Pl EZCELECTRI C VI BRATI ONAL ENERGY HARVESTI NG SYSTEMS
| NCORPORATI NG PARAMETRI C BENDI NG MODE ENERGY
WORRYESTING RELATED APPLI CATI ON DATA [ 0001] ThPGI/US2008/057865
application clains the benefit of priority of U S
Provi si onal Patent Application Serial No. 60/896, 077,
PIEZOEL 8¢ TRICNAIBRA RON Z0FNERGE HARVES TINGENS $Esid INCORPORATING

Vi brat i ok AROYEEICSSENDINE MODY ENERGY HISRVRITHNEGd by
reference herein in its entirety. FIELD OF THE

| NVENTI ON [ 0002] The present invention generally
RELAI@EBAP?EHEQTRN?I&A?Ad of vibrational energy scavenging.
n particular, the present invention is directed to
[0001] p| erléIaeplucra«tlcnvlaUnathechqad:ﬁteﬁ@ngthrw§sPIowgilcsykP:@m§ Application

Serial lﬁ]gﬁ\/ggﬁ{ %i ﬂ@@%ﬁ %ga’g,”d h%%lgﬁug@ﬁsgé #3%d Vibrational Power

ScavengitErWigEh ﬁQﬁédip()‘raieH@y&eﬂéﬂﬁlc@ﬁ@Bm&ndtrs@ﬁﬁte@y increase in
the Ievel of Integration of integrated circuits (1Cs).

same time, there has been a corresponding
FIELDQFgT}HEJNXrﬁNH@é\[ ease in the feature size of ICs. For

[0002] exaipl Er sé&%%ﬁ&e?%&{elpﬂl NGRS To (a8 olo%blqﬁonal energy scavenging. In

sem conhduct or transistor) gate is

partlculpr éseprtdent Divetthe iditestedfo plézorhecaivdvibmatipiad et e tatvosthg systems
nmin 2010. This is less than 1/500 the width of a

mcorpofﬂﬁ’l’i"ﬁri’aﬁ‘é‘ietmc ?@dWB%W$W§eSHB$ only dramatically

reduced in size, but have al so reduced in power
BACKGROSINIPt i on. 1 Cs are typically made using CMOS

(conpl enentary netal - oxi de sem conductor) circuitry,
[0003] whi Otver the fastiguasfer-derthryth@Ehaghepnp dEYicdaueaesn theNps1 of integration

of 1ntegrq\f£%cllrctu§t¥ L(j P gﬁ)ﬁégfglfé :tllcr:nuele Séreol(lja[vs\%%ata? %%“é%lgé?cﬁn Qligm%ant decrease in

the feath@tsizeSif1€s. al%ir dxaiple, GRNGIAII m@%m@nm&xh@dsehﬁcdﬂdactor field-
recent proliferation of wireless IC technolo

effect tigagstag2atgviapreagntly qniibe ogdey ef:%@ma?gé is prgifaled tt%J g@ﬂ& nrrsma2010 This
is less tﬁizlnvﬁgé({) IS}% vﬂﬁth]do%\él }ﬁl?l"[:ﬁnql%jrn QC BWpBRML hWe enl%F 8@% éirr]aengatlcﬁ&/3 reduced in

Cl rcul I nc aptop computers,
size, buphayei s, redunet tin pbmae;?o)nsdrﬁﬂ)tmh day afe&@ﬂlselﬂﬁma&@ﬂsipglﬁims

uters, gam.ng controllers, nobile Interne a
(complegiRRtary oty oS i THATHRD) IV PBUGD oo o 48 %1@ A nd p-FET
devicesOTCMOS %ﬁcﬁﬁ%&'c@ﬁsﬁlnﬁ&%dﬁQ& s?‘a%%r 80hitRE: Sﬁ P?ﬁ%@@ &r purely pMOS

power supply to work. Typi l'y power I es
circuitry.hese devices are electrical batteries, often
repl aceabl e batteries. [0005] A mﬁreless t echnol ogy

o004 {1 b B AT AR R R RD BB e oo
of wirclBIEOE KRNI KhichlviderdavdiRbR % Aelesad@gb S Today, feere is a diversity of
dev1cesful§|1tnl§rloewtp%w|e? Svllrléijegs circuits, including laptop computers, cell phones, MP3 players,
smart phones, telephony headsets, headphones, routers, gaming controllers, mobile Internet adaptors,
and spy cameras, to name just a few. Of course, each of these devices requires some sort of

standalone power supply to work. Typically power supplies for these devices are electrical batteries,

often replaceable batteries.

[0005] A wireless technology field of significant current interest, and that is the target for much
research, is the field of wireless sensor networks. Indeed, researchers envision the future to include

a widespread adoption of wireless sensor networks (WSNs). In WSNs, wireless sensors will be
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a W despread adoption of wreless sensor networks
(WBNs). In WoNs, wireless sensors will bedistributed
W@ beosaghouit a particul ar environnment to form aPCHEUSI08057865
network or nesh that relays nmeasurenent data to a
central hub. The particul ar environment could be any
distribu@dehugRélit dpaRTERRIr efvirdiinedk tCfoddtan @-ArGleBlotk odRtks@that relays
bui | di ng, anon nan¥ others. A WBN wi Il conprise '
measureyaend data tp @ C?@fﬁg hgb. Thenasadsr ivinesat eakky anygesf an automobile,
‘ il - US| . tr Lo )
an airer 03} by, RSB ERRCh B GHER. W N MAEL SR R Bleral o tens of
thousanidf elingttes eensens@es that witl gssateheiag haiii-Gsp aadsnaisgomesver short distances.
source. The result will be the creation of an
Each wirglegs| nqdgavitl eprirltbifRiIGe 2sesbirsiess elscirprict aihd pewefsource. The
resul e S B e R B B R SRRl g imhabitants,
if any. needs sone sort of standal one el ectrical power supply
to provide power to the el ectronics aboard that node.

00061 S AR B O SR HELEE B0 PRR B et some
sort of R@fdaRink @RctrthClSler TBSFY tdy@kiddoRE tetht 8Rc@Mlcs aboard that node.
ni ckel -cadm um batteries, could be used. However, for

Convenfjppad|batieriesetisbas Hodes-ide bitiptissl zies-fiphattarign liskiponkitieres, alkaline
. heal Lifetl . tterj , i.nt e
bateriel MR F gt PR Bloa®y S BB A A Bl By RURORR R sl CHowever o
wirelesSse@Rorfiodandespned kefilbcantbeape ety pie piifdiimng oo fudhitatteries, at some
nunber of nodes at issue and the accessibility of

point the fhadericy gepadd haystto be repdarer o Ahisirauideadse vemlisb seobéims 4 expense

dependikﬂgtoﬁl%é BinbrAP HEAER TdsYe axf& the E%E%I}ﬁﬁgr 5foch95%31t095§, €5t @Mfention the
other types of power supplies needing periodic

need to dispestt afahg batecihs. aSomdequantly] derfiatieks ©dbaktsriesmnd| otle types of power

. desirable for many WBNs. [0007] Such alternative
supplic SFEAUH SRS GHERC S AT S SIS R ERFLAN V] BT for many WS,
scavenging (or "harvesting”) of energy fromthe
[0007] ATDEEEH alRRVAHINE BRI o pFvaMshSHIRS 0B RIS PlcalP iy o Savenging (or
exanple, if the wireless sensor node i's exposed to '
“harvesgog Diof eeeigy fioghthe ambienafnadronatenyef swiaplded ssneorpeder For example, if
e wied 03 YL 49, R SFUGEE She Bt Snhl g sty coud
include ipRo®ulictiricio RblaBtdlls TRV RFRKively! €heal irélefiakhdtd np@Blexposed to sufficient
) suppIY could include a mcro-turbine for harvesting .
air movgpgRy therdainaree pRweigPaly couldindpded migradpibings for harvesting power from
a S ' : S0
e oS SRV SUNRLLRE 50U Ly ReBR 7R Q0 n emperare
fluctuatoinkgpresny fvameohabr éthéd cneiroeaenthldafi8dnctlowever, there
wi Il be many instances when the anbi ent environnent

does not include sufficient amgunts of light, air .
(00081 1o Bigiter {EFRRTLRUPETY IIBbSF 0GR (3P R frgiment does not include

sufficieﬂtazfﬂl@}nitslo(b'f ﬁg@l_t,%ﬁlﬁﬁb%&l@ﬂ&ﬁﬁerﬁgﬁ@ﬂu&ﬁ’atﬂﬁ%ﬂ pfessure variation to provide

particul ar wrel ess sensor node. However, the sensor

enough poder twenpwee apatsjcebr adretess seaisel nodor Ediveebthe santr opde may be

