the w®) that are smaller than wy and a different “rule” for' determining
the magnitude of the residues {1‘1 termns of more primitive physical parameters that describe the dynamical

system.
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[0063] Neither change impacts the conclusions that were described as “universals;” the time-series continues
to obtain as a sequence of pulses with widths measured in units of 2! separated by a time interval measured
in units of NQ~!. The changes do impact the intra-pulse variations. Regarding the first pulsé, the change

in the sign of the residues results in a variation described by
A1 (t) cos (wpt),

with a 90° phase shift in the harmonic compoﬁent. The modulating amplitude pulse, like that for the
ungrounded MMM, begins with a value of 0 at ¢ = 0, rising to a maximnumn and returning to a value near
zero in a time measured in units of 27!, appended to which is an extended tail within which its magnitude
decreases algebraically with increasing time. The extended tail for the scenario of a grounded MMM is due
to a rapid change in t'he value of #(w), from negative to pogitive, in the neighborhood of w = wy. The
most significant global measure of A;(t) is its strength defined as the integral of the variation over all time.
Significantly, the grounding of the MMM impacts the pulse strength and the rule for determining the pulse
strength in terms of more primitive physical parameters that describe the dynamical system.

[0064] It proves convenient for discussing the energetics of the grounded MMM, to convolve the first pulse
with the temporal space representation of the impulse/response function for the grounded MMM housing

element with no internal oscillators, i. e.
(Mu)())_l sin (u.)ot).

Accepting the small fractional bandwidth Q/w. approximation introduced previously, the result of the con-
volution is
¢
_(21Ww0)_1 (/ Al(tl) dtl) sin (wot).
0

which when combined with the impulse/response function of the grounded MMM housing element with no

internal oscillators, results in a contribution to an “effective” impulse/response function,
t
(Muwg)™! (1 - 2/ Ay (t) dt’) sin (wot).
0

For times after that of the application of the impulse, t = 0, that are large relative to ~! but small relative

to NQ~1, this reduces to

(Muwo)™ (1 - 2 < 7 > Q| Ay|]) sin (wot),
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where < 7 > QHA1|| is the first net internal force pulse measure.
[0065] The complexity of the grounded MMM as a dynarnical system precludes an analytical formularization
of a rule for determining the strength measure, < ¥ > Q||4,]]. M‘olreover, should the formularization be
accomplished fo; a MMM with no mechanical/electrical energy converters and grounded by a simple spring,
it would have little value as a tool for designing an effective MMVEH. Ultimately, the effects of removing

" mechanical energy from a MMM and the design of an effective MMM will require nuinerical experimentation.

An illustration of the required experimentation is described in the next section.

A VALIDATION AND EXTENSION OF THE THEORETICAL ANALYSIS—NUMERICAL

SIMULATIONS

[0066] A validatiog of the theoretical analysis presented for the grounded MMM and an investigation of
factors that cannot be included therein can be provided by nuerical simulations. In lieu of accomplishing
numerical simulations for the purpose. of de.veloping the invention, reference is made to numeric‘al silrlulation;
accomplished by other al;thors for p:urposes other than tlhe development of a vibration energy harvesterv.
These simulations are reported in the peer reviewed research literature (Vignola et al; J. Acoué. Soc. Am,,
vol. . PP — , 2008). The mathematical mo.del'investigated-is schematically i:llustrated in Fig.5, taken fronnl-.
the referenced paper. As seen in Fig (5) N oscillators??, each llZlVil.lg a .mass'z" 1n,j, are shown attached by a
spring?® with stiffness ks; and a dashpot?6 with strength v, j', to a base mass?’ that is grounded by a spring®®
with stiffness K and a dashpot?® with strength vs. As indi.cated previously, for a rigid housing element,
the locations of the internal oscillators are irrelevant to the motion history of the element. The inclusion of -
the dashpots in the dynamical system for which the numerical siinulations are accomplished allows for an
investigation of the assertion that the.removal of energy from the system, both at the level of the base mass
and the attached oscillators, has only a secondary effect on the transfer of energy between the base mass
and the oscillators.

[0067] The reported simulations are summarized by the graphs in Fig 6. For all simulations, NV is 50; the ratio
of the width of the frequency band spanned by the attached oscillator resonances to the center frequency

of the band is 1/8; the center frequency band equals the resonant frequency of the grounded base mass in
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isolatioﬁ; and, the strengths of the dashpots are equal. -Varied across the set of simulatim'ls bresented is
the ratio of the sum of the internal eoscillator masses, Zj ms; to that of the base mass M. The variation
across the sets of _oscillator masses and the resonant frequencies were chosen by a formularization that is
not germane for the purposes here, except for an understanding that the masses are about equal and the
distribution of the frequencies across the frequency band is substantially uniform.