. cpnstant vi.bratio fo xanpl e, .emanating fromthe
sobject TP nacitlal ppvlite vl R RETRS 15 Gimoke ¢ Ra g Ty the structure
supportBgttBE AGE. orltd whiihSth€ 85 is att¥dhled atn @edas€ &&ﬁ&&iti&ﬁaﬂﬂéﬁ&?? Kcavenger (or
(or harvester) that essentially converts vibrationa

harvestem ey gssPiady SPBYTiS RR GeHe Pagy S o lecitisalcenergy can be used.
[0009] A particular type of vibrational energy harvester utilizes resonant beams that incorporate

a piezoelectric material that generates electrical charge when strained during resonance of the beams
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[0009] A particular type of vibrational energy

harvester utilizes resonant beans that incorporate a
weer@sosextric material that generates el ectriREl/US2008/057865

charge when strained during resonance of the

beanscaused by anbi ent vibrations (driving forces).

caused BNEMBRAT ViBRAMOAY(RFvinEBdYceS R YR WHofBGhing FH@RlyRehVdntional piezoelectric
vi brational ener harvesters (PVEHs) is that they are

vibratiopplfingegy harepatepee e vs Bakthpwgienginingly duumiened dgvagas dyaging high
quality a@o&m@*J f]léhutg?tﬁx Erreeetft?g{l] ac(wfe}( SHIS{W%@@%#Kban%E%%%M Jllbratlonal

frequenby O'Ehle isaddnde syirolslematiyy uitdee any omdsremork of awariet®tof crbumstances, such as
cunst ances, such as when the wireless sensor node

when th@éVlﬁ%ﬁSé@liS@a neds is swhiested tortemperatuse yyiiopn et ehnaag ﬁletth@ng of the
PVEH, Li2h BE 2dquk N mBRANibRE BW%& €106 fth Eﬁhe AOPIE Manufact
v RKH‘Ibr ations J’ﬂé}r(lﬁes over ﬁlrre and v the ranufact uri naélu acturing
methodsretddad snalis ¢tk B OEH®keset e afMEH thaasbuitanniag obtheiRVElhe
as-built tuning of the PVEH. SUMVARY OF THE DI SCLOSURE
' tion of the present invention is
SUBMM%&@%@&”&?%E%EELﬁ harvester. The vibration energy
[0010] har Va8 idplehRRlaHEESF thd pr@sRNAYQitioR ANV IBANIoRE dnbARIMEVeSRr. The
cross-sectional properties, a fundanental resonance
vibratiopregefigs et eptar mckidessta @émtqfd)egm}@@mgdmnamsea:ross sectional properties, a
fundamgriﬂ%d: oltng&ﬁgeptg? u%nz qﬂuﬁlgg %! ndr}lé%df?é?g ol ? (ﬁeﬁ%a&gtrlc mode frequency in a
second Bérdegd dhmulom@eﬂpemdicﬁaﬂ 0 seidTESt teadinig @b tiqi, dpefdin &8d aross-sectional
selected to tune said fundanental resonance frequency
propertieg ats selegted tQ) By said fplpcgume@% ESapNCe dreugisy $@p first desired frequency and
r
o e PR BRI LRI AU BERIA RS s am incling
plezoeleM@mia&haf for gg&lmﬁrrfgtdleugn@ﬂ exdrpy aalesgmee gybandinges paidsesonator beam

d|n of s sonat.or beamin each of said
in each P??’*’é&% %5‘681%@{’%{11‘&& %&C&PP%ct i ons. [0011] Anot her
|nplenentat|on of the present invention is a
[0011] Vi bARbiheP@hplEEtSor G HE Blebdi iMRhiion fEl'lle\IlHﬂaBBl@Jl 'eﬁél@&z harvesting unit.
ener gy harvestlng unit includes: a plurality of
The Vlbmt@z@lednetgyrhacvestlm wnil pehides nzeplgyalitm@f/l@lsme&ﬂytr(wm}wnal energy

connect
haWCStl\AﬁgHglﬁﬁl) eac es ]ef“ ln Hb ecteg ml one an e és%greﬁl E%%ll of sald PVEH

module®fnchRieaRPIUralty P gﬁameaw rﬁ@ﬂeﬁyﬁblebwm{ béahs €0h ﬁ:bmgueeﬂ to harvest
_to harvest electrical charge fromeach of fundanental =
electricplecbaiggitoa eychiaf Apndsmeatadrgarane exqiatiap ded paameticinggre excitation.
[0012] Yet another inplenentation of the present
[0012] . ' nveat érf?ﬁhe'r?m eYMe ﬁ 6% 5? &%%&E tlﬁ%ti% seil GrrelesELRS r The wireless
i ncl udes: ansducer for col?ectlng éata awmre
sensor mclad&matttzensdlioer fdrrcalisning tdataga ttheladatrandnatter fioe trem&mattmg the data to a

recelvere &Be g%%ﬂ&eé\%{eg%o&ig %Q%%E}th?f‘d |e%alhlg$gl§)\/lbg pleZOC?CCtI‘IC
vibratioR & e iyl Hagy s 1\@@\7 my\ﬁdwe?%ﬁﬁﬁly efeL:ﬁ"fEEflj/ 6&thin¥inicating with each of said
communicating wth each sai d transducer and said
transdugdrrgd exd vamiesorensea |S@id FPME PYEH mmgrsusluiu p}byﬁmm tagreange
avenge vi.brati envir

V1bratlog%]ben8¥%y 1pan eH\élr%r?eé]I 8%1 1e§1gwstg¥ w\}\ﬁeg:ﬁs T,elllls?jrs\gl?eglom L3e 3Quas to generate
electric@§oRent® usé mpaw&a% sRRVEh sder btEEsai wREMSY trat3 i@ rduring use.
transducer and said wireless transmtter during
use. BRI EF DESCRI PTI ON OF THE DRAW NGS



[0013] For the purpose of illustrating the invention,

the drawi ngs show aspects of one or nore enbodi nents
wW@Rooshes1rhventi on. However, it shoul d be underBCDUS2008/057865

that the present invention is not limted to the

preci se arrangenents and instrunentalities shown in

BRIEF DESCRIBMONOF MHETBRAWINGS 1 is an isonmetric view of
exanpl e of a piezoelectric vibrational energy

an
[0013] har Vessthe parpe Nustrating tegiavemione the diryriags siomhaspects of one or more
. . .discl : i . ..
ermbod GRAERRYS B chidf, RIESAFEL ISk BR S b Engf e e Ry fpyention i not
limited sy e @Bcdde aFlafgerdershantt ingrunkritlfrlee sigsvanjpsthe tirawings, wherein:
par anmetri c- node- enabl ed (PME) PVEH beans; FIG 2B is
FIG. 1 i82n §ondkgedheRdtlah @k afipRDE 1 PRGLEICEAL vEdrRiGHAEEhY b EMArOsting (PVEH)
~ three of the PVEH nodules of FIG 1 illustrating their
unit magde H¥ cgondangeowish pepsepty of the preseat disdosweeit t o one
another; FIG 2C is an enlarged parti al
FIG. 2 soesnbegid aaviewi dwnobf thed? \Ugp erodsies oPUEHystooudfddGot showing

multipl@g%up%oﬁa égfrigﬁ%t%g%ﬁoc%?ee g]{ég :SP]?[E) IP&E%—E@M bi‘g:ﬁ% fstﬁ?hcelr(liarged partial
cross-sdc¥iOhd] 3YFIOUET Fikw JFiIREY BNGY PVIEH nRddGRE b FRY.ar iflhytReinE Vit
beam made using conventional practices; FIG 4 is a

configugatigphjust pierde geadynespocaneaniher; ttige2 éy anenlfrgedpasalyoross-sectional
. f 1 tilever:type..PNVE PV . Usi :
sew of PS8 AR LIS YE G EUE TR DR, B HS) N
the effects of differing width:.thickness rati
FIG. 3 i Ay Spoth oot Mectins [aifofy ot Redgies)
PVEH EHagPha&f usdn é&%ﬁ[&ﬁﬁﬂ@@%@pm (vol tage versus
frequency) tor a PVEH nodul e contai ning three groups
FIG. ¢ Gh R TR P R QRIS FOF bkt
PVEH beanginaddiusmlg conagpss Sfabt pemailt discmsumef tha giiptrohpiin@Vee effects of