[0068] The graphs in Fig 6 presenting the results of the simulations show the velocity histories of the base mass
lr;otion after the action of an impulsive force, and the amplitudes and phases of the spectral representations of
the velocit); hiétories; for different values of )~ 5 Msj /M. Referring to the t‘ime histories, the time coordinate
is normalized- using w., such that for a fractional bandwidth équaling 1/8, the width of the first pulse is
nominally equal to normalized ¢ = 8, and with N = 50, the arrival of the second pulse obtains are normalized
t = 400, the ending time from the grapls.

[0069] Starting v&_rith the top most three graphs: For these the mass ratio, Yo /_MS =10"4 a valpe chosen
to be so small as to result in thg internal oscillators having no effect on the behavio.r of the hous.ing mass. This
is reflected in a housing mass velocity history>having a time harmonic variation at the resonant frequency
of the housing element in isolation, modulated by an exponentially decaying envelope, appropriate for the
As'treng’ch of the \;iscqus darnpe; gréundirlg the mass eiér}xenti The strength of tine viscous El.atlnp;er 1s such
that virtually all of the mechanical energy is removed from the systemn before what would be the arrival time
of the second force pulse,. t = 400. The second and third of the topmost three graphs show the amplitude
and phase spectra defined on the time series; the three graphs are what one would expect.

[0070]) Jurnping (;lown to the case for which the mass ratio, _,ms;/Ms =~ .005, it is clearly seen that the
velocity of the housing element returns to zero in a norinalized timne approximately equal to 8, corresponding
to 27!, remaining approximately equal to zero thereafter. For this case, which is close to optimnum, the
sum of the masses of the internal oscillators is approximately 0.5% of the magnitude of the Base mass, a
mass ratio that is surprisingly small for the internal oscillators to have such a profound effect on the base
mass motion. Referring to the amplitude spectrum defined on the housing mass velocity, this is seen to be
relatively flat over the frequency band. By association, it is for mass ratios approximately equal to 0.005

that the strength of the first net internal force pulse approximately equals 1.
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[0071] For mass ratios smaller and larger than 0.005, one again seés that the velocity of the housing mass
does not return to a value near zero for t > 8, approximately. These results, and others, are e'xplained by the
theoretical analysis. The net internal time-varying force for an impulsive external f01;ce of unit magnitude
acting eqpals the time-space repr.eseutation of the operator that maps any external time-varying force acting
to the corresponding nét internal force history. The work accomplished by this force in slowing the mass
element gives quantitative measure to the energy transferred from the mass element to the internal oscillators.
For mass ratios less than 0.005, the “strength” of the first force pulse is somewhat less than 1, the strength
necessary to transfer the kinetic energy introduced to the mass element by the impulse force. For mass ratios
somewhat greater than 0.005, the strength of the first pulse is somewhat greater than 1; the first force acts
to remove the total kinetic energy introduc_ed to the housing element “before” its conclusion. Significantly,
the force pulse continues to act after all the energy has been transferred to the internal oscillators; the
interpal force develop_s to accomplish motion compatibility at the at;tach'l.nents of the i{xterpal Sp.IjiIlgS to the
mass element. This continuing action results in further ma.és element motion; the work accoxpplished by
the continuing action of the force pulse on the moving mass element gives measure to a secondary energy
transfer, by which energy is from the internal oscillators to the mass element. “Optimum” energy transfer
and e;ntrapment‘-r.equi'res a desi@ th.';t results in transfer of energy fro.x'n the housiné ele.ment as the first
pulsé co.ncludes; for the other conditions that describe the numnerical simulations, this obtains when the total
mass of the internal oscillators approximately equals 0.5% of Mj.

(0072] Among observations that ;1re consistent with the theoretical analysis ére the appearance to two peaks
in the amplitude spectruin defined on the mass element velocity history. 'i’he peaks appear at the two ends 6f
the frequency band spanned by the uncoupled oscillator resonances, for mass ratios slightly larger than 0.005,
which become m(;re pronounced and move further from the two ends with increasing mass ratio values. The
genesis of this behavior in the outlier poles; the simulations show the contributions of these can be neglected
for the smaller mass ratios for which optimum behavior obtains.

[0073] Not explained by the analytic expression for Fi(t) that was obtained for an energy conserving system is
the observed behaviors for mass ratios larger than 10~* but smaller than 0.005. In this regime, there remains

energy in the grounded housing element after the time ¢t = Q~! = 8, with the remaining energy appearing
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to dissipate at a rate that is faster than that due to the viscous damper atracl'med to the housing element.
Reference is made to the mass ratio regime between 10~4, say, and 0.005, as the “effective dissipation™
regime. The explanation for this regime is the removal of energy from the internal oscillators impacts the
motions at the connections of the internal springs and the mass element; thereby extending the time of
action of the net internel force pulse. The effect represents an additiornal “physics,” in coupling the effects of
removing mechanical energy as electricity arnd the transfer of energy from the mass element to the internal
oscillators. This additional physics, while of secondary importance to that which applies for the case of
optimum energy transfer, can be exploited in relaxing somewhat the strict requirement on the total mass of

the internal oscillators as a ratio of the housing element mass.

LESSONS FROM THE NUMERICAL SIMULATIONS THAT APPLY TO THE INVEN-

TION

[0074] The lessons that are based on the numerical simulations are summarized as follows.

1. The conclusion of the theoretical analysis that for a broad range of experiment scenarios, that a
percentage of kinetic energy mtroduced to the housing element ofa MMM by the actlon of an impulsive

force is transferred to the internal oscﬂlators over a time measured in umts of Q~!, where it remains

trapped for a time measured in units of NQ~1, is validated.

2. The possibility of a MMM design, which results in virtually all of the kinetic energy introduced to the

housing element transferred to the internal oscillators is demonstrated.

3. The primary design parameters for this transfer to obtain are the ratio of the total mass of the

internal oscillators to that of the housing element, and the fractional width of the band spanned

by the resonances of the internal oscillators, Q/we.

4. For a fractional bandwidth equaling 1/8, the optimum total mass of the internal oscillators relative to

mass of the housing element is approximately, 0.005, a ratio that is surprising small.

5. Removing mechanical energy from the grounded MMM at the level of the internal oscillators, by

converting it to an electrical current, has no effect on the time for inputting mechanical energy to
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the housing element and only minor effect on the’ transfer time of energy from housing element to
the internal oscillators. The internal conversion of energy to electrical currents, the sum of which is

outputted via the housing element, changes the nature of the device, now a MMMEEC.

6. Removing mechanical energy from the grounded MMMEEC at the level of the internal oscillators, can
have a beneficial effect in broadening the range of values of the primary design parameters for which-
virtually all energy inputted to the housing element is transferred to the internal oscillatofs. Exploiting
this potentially beneficial effect can result in an slight increase in the time required to transfer energy

to the internal oscillators.

THE ENERGETICS OF A MMVEH

'[0075] For a MMMEEC to operate as a MMVEH, it must be attached to a VS, which both determines
the mechanical energy inputted to' the housing element, drawn frpm the broadly distributed vibration field
contained ‘in the YS, and, figures prominently in determining the motion history of the housing element
in response to the inputted energy. The ultra-broad range of harvesting sceliarios precludes a definitive
description of the design of an effectiv‘e MMMVEH for the all sg_ena.rios. .This said, one can Fiistinguish
beﬁeén twoAbroa'(-i classes, or regir'nes, of harvesting scenarios, one termed “resonant,” and one termed
“non-resonant,” with the remaining harvesting scenarios understood as intermediate these two regimes, as
extremes. For the “resonant” harvesting regime, the VS response is “global,” in the sense that global physical
measures defined on the entirety of the VS determines its behavior at the attachment location. For the “non
resonant” harvesting regime, the VS response is “local,” in the sensé that the behavior of the VS at the
attachment location is determined by physical measures that are local to the attachment.

| [0076] The simply-supported beam3® shown in Fig 7 with a MMVEH?®! directly attached at a location along
its length can illustrate both scenarios, each distinguished by the description of the beam forcing, the source

of the vibration field contained therein. .
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THE RESONANT HARVESTING REGIME

[0077] A necessary condition for a harvesting scenario to be resonant, in the sense indicated, is for the external
forcing of the VS to act “coherently” for a sufficient time to engage the entire- structure in determining
its behavior across the local region at which a MMVEH is attached. It is well known to practitioners
with kx.lowledge of vibration thgory that predict.ioh models for VS that respond globally are conveniently
formulated in terins of tile normal “modes” of the VS. The modes are global response measures, which
can be “synthesized” to form a representation of any VS response measure, including its local behavior at
the attachment region. As an illustration, Fig 8 shows the lowest vibration mode shape3? for the simply
_supported beam.

[0078] Each mode represents a separate degree-of-freedom, with each modal “coordinate” evolving inde-
bendently of the others, when there is no attached MMVEH. Thus, the temporal history of each modal

- coordinate is governed by a mathematical model represented by a grounded mass, illustrated in Fig 9. The

- integer, n, identifies a particular mode; My, the modal “mass,‘”33 is a global measure of the density dis-
tribution throughout the VS; K, the modal “stiffness,”® is related to‘a resonant frequency of the VS,
Wp = \/T(m; aqd, the dashpot measure®® v, qqantiﬁ_es the rate at which energy is irreyersibly lost to tl_lg
mode. The modal force Qn(t) is a “projection” of the external forcixlg F(t) that is the source of vibration
energy in the VS.