... . PVEH bheam made. i n accordance with n t f the
differing SadipiRic RSt rBict Oa Mapifequency wegtrapt8s dtfernediamsy i ew
as taken along line 7-7 of FIG 6; FIG 8 is a o
FIG. 5 if pgranhet! S TRIUERS- PEEFYB el (2gF ¥eFsT IrefusBRviter phY PREModule containing
three grglyl%%f%@g}bg%ﬁg il Whith @Ry C%@ﬁ%%r%’h{g?% ch Q%Z‘?P %hf?ér?ﬁtt}f‘equencws;

present osure;, Fi es o

di [ ' t ' ' .
F16. 6 {4 BR AR LO% SLO0R Slespol AR bGP, PR made i
accordanbewéth Ros@pts ddfthdhreent 8ikelBswrent ai ns a | ongi t udi nal

crosssectional view and a transverse cross-secti onal

FIG. 7 ¢ la@¥sk 8b@dn¥Bvik® ak Rfkeh albnghigd 70eanFId-bGS. 10A-B are a
series of diagrams illustrating alternative steps that

FIG. 8 i€ @RSy HeeGods Qe RtR1 i WUTOMRSRIMZMEPIMEDY BeREBa MM SdEinhccordance
each of FIGS. 10A-B contains a transverse

with congeptsf sl picoamgisvlioswweand a transverse cross-secti onal
view relative to the finished beamFIG 11 is a

FIGS. 9%9'chansi saied ofdiagrmmatillostitiegsteps of aMabataRs meresothan@aede used to

i n accordance with concepts of the present disclosure;
make a gygomorph PME PVEH beam, whfl:orein each of FIC?S. %A—P contains a longitudinal cross-

sf%roa[nggngl?ever—type

sectional view and a transverse cross-sectional view relative to the finished beam;

FIGS. 10A-B are a series of diagrams illustrating alternative steps that can be used to make a
monomorph PME PVEH beam, wherein each of FIGS. 10A-B contains a transverse cross-sectional

view and a transverse cross-sectional view relative to the finished beam;



FIG 12 is a block diagramof a network of wreless
sensors each utilizing a PVE-based power source for
WEoweniqg each onboard sensor and communi cat i oPGT/WB100$/057865
t he network. DETAI LED DESCRI PTI ON [ 0014] Referring now
to the drawings, FIG 1 illustrates an exanple of a
FIG. 110k @ 2&@heeik/diforihRaad Liefadf 00esley sBaoy mldelin 4dYkdhcdWith concepts of
100 made in accordance with concepts of the present
the presgnicdisdeiyie ands t hose skilled in the art will
appreci ate, such a PVEH unit may be used to generate
FIG. 126k ebtackslidgrpowén netvamk st wirelegrewenyarb eadhi Lmihiaingewwgybaised power

e anhi ent . envi r onment whi ch the PV

source {5 B S EPMB SREHIT SEp wtdke R RBGH e P PioP: ea

PVEH unit 100 of FIG 1 is in the mcroscal e size
DETAILED DESCRIBTIPAN t i cul ar exanple is roughly a

rectangul ar parall el epi ped of about 7.5 nm al ong each
[0014] phasBetsaring ravgtorthe graning. 5Hg- b Hstidpyit ©nde ofavpppoelectric
V1bratlo§£‘lI etn]§r ?vés&:r ?Qﬂ? ?Odqnta ﬁl%&%ﬁﬁce%tﬁ p&lc@%t?%?ﬂlte Ipresent

I'scC ure can ternatively constructed 1N anot he

discloswge.z s tlege vE]led ur:tihe ag vallmppmsmﬁd eucdi azBV EHginirenayulsd usgd to generate

fabri cgrtl on techniques that wll be readily under st

. 0d
electricgpoptep Fermsiea T yiegd VibratipaaLinereyia b FBbIg qylroapsal ipphich the PVEH
unit is iRKGHR] & ofndrWRE Iﬂ'z{b'eﬁ A@@ou%ﬂ;ﬁé ﬁhﬁ'ﬁ‘aieh @Gl/EH] uhi€0@bf Fit. 1is in the

recognl ze that It can de usi ng
microscaha sereore gilnee t-thonpehantircahmgless ecprg)ﬂyf aat@ptaogmlanparalleleplped of about 7.5

t echni ques I abricati chni
mm alolyf GBS T A PP R LE RO S h EPESTIGAEE g gecordance
with codPrstbf thOPrbRdnt BNEITs B ichi$ bERESnd e ALK GaREL nMnbiher size regime, such
concepts of the present disclosure, such as PVEH unit
as a megqygalesize regimei @amll&frabycatma@@mlmm thaxwillibe trefli}y urdgiriteqil by those
skilled mch EIQ ! BC atuls 008 th\é\AglezE: %k exe pqary?ﬁhgﬁ unit I]SM tﬁose slléleeg in the art will
are et Rer réqui red ST ed t

reco gmiceihﬁt i€ ont b made ﬁ@ﬁg RIBM® (18 c96- elwfr@rneéhaalc\zﬂaiys%hm) fibrication
reasons, such as physical inaccessibility
techniqyqpp EXMPIA 19T MEMSéﬁbrmaaw HIChyapease dwcrlb%d brlowhmfgfnsgtion with
PqGSgg@p%ﬁaﬁggqgunavalIablllty of alternative power sources
and cos anong others. It is inpractical to list al
of the applications that can benefit from i npl ementing
[0015] br oBYEtlomtsphsleah ad:dmedqmrsesmﬂltcodcte&m ashe ptesdfkb‘dfsvbsure, such as PVEH

nce Wwmreless Sensor resent an. .
unie 10 R AHITE T 25T BRNDh R BPETEEERnIhEGY, e gviees they are
used to ?5@@132[}5 cRh GG ASHUT g@fﬁfe@'t@ be %ﬁ%ﬂt@lﬁe@for'af{? bBEBAMbRMDS a variety of
hese concepts In a W rel ess sensor and in a sensor

reasonsnwiches khyseral mameﬁgbémy;hmaraMm@iﬂetssvf peavsding pTmeit wigei @f changing

batterieg m?lé}?aégaghiél%ﬁg%l e?‘rh%]?\iﬂg?&/tgr V(\gruéceg an(? gos&gagﬁcgpgtﬁlier% nﬁ 1st 1n%§ract1cal to list

all of thp@pplidatienSfppl dagdeheit ffemh HhﬁIle@ﬁ@@gjbI@@dl E&fekpts BF &@I @&R8t disclosure.
herein. [0016] Wth continuing reference to FIG 1,

Howevegngingd wiscless sEn@r npiayorlst arg prisgh{ly @vistporpyEeraghipplicagongfor this

technol{)}#v \?\l}leeﬁggé‘gﬂ &éélpﬁrgg ancilé é}E 1L s\%: \‘fﬁ‘ﬁl 'fgt?ngél‘fllltlﬁg tl'}eg? ébrﬁ%%gnr?a wireless

sensor dviddi la@Snst)ﬂé%wBrls&rmtzanmg eu&ﬂ;ma/nghnﬂeahorc amat saud; tthaxe skilled in the art
whi ch includes a pluralit
will readily appreciate that wireless sensor neétworks are by no means the only possible application

for the broad concepts disclosed herein.