[0079] Attaching a MMVEH to the VS couples the modes, as it transfers energy between the VS and the
MMVEH; this greatly coinplicates the response prediction problem, in general. If, however, one chooses tlnle
frequency band of the internal oscillators to straddle one of the resonant frequencies, wy, and accepts that
), the width of the band of internal oscillators, is substantially narrow, measured relative to the frequency
difference separati;g resonances, the coupling of the modal coordinates can be ignored, to lowest order. The
type of attachment of the _MMVEH to the VS affects the behaviors of both the MMVEH and the VS. For .
specificity, one can assume the housing element is directly attached to a surface of the VS; a brief section
descfibing other attachments is provided below. For the directly attached MMVEH, then, the mathematical

model for estimating the housing element motion history is illustrated in Fig 10, which can be identified with

Fig 5, by replacing the mass M in Fig 5 with the sum of a factor, a,,, times the housing element mass M and
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fhe modal mass, My, i. e. (apM + M,,), where the factor o,, depends on the MMVEH attachment location,
and the mode. Also distinguishing the two figures is the absenée of the attached oscillators in Fig 10 with
these represented by the net int-ernal force Fi(t) that the oscillators cause to act on the l‘_101}sing element in
response to @,,(t). The conclusions demonstrated, both analytically and by numerical simulations, for the
grounded MMM are appli.c.able for the MMVEH operating in the resonant harvesting regime.

[0080] An observation, readily demonstrated for the simply supported beam illustration of Fig 7 and valid
in general, is the modal-mass approximately. equals the total mass of the VS, a mass that for a large VS
can be too large for a practical device;-l% of a.large mass can, for practical reasons, be too large. A second
observation, again readily demonstrated for the illustrative simply supported beam and valid in general, can
- be exploited to mitigate this practical probiem. The observation is that each modal coordinate represents
a “component” vibration field that is spétially coherent over the extent of the VS. This perfect spai:ial
coherence together with the high temporal. coherence of the component vibration field allows the use of
multiple MMVEH ¥ distributed over the extent of the VS, e. g. along the length of the simply supported
beam as illustrated in Fig 11, all of which will act in unison. The mathematical model governing the
behavior of this dynamical system is illustrated in Fig 12, a reproduction of Fig 10, now with a multiplicity
of MMVER®! attached to the modal mass®, ’
f0081] An implication of the MMVEH acting in unison is that 1% of the total mass can be distriﬁuted, albeit
not uniformly, among the multiple MMVEH. A different impli;:ation is that for a sub optimum MMVEH,
the energy not immediately transferred to tl.le internal oscillators is returned to the VS as energy coherent

not only across MMVEH but coherent with the energy in the vibration field. The invention envisions the

use of multiple MMVEH for this purpose.

THE NON-RESONANT HARVESTING REGIME

[0082] The non-resonant harvesting regime includes scenarios for which the external forcing of the VS is
spatially local and acts for a time that is short when compared to the travel time of an acoustic disturbance
across the VS. It also includes spatially and temporally extended forcings for which the spatial/temporal

coherence is substantially short. For non-resonant harvesting scenarios, the interaction of VS and a MMVEH,
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' which is local in space, is also local in time.. Consequently, the passive effects of the VS in determining
the motion history of the housing element are as though the VS were unbounded in at least one dimension.
Assuming the MMVEH?33 attached to the simply supported beam illustrated in Fig 11 is located at a sufficient .
distance from the end supports, the passive effects of tllé beam in Ae!:ermining the behavior of the MMVEH3!
would be as though the beam?® is unbounded in both directions, illustrated in Fig 13. In “resisting” the
motion of the housing element of the MMVEH, then, the beam, as representative of a generic VS, acts to
remove- mechanical energy, irreversibly. An appropriate mathematical model governing the .motion of the
MMVEH housing element?? is illustrated in Fig 14, wherein the grounding dashpot3® represents the action
of the beam in resisting the motion of a combination of the housing elelﬁent mass?® M and the appropriate
local mass®” of the VS, denoted by My.

[0083] The relative magnitudes .of the total mass of the MMVEH, M + 2_;m;j, to My is a critical factor
in determining the transport of energy in the VS, in the neighborhood of the MMVEH. For a MMVEH

mass that is too light relative to My, the magnitude of the internal force that the MMVEH exerts at its
attachment to the VS is too énall to accomplish much work. Consequently, little energy is transferred from
the VS to the MMVEH. Referring to the energy transport in the VS, the fact that littie energy is transferred

- to the device resuits in little i;)pact. (;n‘the tra-nspo.r.t in the neighborh-ood of the VS, ﬁém the MMVEH. This )

situation is illustrated in the uppermost of Fig 15, in which the energy transport near a MMVEH directly

attached to a beam-like3® VS is represented by arrows. As illustrated in the uppermost of the figures, a

too-light MMVEH has little impact on the energy transport past the devices, in either direction. This case

applies for a MEMS, VEH. At the other extreme of a MMVEH that is too heavy relative to My, the device
acts to impose a geometric, workless, constraint for which, once again, little energy transfer to tile MMVEH.

Referring to the energy transbort in the VS, the imposition of a geometric constraint results in a reversal

in the directions of the energy transport at the boundaries of the néighborhood of the directly attached

MMVEH. This case is illustrated in the bottommost of Fig 15 in which the arrows representing the éxnergy

transport are shown reflected at the boundaries VS. Little energy is transferred, and harvested, Because the

MMVEH changes the energy transport in the VS resulting in little energy its irnmediate neighborhood. For

a scenario for which the MMVEH 1mass is neither too light nor too heavy, compared to MM, substantial
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energy transfer to and into the MMVEH via the housing elex'n'ne;nt obtains. If by design, the energy transfer
to the housing element is subsequently transferred to the internal oscillators rapidly enough to preclude
an immediate return iransfer, instead accumulating in the oscillators until being converted to electricity,
virtually complete harvesting obtains. This of the MMVEH is transferred to the internal oscillators, for

harvesting, no reverse transfer of energy to the VS will obtain. This case is illustrated in the middle figure

of Fig 15. The invention is a MMVEH that seeks to exploit this Goldilocks range.

ATTACHING THE MMVEH TO THE VS

{0084] The manner of attaching the MMVEH to the VS is an issue for effective vibration harvesting. For the
harvesting scenarios used to illustrate the workings of the invention, only direct attachments were illustrated.
The invention contemplates any manner of attachment. Illustrated in Fig 16 are cases in which a single
MMVEH 3! is attached to a sinii)l)'l supported beam 30 using a spring 36; linear, ndnl@néar and non-elastic
springs are contemplated. In Fig 16a, the only grounding of the MMVEH?! is through the VS; in Fig 16b,
the MMVEH3! is also directly grounded using a second spring3’. A further case is illustrated in Fig 17,
in which the MMVEH"is part of a two degree-of-freedom dymnamical system, represented by connecting the
MMVEH?! to a mass element3® using a spring® and connecting this mass elerent t6 the simply supported
beam using- a second spring37.

[0085] For VS that are more geometrically complicated than a beam element, more geometrically comnplicated
types of attachment are contemplated. As illustration, Fig 18 shows a structural frame 3° as VS, to which

a MMVEH 3! are attached at two locations by spring elements0.

DEFORMABLE MMMEEC’S AND MMVEH’S

[0086] For the manifestations of the MMVEH presented above as illustrative, the housing element is rigid.
The invention contemplates other manifestations for which the meta-material devices are deformable. In this

regard, three deformable meta-material devices are easily envisioned; those for which the housing elements -

are rods; beams; and, plates. Figure 19 is a schematic showing a rod3® encapsulating internal oscillators
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represented by sprung masses?! and energy converter elements represented by forces acting on the internal
masses. The effects of an external environment, the VS and the vibration field contained therein, 611 the
meta-rod device are represented the time-vary forces, F(t) and Fp(t), acting on the end sections of the rod.
Figure 21 is a schematic showing both a beam*? and a plate*3, encapsulating infLerx:nal oscillators représented
by sprung masses?! and energy converter elements represented by forces acting on the internal masses. For
a plate, Fig 21 shows only a side view. The effects of the external environment on t-he meta-beam (meta-
pfate) are time varying force distribution fields aci:ing across the face of the meta—Bemn (meta-plate), a
one-dimensional field for the beam and a two-dimensional field for the case of a plate.

{0087] As'a [;relude to describing the energeticg of deforxﬁable meta-materials and the design of deformable .
MMMEEC and MMVEH, it is convenient to compare and contrast a meta-material with a composite ma-

terial, where the latter can be describe as a manmade material mixtures comprising a large number of

r'nini-sized inclusions of one material distributed in a matrix of a second mategial. .A ﬁbgr—reinforced plastic

is an example of a composite material. Using this, a méta-material can be said to be a composité material for

whicH th-e inclusions are, in the context of the invention, oscillators join‘ed with energy converter elements.

This understanding is convenient since the behavior of a deformable meta-material has certain aspects in

commori-_.vvith- a deform#ble c.c.)mposite, ‘_and othér aspects that 'z;re unique to a rne-:ta-m'a;terial. The u:nivque-
aspects, again in the context of {;he invention, are the enhanced energetiés occasioned by the capacity of the

internal oscillators to resonate and thereby can store and accumulate substantial amounts of energy.