[0010] With continuing reference to FIG. 1, and also to FIG. 2A, at a high level, PVEH unit 100
of this example includes sixteen PVEH modules 104A-P (one of which, module 104C, is shown in
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of groups of |ike PVEH beans, wherein all of the beans
Wth a group are tuned the sane and the tuning of the

whewsg1drd f ers anong the groups. This is ill usPCHUSWH0$/057865
FIG 2A by nodul e 104C havi ng si x groups 200A-F each
contai ning eight identically tuned PVEH beans 204A-F

detail il FIG. DiA)S ModRIR! 194880 har€helsafy Rendi@iadohtnaifidn Whidh ifdudes a plurality
the beam tunings differ anong the six groups. In this

of grou@y@fﬂ-ﬁqe@VEIﬁ beqny. tderaig ak gh th,qggalgﬁ &ithraggrpyegretiyned the same and the
omin GEERLIR LNE3F 1001 GRG5150h YA TG PUER BERA 101 v
six groupd QDO A dhedch &tbhtﬁﬁﬁh@ ¢iylet idayivall ptunad P VIHEEbdaUD Zw& Ehn this example

PVEH beans 204A-F are nentioned below. It is al
cantilevgptypg bFﬁ‘af) 411.4 ip mhéche@aﬁhﬁ% AR dln‘r@E W@fg the %zﬁqu@m fn this example,

the dlfferm atun n e Provi nant 1%r E(IJCft L en er n(g.l of PVE
| &z 0et éc?r |pc 6t‘erBf 89&d 1 0 1ant |gcat

beams Z(ﬁAaF SRspectivdl i ds<BLERIFIGIeA . BRAMHIR of ﬁ(ﬂdlﬁo&fl/afté}ﬁaﬁ‘@yways to vary
the el ectrodes for harvesting el ectrical energy from

the tuningreofg? ezld b ans 20-6A fetre meationaddespecital 4150 naed thgtimettiis exarnple each

R ML L e —

used to $¥richte@heBdahRARdGORNCE R Split2led@S L Hoakh iR @draY Of thed@idhk electrodes for
[0017] As w il be appreciated by those skilled in the

harvestigg elecigal-pnesghifrem 1 piestedaetiiq materid arg apgeinlhyeoafigurge for harvesting
virtu n
energy ﬁXI%TrEHL' ﬁarg glrcl:sﬂl&; &ICL%}EM %ﬁ% {)gan? ﬁlg%c Coafglfleblgmorph and split-electrode
concept@@ﬂ’]@dstmlﬁﬁdﬁﬁzldvsimtilhe broad concepts disclosed herein.
FoI lowing are a few of the itens that can be changed
conbj nati o

[0017] or odraal g’Fiaglér\négl%{egg’éf§]i“§ﬁ§Ll”fjl 18 aHhubUERT e SRt sl in FIG. 24

is mere]grbn%égﬁ‘m et V'i@lyall‘;"lfﬂfnﬁ[e funer b @orﬁi%lﬂattloﬁb B PVEH module that can be
ferent designs; t he nunber of beans can be

construgted ngdg thedngad mcgﬁ@ dpQOSQEI)hetme Rolhdeing afe gfe&ucpfsthﬂayms that can be

iffer fromthe si own; . 4 he nunber : :
Changecﬂ&L‘“’F&&ﬁf‘? LHIYgF8 Elaﬁ-ﬁ'iﬁ Fih %ﬁ‘“ﬁlf eé’ntto HI?Vdﬁ’? fiifgren gesigns: 1) the
numberIIPWEH blan@Aiaeadid g nBg\ifféMRorh WRe QEh(BRE®N GF GifRFenk Badigns; 2) the
are identical to one another; and 6) the PVEH beans

numberrﬁé;PVlfé{ beares canthgryaged ameng tsterowsed) thy pemben aftgraupstopy differ from
the six gl%wn 41 ég %Pﬁl%gr 5fyrp 1d&nl af%r%lép%c ajﬁlgﬁg glf%?gln%%%etihe% xns}?ll n; 5) each

re conol na

module@ﬁd}e{avb YPesr rn@[’@gl@upd ﬁh@tf &e idERECcE WPPRI Anotieaninidi 6) mise WEH beams may
not limt that application of the broad concepts of

be otheg than gf @géﬁ@tllaYeééYRfs s, as trodusy figed-encbiyRerthe dlaaﬁ claggped-end type,

simply %:L) ﬁéhﬁ% %1?% iln%léeg t%@&%ﬁa}l@ gga(rélhﬁahgl?s (?f%ﬁ?ex‘i'yzpl Wﬁgothers. The

supportieeaditibandomgys lamie thelegpplieakjonadfl thfsbl)ohé eondepf tedurbeat disclosure.
104A-P of FIG 1 may be identical. However, six

[0018] FI f {Jer e geealingt H{}% ﬁgﬁ%@pﬁgov' (? %b&:&h? %\%ger as mxgule 104C shown

in FIG. di fHoeEidhep1é Uniin leéfferﬁig%aﬁlhﬁﬁmgi aﬂe@l@ﬁffedt WP siQteRR P EH modules 104A-P
t he nodul es each provid %et wo different tunings.

of FIG. diatyhles idetéaap| Howerrir yie di grbe@rult@ynmnlbamo‘amq/mcﬂﬂ@r ways. For
o that the si Lfferent tupin

exampl%regéﬂ gggi—fgy %1?6 ey é’{OVg‘fl%( twrroD %1 Hng ?qnlmgs, Sull'tfl93¢ RL& two others of the

modules each provide yet two different tunings. As another example, entire PVEH modules may

have only one beam tuning, so that the six different tunings are provided by at least six modules all

having tunings differing from one another. The foregoing is just a sample of many variations that

can be made to achieve a desired goal.



havi ng tunings differing fromone another. The
foregoing is just a sanple of many variations that can
wheoogata73 o achi eve a desired goal.[0019] It iRBCHUSM08/057865
noted that a PVEH unit made using broad concepts
di scl osed herein can vary in the nunber of differing
[0019] bearmni§ B RGEd afe @ PVEW uhi@ abeuflag bidallcdhicep@di@osed herein can vary in
parameters at issue. For exanple, in some
the nun@sppf @ HeripgnBeany Hinyngs a§¢q1r@1|né tg @@maﬂmﬂaﬁdemgm papeetseefague. For
V
examplg qﬁ ls{i}gg ?ﬁ%l%%l&oxf h Elg]!é/% glgﬁ%?n \9ﬁ1 R dﬂ??ed for an entire PVEH unit,
wheread fd)lﬂ lothgs apyEicatiensbehned | Bl&L &h .or Sﬁjﬂ@dﬁﬁﬁh@ Itlﬁll]llg'!;\d’ﬂ:llWBﬂbGMeflhlal Some
det erm ni how many bean1tun|ngs shoul d be provi ded
factors mvalvgd yég}égg‘dmggpghpw [IWZG’FMR pyees therld beggavided are discussed below.
accordance with concepts of the present disclosure,
[0020] SUCR WEIE]MEH ni¥etin 2QQr@fhc&bitn c@)ncérﬁksj df thdflebd® dRBIs@RBEsuch as PVEH
or nore of a nunber of features that can give it a
unit 100 ef BIG. teivill hmcgllde poyenc @igngnetoj a(nuower ogieneratted cpegive it a relatively

can provi it wwth a relativel Zd .
high pop L dnéihe s BamrEed pBG! felunt B PadraieL plE et Vely wiae
frequene@ fdspovRE. PWES BAaAS itdhale sPEdialPNlidsidhad PRSH ¥édd ehh@itRbnly harvest
energy from fundanent al - node excitation of the beans

vibrational enegydiere nndemental-niode gr¢itatiag of therbgring in the @ireghiagoof the driving

S vest .ener r i c- e. ' i .
V1bratloEZ%u&%fso&gpgﬁg%lé%pf%rgga%)g{éeﬁ{lééﬁogg gf%{%‘égfﬁ %ﬁ Ehlel%gzérglé f’;ﬂgmetnc—mode
excuaumgmamclmd@mféeomwﬁf@de perpafiditWart doehdddivh g Gré©(dration). The PVEH

(vibration). The PVEH beans of the present disclosure
beams qfithg prapent dpeloparIhat aesipgrialy fesignsd v Barvesipegy froghparametric-mode

exc1tat1@@5%%h€én‘fen[ﬁ§q§fe%ﬁ kd iR 8 dfthfé%?ﬁ%ﬂe& 'aflaln}{s Ese‘f‘ Hn@éirlc mode
to hereln In the appen paranetric
enablediioale PMIAB| Byl yiryorg théMess-sddyiora ipyopegtidsiod each PME beam, the frequency of

Cr oss-secti onal erties of eac
paramecgRats iy aor e Bdieands fHalledy EFe oA i o s increasing
the powleS ddddt9BE & PW}Pﬁﬁ@BﬁnHE@mﬁ? ﬁiere?fécﬁxté‘ &&itat@én ©Inlif&dth of the unit, or

i ncreasi ng the power densi Hunit or
both. I mdﬂlmtongcmaﬁengﬁrh etiecting eemtattmnthaochwm dirtagh beah biyening the

bot h. . I n addi.t i
paremeliehods s AL - 1 SREN SR By o REVEH Wifor e
present BACRIBEchf bERRE 8T ol fin Iﬁqauwg:rysul?st TP\ bddrhs wherein the
excitation bandwi dth of a EH unit t he ﬁresent

groups gedeneddo sbghtbrdifferenhideavgseias. bhip isollnefratesl imihe ¢qutext of module 104C

of FIG. 3 e BresbyrLarBRETE aBE 200 B QP BiRER ADER, B psrared
VlsuaH}I lﬂﬁthg Rt BibreRf 1eH§%HéJL§ Al?i@f}%ﬁ Pf of bdams204BYF tBGeBli R$ENKE described

the six groups 20 aving six different tunings,
below, ths dififdringttnaingccan teyabvigedin dther ways, dich hepenidihgbgtins?04A-F in

R ek o ar i e
B¢ ot i iy ki

FIGS. 2B and 2C) and a conbi nation of varying the

[0021] | enBtfase Actibin@uelerdl eaEples oF PRIERVHHf etk Ngispeofn FIG. 1 that
masses, anong ot hers. [0021] Before describing severa

PVEH @edpi K¥AsP apveonpgrmdistasked and separed gdth qng appi@er and; wigh end
module\E,)VI Y@;A BAULES £ ﬁ% A Tt ﬁmﬁecﬁ QP! &)g&a%gd ﬁﬁ@chﬁgo@’ﬁ%o§ ARKESAd in detail in

one anot her an
FIG. 1, PVEH modules 104A-P are electrically connected with one another and with end modules

108A-B so that the electrical power available from outputs 112, 116 is the sum of power generated



nodul es 108A-B so as to forman integrated,
sel f - packaged unit. Although not illustrated in detai
WO p0oBi1G173L, PVEH nodul es 104A-P are el ectri cal PgT/US2008/057865
connected with one another and with end nodul es 108A-B
so that the electrical power available from outputs
by all oft &é,PMEA®VIEH bétensS WilBhQds be@we DOURIFIFRG eZRY ofthll oPthetPVEEH modules. As
PMVE PVEH beanms, such as beans 204A-F (FIG 2A), of al
those skgHed indheyiemivpadaraand, RMIE Fssales kit beelestricalhecoanectod 1o one another in

e 53308, YR IS, 50 BELA B B L CITORL s e,

which aghintifién thaniicosdats regim, @ycfl‘E]hVEHfmcEﬁ{ﬂ:é'll(DmQP 11 QQilicbf-bhdeidslie made
exanpl e, which again is in the mcroscale regine, each
using Vwrﬂ_ﬂﬁ S HERGF RS LOBARPIOVS] Bele VRS CHHEA . AP EeTHHRIECSE gechniques
su1tab1 hs%qﬁ nlla@{Y sugﬁ Hﬂﬁl‘ufe's QR désmﬁ%el(ﬁ@& &tnﬁgcftf(‘)g ngl FICfS. 9A-P and
ni ques. ever al processi ng te ni ques sul tabl e or
FIGS. l@aAeBl EndekadutesJO8A- Bmﬁltlhse«scampdae gle abspinld usmigeimilar techniques, and the

various PHIF loa s AN s dnding Wil e oo i A8 igdich i ing suitable bonding

techmq§ésmAr13€x B‘gﬁé‘@ﬂ zgé’h@éble%qmtng Qec‘ﬁﬁf uB USaRMES BRI, BSconnection with
04A-P and end nodul es are ed to one anot her using

FIGS. 2£uCt dbis @otsd tlatit @ge pebdth |eq@| ers)dulbzﬁ 18%Arthiey dfcledesa¢tifainigend regulating
c1rcu1tr¥l\f le (] ea%hn I r1 t % ra a{l ugz?d bJelnow In connecti on
b ﬁgp 't 19" it rtC}%]tg one or both end
nodul es 108A— B may include rectifying and regul ating
[0022] ci r EI(ES rzB Cribist@Rosmn)x adplagitonpthe RVEH ﬁfodalepathcBJhrafend
desi 0022] FIGS. 2B-Cillustrate an exanple of

how
moduleg |11<é8 6 dinedy beoseaued andielssgicatbaennascted e pther. d1G. 2B
I I
111ustratgts \@éﬁo@%le@qgustffg Iil??h%ﬂécﬁﬁglmﬁegﬁgl 1&18d 958104E—G, in proper
relatlon]tﬁéﬂe E’ﬂ(ﬁflerFals Greyyode be diuticafdrmatvEbf the diatlest E.‘GEH 1@1t 109 (FIG. 1).

As seenf18 %ﬁét %lg,r}n ﬁlls fggaé}l@t%%gh g?o%};{%; > gshal)éﬁl\%)éwéh g%sg lf A%ﬂ% that will be

used to $ERD tHe Mddutas & @ach‘ dihdrhh § VBXARP E%emﬁﬁpﬂ}oé@g uGPasQ—ﬁft%O@m placed in a
is provided with glass frit 208 that will be used

mannertigat (vitl hermasitall e seal thegaghicp? h%that wilbcond@n i tes e nihﬂry beams 204A)

s R T 5 B RLET o Bl aPRAE i ceson cac

PVEH @eailail 41 eatk@e R chtiel ®herb @mlcapébﬁhe@fomﬁusﬁ’véhhade between the
nmodul es 104E-G are secured to one another. A ball of

modulesolndlis dz1ign; the ppen dlesiodnd}V ipviReirisaly Fenneoaet@hgtsilicon

a0, 169 31 S0 o6] 1€ AR SOMTTAAN, U e v

moduleell @CAR) 8end2dQo ose erhceﬁetrra'ﬁeﬂihlewaaomm estedlyt gothe Ais lciuCBenseen in
substrate 224. FIG 2C shows the upﬁer si x nodul

FIG. 2G, dgring g5 2Red PescbBPrafiss BVELIchisksh heasinggagduges I99AdEA08A 02
sufflcw%gtﬁfﬁggraﬁﬂg Hﬁ?fne % %ﬁgs fg? 983’ Qﬁ&jwﬁ sb%ﬁ@i(y ! &)‘f&?%ﬁllé&ﬁow and solidify

e seen I n uring e vacuum assenb
to formpillocgmse bétaen adjhesdesolielat, Ith@ebmpiukfldmg]ﬁﬂddéﬂ&,l cdﬂ&ﬁuﬁycbetween the
. a saffic'ent éﬁ erature B{t melts Iass rit 208 ng
adjaceng mogigles- yRPTIRE D yacyyp agsgmy sy PIREISH-< ‘f% B AR EPraist fhgach o
cavitiest22f Qfdrthﬁtl Vabudn $PRIE LY ﬁ{e%%e@cdie@pg@m@@ @z li@SmekeRRYlidified
providing electrical continuity between the adjacent
glass fri@@&1 es. During the vacuum assenbly process, a vacuum
is formed in each of