[0088] The effects of distributing inclusions in a rigid matrix is limited to changing its inass density; the effects

of distributing oscillators in a rigid housing element are such as .to suggest the invention of a'MMVEH. The

highly technical detailed description of the invention is occasioned by the absence of a simplg, reasonably

complete.theory for predicting the behaviors of rigid MMVEH attached to the broad range of VS for which

the invention is applicable. The absence of an encompassing theory necessit;ated the use of illustrative

experimental scenarios to demonstrate the enhanced energetics that is the bases of the invention. The

absence of an encompassing theory also necessitated the division of harvesting scenarios, in limited classes

for which greatly §irnﬁliﬁed prediction modgls could be formulated, thereby demonstrating the invention

could be reduced to practice.
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[0089] The simpli-ﬁed prediction models are expected to have a further role in acc0111plié11i1‘1g specific MMVEH
designs, once the geometry and composition of a VS and the vibration field contained therein are specified.
The role is to guide the design, perhaps to accomplish a preliminary design. It is further expected, however,
that completing a specific design fo; the broad range of VS and vibration ﬁélds for which the invention is
intended will require numerical simulation, using sophisticated finite element computer software.

[0090] The effects of distributing inclusions in a de_formable matrix are significant, the l'ecogllitio%x of which was
the occasion of the formulation of an encompassing theory for predicting the behaviors of composite lﬁaterials.
. Effective modﬁlus theories for predicting the large-length-scale behaviors of composite material rods, plates,
and beams allow the easy incorporation of these as elements of VS. An encompassing theory for predicting
the behaviors of meta-material is not available. One might speculate on the possibility that a suitably
encompassing theory will be accomplished with further mathematical research. Absent an encompassing
theory necessitates a greater reliance on numerica.l. simulation. Thi§ absence is not germane, however, fo
the claim of. an invention of a device comprising a deformable .meta-material, provided it is clear that the
invention is useful and can be reduced to practice.

[0091] The consequences (;f the housing element deforr;mbility on the energetics of a MMMEEC, and hence a
MMVEH, is an issue. As .f01.r a device for which the housing eIer;l'ent i's ﬁéid, the. eneréetics can be descr'ibed
in phases, the first phase being the inputting of mechanical energy to the housing element of the device. For
a rigid housing element, the energy inputted is in the form of kinetic energy and, assuming the grounding
of the housing element is energy conserving, obtains “instantly.” By contrast, for a housing element that is
deformable, the energy inputted to the housing element is in the form of largé—length-scale vibrations and
obtains, even for a grounding of the housing element that is energy conserving, over time. Assuming the
time for inputting the energy is rapid enough, as to be complet'ed before significant motion of the internal
oscillators obtains, the effects of the internal oscillators on this phase of the energetics are the same as for
a composite material. The cor;clusion is that while the; internal oscillators do effect the inputting of energy
into the large-length-scale vibrations of the housing element, the effect is properly modeled as an effective

change in the material of which the housing element is comprised.

[0092] The second phase of the energetics is the transfer of the energy from the housing element to the
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internal oscillators. For the device for which the housing element is rigid, the energy transfer obtains from
the housing element as an entity to the totality of internal oscillators. For the device for which the housing
element is deformable, th.e inputted energy'is distributed non-uniformly z'lcross the housing element. The
energy transfer to the internal oscillators can be expected to reflect this non-uniformity, with the transfer
incorporating a localness such that the energy in local regions is trz;nsferred to internal oscillators located in
the corresponding local regions. To the extent that the localuess is as complete as suggested by the above
sentence, this second stage energy transfer is easily quantified. The quantification differs from that for the
rigid housing element only in replacing the housing element mnass with a housing element mass density, and
the sum of the internal oscillator masses with a local sum of the internal oscillator masses. Tlle description
of the energy transfer would the same as for the rigid housing, provided the non-uniformity in the inputted
energy distribution does not require for its'resolution in local regions, regions that are so small that thg
number of internal oscillators contained therein is .too sxpall. It is intuitive that .there are cases for which
the energetics is as described. There is little doubt that the behavior of the invention will be as claimed, thej
closer on;a is to the cases for which the energetics is as described.

{0093] TheA absence of an encompassing ;cheory for predicting the behavior of meta-material device with a de-
fonﬁable'housing element d'oes_ not‘preclude' .constructing a silﬁpliﬁea model for spéc}al céses, the deformablé
rod meta-material schematically illustrated in Fig 19. This case is simple because the interaction of the
device with the external environment is limited to equal and opposite forces acting at the end sections. The
deformable rod is itself a structural element that is resonant in the sense described previously. This suggests
the model illustrated in Fig 20 as governiﬁg the “change in the length” of the rod. The mass*® in Fig 20
has a value of the order of the total mass of the rod, denoted by M, which is grounded by a spring?! with
a stiffness, denoted by K, that equals M,w?, where wp is a resonant frequency of an effective rod. For defi-
niteness, wg can be identiﬁéd v;/ith the smallest, non-zero, resonant frequency of the rod with the ends free
to move. The illustration requires further description. The displacemnent of the mass element in the figure
measures not a physical displacement but a modal coordinate, which represents a deformation mode. For
wo representiné the lowest, non-zero resonant frequency for rod with the ends free to move, the deformation