[0023] For the sake of illustration, the following Table provides approximate minimum and
maximum values of a number of relevant parameters for a set of exemplary microscale PVEH

units (not shown) generally similar to PVEH unit 100 of FIG. 1. Like PVEH unit 100, each of the
8



cavities 212, and that vacuumis held by the hernetic

seal provided by the nelted and solidified glass frit
wQe®s/1[A0R23] For the sake of illustration, thePCT/US2008/057865

foll owi ng Tabl e provi des approxi mate m ni nrum and

maxi mum val ues of a nunber of relevant paraneters for

individéhl PREEHP o8 XIeSR @E )éxéfh a a c@n@%{% ?iut) SndsTHIP VIO Wibdules 104A-P) is
generally simlar to H unit FIG 1. Like

a 7.5 mpvEHS upntsquae dieduy ingoy thtqkéeawf OF 2 ua WhighHs Aii¢ad hiplness of a
t
150 mof B BUETREAYAR: o SSELESARISL A0 RLANER 81 £y 75 mm v
wafer pﬁovﬁchsis ckipdsthicihes Tor mun@hhe: Ifwd> sldad tmlﬁaﬁlztlhumﬁmﬁ Ftle}S 2B-C.
nm di anmeter silicon

The en%@?@.ﬂe& {rrERRO8d B te g @@dmlg%ao%ﬁ offlg7s) i Welvaple are made from

I f
e PR AAATD BV P RASHIIRY CLRRHELANG I empyitnce. e
of the dendomegpeheing (e GrerRASId metidotps tiocleded bnnuiqvhegalﬂ@&é&rﬁiaﬂME PVEH

FI 1 n this.exanple are nad romthe sa
beams diafipily hEoTERiTE GRS Crs BVER ARSI FBE GG vith FIGS. 9A-P and
10A-B.t hahR Q@ plch@s PV %@ﬁmet(lam@k&ﬁﬁﬁneﬁagﬁk 18- thﬁ‘&i gbﬁﬁs each having
corr espondl ng to the PVEH nodul es incl ides bi norph
twelve BMIE RVEHdenme diectrivel \PuiHepted tagethgdin a@gﬁshgnd preduces 0.2 V and 100 W

ot powdfy TR FR S S MRS RS A R AR Bty

connectd® @Uée@eﬁ §(5'|!1§t)o rﬁ@ﬁh&eﬂﬁ@v@tz@@hcﬂob#@e&éﬁp@&lv@r&tﬂiﬁ n6&sh Consequently,
havi ng twel ve PME PVEH beans el ectri cal I)é connect ed

10 dice stggleadrrdectiienllydp series adfter pecsidigatéan @spmg phd VIBes)nmwlbgchieve 1.5 V and
o | I
W R s Wit B 292033 i ) en iR TR, Sy, 4.05 mom
stack wHDpr@8ude). frivxdnal & niWief pobvélag%&nmsm&hallr}ﬁs@ﬁemw and 1.5 mW of
out gut nodes. Consequent | % 10 di.ce_st acked
power, g PRALs mum high St%k%}llpé%duca ey 2pe Y LRoMEh Stassume a
0.5 Vloss), will achieve 1.5 V and 1nWof power. This
[0024] Wi | bf @@ul@e zh%um b ﬂoll§$vﬁ‘1%ktablb Qfél #@élﬁg t@t}ﬁsa&aﬁﬁﬂ@and similar
Simlarly, a 4. mmtall stack will produce 0. nd
values fOr 5thnWMEHpmm rmada il @c;c@rdam:@ wath kha/\]pﬂoad prnedpts élS@],oSed/herem will have
other Vaggeg 6%8%%&{/&%}0{\%%@3 ﬁ{% %(gnsg'ﬁaéoglm Pg)llr gga S]%l%,z\z]jn\fmedmmmum and maximum
operatirfg%ﬂécﬁ@nc&m tMATTHRS ateindiifted @4 SOWZREd 1800 BzadkepesR @AY fPVEH units and
to this exanple and sim |l ar values for other PVEH
moduleg Alage imgrgerdanceaeitlh hgdneasd pincipleshdsdessd dieredhemdtesmade to have other
operath%ﬁgiugiz%g Ele}{aag d:ﬂg \31,1](55 ?I{l}g\iﬁz %Eglﬁﬁog \ﬁ%lngn%ijﬂga?%ﬁg or}q)\/cﬁh units and
moduleﬁfhledémﬂaoaﬁﬂiaﬂﬁ‘xwmm theqpekeat difgodureilelikdl ¢ sequires b@rﬂfﬂ@ feequencies
re indi cat ed as 50 Hz and 1500 Hz, respectively, PVEH
(bands)d‘i‘lﬁtr%ngﬁr‘?é S5trPesOffde in accordance with the broad
princi ples disclosed herein can be made to have ot her
operating frequencies. Thatraggid and general |y

BhRsaking, nmany applygations Tor PVERynits and nodul eﬁmts
accor dance h the present Ty cl osure will

erfly requi res operaiing frequencies (bands) in a cm’
a?nlf@ée of 50 Hz to 280 Hz. TABLE Volts
Power 0.5 3.0 mWatts
Power Density 2.27 2.72 mW/em®
Acceleration g g -
Frequency 50 1500 Hertz
Bandwidth 2 10 Hertz

Note: All values estimated



Paraneter Mn. Max. units Volume 0.22 1.17 3 cm
Voltage 0.5 5.5 Volts Power 0.5 3.0 mMtts Power
wW@epsiiten72. 27 2. 72 mN cm Accel eration I g | g FregUuesgs/057865
50 1500 Hertz Bandwi dth 2 10 Hertz Note: Al val ues
esti mat ed[ 0025] FIGS. 3-5 are presented to highlight
[0025] di f FRESICRarehREWRRA (FMEhRMERIfraehingbe@ed PMIB e VBEE&EMology of the
di scl osure and conventional PVEH technol ogy, as well
present gisclogurgaptl apiveatped FivEHhteckirdagit 2t wellax g oiplain correpts attendant the

exploitag%é%??%%h%&gp §(rieeéas&l(i:t%f;i:(§/ﬂe. glfii(}o Eg?a fr%qﬁé%c? SIEJC?I%HIWfOI‘ a conventional
rectangtil@ct@Rgrdciibnal @adles &ck VBHadamany ingeweid tYEHs beaigreater than its
) having a width that is nmuch greater than its

thicknegsy jFog gsaraple f#5¢ Wé(;(tgl?ﬁplél’h & gpeveRtgmgl RY EE hegmgvould be on the order of 50

: : ' H r

imes OERER| S UGSy 0 4 B 01

coordingtesgsrami 308 lusgd m candtdtioewath €T3 30@nd nkdo HHES c@8). dinnatoaventional

PVEH & stem 308 used i E connect i.onh. 1th FIGS. 3-5 (and .also.
Apsdiavgiag) wIdHh much SR () iSRS REIIHG MIeYe SXGHFRHPR is

essentiaTy GRS iGBAECInb@hehd P ah!lT L6k RS AR REBIIthGriiI®E frequency spectrum

excitation is essentially nonexistént. Consequently,
300 haszmdly & bnslaaientahegsenange freguehey peakhi@Prohere at 12@Hagdtly, due to first
. spectrum 300. has ly a fundapental . resonance
bending PG GG RS 8 Aty CERTBRNpic SRRRRYGE & Jopp e a 7512
Hz +2HReE t8Gedtden&deCdxtRdtiodmlddintieZXOp MHeatRh e tda BiiVisk vibration in the
har noni ¢ frequency peak 300B, here at 751.2 Hz +2Hz,
ZX-plaglye t o second node excitation also in the ZX pl ane,
each due to a driving vibration in the ZX-pl ane.

[0020] [ Oogﬁ%’fﬂgﬁfgdﬂc&%ggﬂ%esﬁe atfu%g %g@??’ FRP8CLIHMM i%ggarﬁ&kt%l and first

FI G I'ts t I rst "harnoni ¢ pea
harmonBQAk B300 e B8p espeatetly adchlsal CS)OtamrBi)ailddﬂ'stics‘ia.kpﬁﬂid #o0,a10a] 404, 406, 408,
410 resﬁgﬁg ?ﬁqgloﬁ?‘%’ﬁm? li()?éﬁv%qg itléqﬁg%@gél%?dge g%gg%%;&{cé’{l% ! r(:l%rirtllokr)leaa%@lffering
width: 8%k @fakiBP mAth Snhifl &chHARWEAISE0] SKNESS. WahirOtheBARdmetric mode

smal | 50) of FIG 3. Ag the

er than the ratio (> ain,

excitatipmeanves bendingode pésoei heae thenY X qliaes popaddiagai to the plheanef driving

vibraiod PRy s %Xl B ot »REP ERE RS phRan 30 & Rylbcavpiggpte o e

much nifr@OeIIREMS SR BEIVID ﬁ’a@ﬁnétﬁc%a@giema@ml, Lorlbe, 408, 16 410 because,
much narrower beans that provide paranetric-node peaks

generallygfpr a4gam f@partipubir Zadig;ction thipecaude fregaensy agippnsef spectgum does not
change %bv‘?t%“c“h%ﬁ%ﬁ‘ Rafitd UL Yiaefs di T €ction thickness the
reque yg respons

e spectrum does not

[0027] As seen from FIG. 4, parametric-mode peaks 400, 402, 404, 406, 408, 410 correspond,
respectively, to width:thickness ratios of 1.5, 2, 3, 4, 5 and 7, with the heights of these peaks
decreasing as the ratio increases. While any of these, or other similarly valued width:thickness
ratios, can be exploited for parametric mode vibrational energy harvesting, ratios of 1 to around 1.5
are of particular note since the corresponding response peaks (illustrated by peak 400) in this range
overlap with fundamental resonance peak 300A. Generally, a width:thickness ratio puts the
frequency of the parametric mode excitation within about 5 Hz of the fundamental resonance
frequency. Consequently, implementing width:thickness ratios in this regime in conjunction with
circuitry that exploits the attendant parametric mode excitation can be used to broaden the useful

bandwidth of a PVEH device, such as PVEH unit 100 of FIG. 1. It is noted that at a width:thickness
10



change with changing Y-direction wdths. [0027] As

seen fromFI G 4, paranetric-node peaks 400, 402, 404,
wWa®s/1408 410 correspond, respectively, to  PCT/US2008/057865

wi dt h: t hi ckness ratios of 1.5, 2, 3, 4, 5 and 7, with

the heights of these peaks decreasing as the ratio

ratio of 11 Néhe §AF@Fotrid¥ote p@ky(n6f shola$ RouR codidi® wih Firdamkital resonance peak
val ued width:thickness ratios, can be exploited for

300A. pangamentiyeuseof @ppiopriateicaruitrydht iy erafeigsshatih §indpgentgkresonance
s : of ' '

exciati @ g AP o Rl B Sou PR U o I BB A of Yty e
device fetutivh kstheamge devies thapexldity dniydhe femiaddentad ss0adCE epeakion.

300A. Cenerally, a wdth:thickness ratio puts the

freguency of th I tric node excitation within )
100281 o i tv&ln%@tPﬂ\ﬁ% %?’Eﬁﬂgmf%ﬁha? § BARACEG et Btriytion frequency is
close toSROBBANEBL thYnesdfXRéL h@}gotW'hg bBarh by V@ffﬁﬁulriﬂﬁak&%leﬁiﬂg the

this regime in conjunction wth circuitry that
bandwidthif thet fsequiacyatespmdant thpebeane tidse siildbinethe attatill aendglgappreciates
that othgrg[%ﬁl%%rggtritg gt&agf;: gﬁg}é}g‘gﬁ ﬁ]]lél(? E%glﬁfﬂglfa rtgqu\féjatllriz gt{ttvx%r}g\l{ﬁlgleicgﬁsarﬂy being
limiting, 8% pRberdlyWndisibnkba ik ﬂﬁﬁ’f‘%’s 3fdr Qec@dnghlar tRRs-P&BAR Béa@nSR that may find

node peak (not shown) wou coi ncide with fundanenta

useful apphientign yerygiserr a30dm: thahnes daenel i1 tq8d. dbr expprdprthere anay be

environflghthlahib e ik RS beh BT Bors than 5 bz

(width: th@itheksessentlizn) ysidaulase, thefuadirpettalatsodameHrddWEity of a PME PVEH
device relative to the sane device that exploits only

beam cquig be tHnga Hepret! the emusneiss and the paragietris modg freqyqne could be tuned to

e oo 4 B, NEBAP APl 08 8 L e fom 21 1

8:1, as regsiosthntearfotleq eemnayle othe thidth bikiaknds s ratieropuldsef 2 6:1 N This would double
br oaden t he dwi dt h. of .the frequen ponse of

the outg S5 AEEAR PONER (BK MOPE DI P CGMOR (g Bt rmonic peak 300A
and peaRPROE @tcgﬁestplaﬁttlig kO QLR ATRES fafiodDdQnl YRl RESR¥LY).
al so be useful. nerally, but w thout necessarily
being limting, it is presently envisioned that N '
[0029] t u thgsFIQ- grillpsieating @}WI cncept ot banslwddthdneadlehiogiby)exploding parametric
moce et A o PERDA B LAy Yt LORG g o e presn
disclosirb&ueh ARRFYV BH 18MVofIFAGIE a8 be Girtiedr BidideotihySecidfigCPME beams having
. fixed vibration frequencies that are nore than 5 Hz
slightly giiferent fpdnopentairesenaiiss fregpensysuningy. FIGs Sshewis a freguamcy response
f P
spectruly 0 HEERTRR Blor HRSA0RPR I, ESRIERG S tharnc il NEEREEARbre beams
each tunpdrta et yane findtendnta gesonance doghehdyan theied-planet(bee FIGHBY as the beam in
say r ex I y making the wi dth:thickness ratio
FIG. 3,57 e s ik o ee PF Biofbepnssagh fined o hayg g fpRepmeag! frequency
in the Z?@gltaﬂce{)f F'l)gﬂqpt ak 5068 Waﬁlcﬁ 9) Sd GKRGE Pedil LRG0 BSve a fundamental
6.26:1. This ul d doubl e the output voltage and power
frequency int the Z&e planelob EXUH (peak S60GENH ctecnmdiben(dsreeembie Gtrst harmonic)

s TR B 200 O, B0 0 BB SO o
context [tl)ogngr@]twﬂdﬂﬂf ek @ibf ihldesighingkidia §RRnE OMCGRRItoAfto these differing

andw dt h broadeni ng by exploiting paranetric node ' '
fundamentel tesanaper; tupings irbthe [4X:plapgiteagh hf)&f:ﬁtféer@ftl‘yd@mdﬂ@eams is provided with

a width%@%\l’gsg %art]ioooff a ou'zt)\{%_ka%%\{ll, ieck%gsstigl th @& %C%Petction and width is in the Y-
direction), which produces parametric mode excitation peaks 500G-I that correspond respectively, to

fundamental resonance peaks 500A-C. As can be readily seen, adding the effects of both providing
11



di scl osure, such as PVEH unit of FIG 1, can be
further broadened by providi ng PME beans havi ng
w@kioghtdiys di ff erent fundanental resonance fregREnT§2008/057865
tunings. FIG 5 shows a frequency response spectrum
500 for a system (not shown) of PME PVEH beans t hat
multiplé BEdhdg@%tsetlfin@ien@dl réﬂéh%d@@&ﬂﬁgﬁﬁﬂmxﬁuﬂ@% pRarh&tgic S excitations of
fundanment al resonance frequency in the ZX-plane (see
the diff@ply gnegkeanisargaden signifigagt bandwidé broadepingy I faagxample, the overall
s I uned to have a
broader?ﬁ%ﬁ%%ﬁ%ha & err%g%%gégz ?126}{'?%0%%;@ HZ ane of 114 Hz (peak
500B); and 3) one or nore beans each tuned to have a
[0030] f unBambwitel brbadegirgniahighnquahiey Zxtopl@ndevides 18¢h dddargplalndampened
500C).. Second bendi ng node (first_harnonic) peaks )
PVEH bgggsisuse, erf@rswrﬂﬂeﬁé ue Bg% VINRLY 9f FegsISn 9 le, fgifeVEH devices
that mu@%%?até@%‘a?ang%rﬁ t ﬁ’é’f@tufe@,r a 6RAE&EEH bRMdwiREalfoRI th@ldMces to operate
negligible indesigning such a system In addition to
at maxitmesdiativéress oger thendagemt the beasostdiroend uglingsthithe ¢haeging