mode shape, expressed in the deflections of all section of the rod, has no motion at the rod center section
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with max.imiun motions at the end sections. As already indicated the displacement of the mass element in
the figure also measures the change in length of the end sections.
[0094] The energetics for device illustrated in Fig 19, for which the mathematical model in Fig 20 applies,
caﬁ be investigated for a scenario in which there is no element grbuxldir)g the rod. For this case, the spring
shown grounding the mass element_reﬁresents the stiffness of the rod element to deformation. One can
compare the xllatllel;lati.cal model represented by Fig 20 when Fp is set to zero, and the mathematical model
represented by Fig 5 when the attached oscillators shown therein is replaced by a net internal force the
oscillators cause to act on the housing element. The two mathematical models are identical, even though
the physical variables Arepresented are different. That the two mathematical models are identical implies the
energetics of the two physical systems represented is identical. This further implies the simulated results
shown in Fig 6, including the complete transfer of energy from the base mass (or deformable housing elemént)
for the force F(t) is ra.pidl); and_ completely traxlsferfed to the internal oscillators to be dissipated by internal
dampers (or converted to elecgricity) is id_entical. The physical manifestations of the two systems, which
include the distribution of the internal oscillators across the length of the deformable rod, are different; the
energetics of the two systems is identical.
[0095j Consi:ructing a model for. the behavi;r of ;1 m(:eta-mat-erial'for which the houéing element is a. Beam, or
plate, and which interacts with the external environment by a force field acting across the face of the rod, or

plate, would be vastly more complicated. Faced with this task, one would best turn to numerical simulation.

CONVERTING MECHANICAL ENERGY TO AN ELECTRIC

CURRENT

[0096] The description of the invention accepts, and makes claims for, any manner of converting mechanical
energy to an electric current at the level of the internal oscillators. The genesis of one claim made for the
invention is the possibility of an MMVEH design that explicitly incorporates a nonlinear gttachrnex;t io a
VS, which results is a transfer of energy across freduency to accompany the transfer of energy from the VS to

the MMVEH. The genesis of another claimn for the invention is the accumulation, in time, of the mechanical
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energy transferred to the internal oscillators. This allows the design of a nonlinear mmechanical/electrical
energy converter, one that allows the mechanical energy to accumulate to a design level, before rapidly

" converting it to an electric current -pulse.
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CLAIMS

1. A meta-material mechanical/electrical energy converter (MMMEEC) for converting mechanical energy
to an electrical current, comprising a rigid housing elemen't of mass M encapsulating N oscillat~ors each
joined with a mechanical/electrical converter element, and each having a mass 7n; and a resonance
frequency wj, to.gether with electrical circuitry f(;r collecting individual electric currents from each of
the combination oscillator-mechanical/electrical-converters and outputting the sum of currents via the
housing element,
wherein the source of mechanical energy inputted to the MMMEEC is a time-varying externa.l force
acting on the rigid housing element, and
further wherein N is substantially large and the distribution of w; is substantially uniform across a
frequency band of width (2 so that the frequency band is densely filled, and Wherein the masses m; are

substantially equal to one another, and

further wherein the ratios of the sum of the m; masses to M and the width of the frequency band Q2

to the center frequency of the band, wc, have predetermined values, and

further wherein the value of w, equals the frequency for which the spectral content of the time-varying

external force is near its maximum,

whereby the MMMEEC has the capacity of converting a substantially larger quantity of mechanical

energy than would a device for which the housing element of similar mass, comprising any material

but no internal oscillators, is combined with a mechanical/electrical converter element.

2. A meta-material vibration energy harvester (MMVEH) for harvesting mechanical energy from a vi-
brating structure (VS) that is the source of a time-varying extern‘al force acti'ng on the rigid housing
element, comprising the MMMEEC according to Claim 1 adapted to be connected to at least one local
region of the vibrating structure, A
wherein the predetermined value of the ratio of the sum of the mn; masses to M further depends on a
measure of the inertia of the VS and a measure of the resistance to deformation of the VS, said measures

depending on the geometry and composition of the VS; the coherence of the vibrations contained in
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the VS; and, the type connection of the MMVEH and t.he VS,

whereby the MMVEH has the capacity of harvesting an other than infinitesimal percentage of the total

mechanical energy diffusely distributed throughout the vibrating structure.

3.. A deformablé meta-material lllecllanical/electrical energy converter (DMMMEEC) for converting me-
chanical energy to an electfical current, comprising a deformable housing élemeut containing a naturally
occurring material with spatially varying mechanical propgx'ties, which includes a spatially varying mass
density p,.and eiicapsulating N oscillators each joined with a mechanical/electrical converter element,
and each having a mass m; and a resonance frequency w;, together with electrical circuitry for collect-
ing individual electric currents from each of the combination oscillator-mechanical / electricél—converters
and outputting the sum of currents via the housing element,
wherein the source of mechanical energy inputted to the MMMEEC is a distribution, whether discrete
or contin'u.'ous,. of tiihe-varying external forces of limited sp'ectral content acfirlg over a region of the
boundary of the deforming housing elément, and
further wherein N is substantially large and the distribution of internal elements is substantially
uniform so that the volume of the housing element is densely filled, and further wherein the ;iis'tribution
of w; is substantially uniform across a frequency balld of width €2 so that the frequency band is densely
filled, and further wherein the masses m; are substantially equal to one another, and
further wherein the distribution of the internal elements are such that the ratios of the sum of those
m; in a representative unit volume element to p, and the width of the frequency band Q to the center
frequency of thfa band w};, have predetermined values, and
further wherein the value of w equals the frequency for which the spectral content of the time-varying
external force is near -its maximum, and

further wherein the spatially varying mechanical properties are predetermined so as to maximize the

mechanical energy inputted by the external forces acting,

whereby the MMMEEC has the capacity of converting a substantially larger quantity of mechanical en-

ergy than would a device for which the housing element of similar mass, comprisi-ng any material found
gy ) g
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in nature but no internal oscillators, is combined with an external distribution of mechanical/electrical

converter elements.

4. A deformable meta-material vibration energy harvester (DMMVEH) for harvesting mechanical energy
from a vibrating structure (VS) that is the source of a time-varying external force distribution acting
on the deformable housing element, comprising the DMMMEEC accordipg to Claim 3 adapted to be
connected to at least one local region of the vibrating structure, |
wherein the predetermined value of the ratio of the sum of the m; masses in representative unit volume
to p further depends on the geometry and composition of the VS; the coherence of the vibrations
contained in the VS; and, the type connection of the DMMVEH and the VS,
whereby the DMMVEH has the capacity of harvesting an other than infinitesimnal percentage of the

total mechanical energy diffusely distributed throughout the vibrating structure.

' 5. ’i‘he r;leta-material vibration energy harvester (MMVEH) accordi%g t'o Cléiﬁl 2,

wherein the MMVEH is directly connected to a local region of a résonant viBrating structure (RVS), in
which the measure of inertia is the total mass of the VS and the measure of resistance to deformation
};as a substé.ntialﬂlinearly elastic cdmponent,

wherefore the spectral content of the time-va.rying force acting on the rigid housing element is centered
at a frequency close to a resonant frequency of the structure, and

wherein the ratio of the sum of the 7n; masses to the sum of housing element mass and the mass of
the VS is about 0.01 and the ratio of Q2 to w. is about 0.1,

whereby the MMVEH has the capacity of harvesting a substantial percentage of the total mechanical

energy diffusely distributed throughout the vibrating structure

6. A MMVEH system comprising a multiplicity of MMMVEH’s according to Claim 2,

wherein each harvester is joined at a predetermined location of the VS, such that the multiplicity is
distributed across the entirety of the VS, and further wherein the combined sumn of the internal oscillator
masses of each of said MMVEH has a given value as large as practical subject to the restriction that

the value is less than 1% of the total mass of the vibrating structure,
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10.

11.

12.

13.

- whereby the capacity for harvesting the mechanical energy diffusely distributed'throughéutﬁ the vibrat-

ing structure is at a maximuin.

. The meta-material vibration energy harvester MMVEH according to Claim 2,

wherein the MMVEH is directly connected to a local region of a non-resonant vibrating structure
(NRVS), in which the measure of inertia is the mass of the region of the VS near the connected

MMVEH and the measure of resistance to deformation has a substantial dissipative component,
wherefore the spectral content of the time-varying force acting on the rigid housing element depends
on the spectral content of the external forcing of the VS,

wherein 'the ratio of the sumn of the 'nii masses to the sum of the mass of the housing element and
the mass of the lgcal- region of the VS has a predetermined value that depends on the resistance of
deformation of the VS and on w,,

whereby the MMVEH has the capacity of harvesting an other than infinitesimal percentage of the total

mechanical energy diffusely distributed throughout the vibrating structure

. The DMMMEEC according to Claim 3, wherein the housing element is a rod, and- further wherein

the source of mechanical energy inputted to the MRMEEC is a pair of equal and oppositely directed

time-varying forces of limited spectral content, acting at the two end sections of the rod.

. The DMMVEH according to Claim 4, wherein the housing element is a rod joined at two locations to

a VS.
The DMMMEEC according to Claim 3, wherein the housing element is a beam.

The DMMVEH according to Claim 4, wherein the housing element is a beam joined, whether discretely

or continuously, along a line on a boundary surface of a VS. _
The DMMMEEC: according to Claim 3, wherein the housing element is a plate.

The DMMVEH according to Claim 4, wherein the housing element is a beain joined, where discretely

or continuously, over a region in the boundary surface of a VS
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