T G R TR R —
where th@g@abRnt ¥iPlabkRESFy| Brdaddehdiebahd @idiRaEViesR adhrvhidé Breafer tolerance to
] in the Ydir ectdl on@é whi C}({l prgdu'ces par amet rigc mﬂéﬁl ' -
manutagireng gaiaslensaalksn 800 GaviGeypducion sspwntcy Bdpatat st cvice will be
t nt al Jsesonance 500A- C n.he. .
useful orvgra %ﬁ%ggé%%ﬁngj% oaf dcgcl%lﬁg&tlﬁ & scg &1?1; % ];eé)volgfa‘ a%&eﬁ‘%a&?wm&l devices can be used
in placefufaidndi nagisiet barldevidthidghickyfophfgded 1inge daingenf flequencies. These and

resonance tuni ngs and exploiting paranetric node o
other beagtifstof bredysidgy bropdenin g thatr @ be peligvrslsusigpgctvdiselaged herein will be

) i ani.fi t i i : this exanple, the
readily B DR N GTR R I oar T2 he s
about 20 Hz. [0030] Bandw dth broadeni ng in high
[0031] quaFIGS. & adt7oitlu§t@e dbimapl PMIE RVESH beangell/thaindarhpenetifor each of

beams X ERERTEH BodSE gy Bukethe TibdaPlgd Shhahbeam 600isa

cantilev@PBEaat BxQV&Tond ch@RREE al(ROBAEAL MRS ex &mPleOGaRMRAbeam 600 is a
bandw dth allows the devices to operate at maxi mum

microscgfef sticiwpeiremsd o esiliche wasin @4 asing Hebrisetions stspy findar trble steps
. r x.wth the ch ' eraturg. ..apnat her . .
s bG8 RARSAES, SETEBHALH R, P DRfsionof o

beam 660 fs@6 bk ifddritoed i thrusarRke thdiekkillbh e dehiterill rdddyaihdenend that the
vary. Broadened bandw dth devi ces al so provide greater

basic strusfisp ghidés higopnbmaceaud Hipmaiivielt heorreaed Bepoies pize regime, such as
s meso Bl PEOPHFEL BT ESREIIRC P BEte PRl SYREYAGE scan e
art will ihddrstand e abie@adentatribaioduwedinlyudenteesrcorexbente gedtiuoture of

, ace many narrower bandw dt h devi ces for gjven . ,
bimorpf E?ag% 63@'%93@0 F i et ARSIty AERhNIEHS O REF TSR ABPS figseribed hercin

for thos@kkiPRAMRA LR Bk ﬁgﬂleriﬂe_ bidad s&ope oPehe _Qé.eﬁy &1 IThe reader is
| "be readi |y understood

concepts disclosed herein w |

referredandFIGH P9 441 atdeld Ao and eseprsikinlylngdextriot dneexptanatipr00fBfhprication
. FI GS. nd 7 illustrate .a binprph PVEH beam 600

techniafgspitgin o uay ek e PP BT O00a A F of PYEH

nmodul e 104C of FIG 2. As readily seen in FIG 6,
[0032] bi MK pBstREANMEAE. 7 SbeamCaDNtik b&Mederdib@Pel bifstpAt b&atscEinBas two

and free at the other. In this exanple, binorph beam
distinct @pg@ s¢pgrage piezoelectric layers 700, 704, which are located on opposite sides of the neutral

axis for bending in the ZX-plane (here set to coincide with the Y-axis 708 of the global coordinate

system). As those skilled in the art will appreciate, piezoelectric layers 700, 704 are located on
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m croscal e structure formed on a silicon wafer 604
using fabrication steps simlar to the steps
WO 008816123 ed bel ow i n connection with FIGS. 9APCI/HBIN08/057865
10A-B. Wile the explanation of binorph beam 600 is to
be understood in this context, those skilled in the
opposit@kided\bfl deutrgieekid YOWARASuRAY bbﬁtﬁh iM@e DS plans tHeWatikbt of each layer is
of this binorph beam coul d alternatlvely be executed
either ppyitisgipOneegasivoly straigrdren astedosnigmab siesiEiarlchpeagicaacellptjon in the
[ [ Si
plezoel%ﬁ%glglas f gtd&]?]ﬂﬁ { ?‘i(g}r alf 2? sﬁv{lg%:’f%&ﬁg gtzc’?dsd g£ g%lﬂgal Yxis i Wfer of
piezoel@tii€lagpers 706, Toelbytiadditd asuttaakini7qs dﬁnﬂi@ZHSpi@fieybdndmg, a portlon of that
execute the structure of binorph beam 600 at ~anoth
layer walgihaye 3 RediYcaitidt gk angher Beikian gimdd %@yeﬁdtegﬁt@@ostﬁaw B‘@th the
resultar{ EREAIREGaRRE Ehfbcliff ofdiREcki | 1ed in the art to
appreci ate road scope of the present disclosure.
The reader is referred to FIGS. 9A-P and 10A-B and
[0033] accbntharmxamgle, each df thesatnyexsgh aplittintortwofpoftiins 7604 iR Y04A-B, with

porions, T g% TplasT oaE Rt VEAEHI e ¢ V5 D R (e for

convem%ﬁdfbssle@@f ®findi@ RRK T 2mKiRY i2pﬁﬂ6}i&t‘i‘oﬂst70b857(§4®fa‘ljlh§gt @Gk other side
and arate piezoelectric layers 700, 704, which are

of neutl]ab@xa@ @ oﬂled'gp@gfprespg},qtmplgxoe eﬁmcnlgmr;; 400, 0% én fhyg manner is to prevent
the cha[%g lejlc%ga/tb(gl 1&1%%{3%3&&% %{D(])%F CHAie, Itchﬁé 51(1)1d %%lﬂ‘ n; %%ﬂa?/grs Wh—:?f: continuous

across rielitrhll &gk 712. tAeis &kfetdﬂWlséén aMGeT) Iﬁ&z@beleﬁtrﬁm@dlcﬁﬁUOOA 704B, 704B,
rs 700, 704 are | ocated onopposite side

| aye

T00A caoh famidgseddo Falb resgeatial: HUHEIEERY rhf@ugthﬂ H@fmed by neutral

axes 70§X7 1@' aR %‘IIIE BSaRBG, Ry n?tfed Gkt Q/hlﬂgél?er drfm &k Mde b nding occurs in the
positively or negatively straine S0 as 106 avoid

YZ- plammeepmmlﬁcudadre@ titei foadancdma g[mdeannahhg ataneZXpldrteg, the actual motion of the

free encf %tﬁéli%%lgﬁ Cl%%iﬂc uttﬁlrg} %lg &IEITIEPC%Q (gl(é]gtqur#félilga‘él ratlgn 1s circular in

nature. mo‘?ﬁ&ﬁlleﬁt% rthé':qtlla%Ya%ﬁ%atY&lQ)f p?%el%&&@%h%s W@G'Ar§|70@?§' B provides an
during ZX-pl ane bending, a portion of that |ayer

effectlvmwado hawestahqpdsugesVewnsthesd portines @radtaneby peadrangn ancu@@:hple when

e e B M R SR 800 PSS o
portion€RTON -Bf wll hl@}y ﬁfa‘inddswﬁ]ﬁ) bhd arlote® at ¥k ﬁﬁt?r QA& piezoelectric

700A- B, 704A- h portions 700A, 704A falling on
portionsy HéAs Bekeilite qqﬁéllyn étmlmqa'll Wil pre @fothexamha@@p%éﬁqmomlty When the

eniind 35 gD SR8 A2 R 5L G802 DB

portlon;O‘VO(Dl’Q lJ’OﬂAl Wlﬂ)heSeqﬁﬁlEy stibiieedreids ome £rnothes pt értet polgrity and piezoelectric
ezoel ectric layers 700, 704 in this manner is to

Pomonb?% P48 welléﬁgﬂgaélyC%%@ﬂ|vafh el %nﬁﬂﬁéi“éhﬁ?l’l?%lt?rﬂa]éﬂty When the
{ I

vncin R 08 A h UL e SR S50 B8 gyl e e
YX- and ZXF}blﬁleshlt}mr pizaedlexntic partipos 70N/ 04B@A piczOdBstrid PdiBions 700B, 704A

E can be considered to. fall, res ectlvelé n_
will hayl SR PR Te g RS CoPegis PRGOS of PitPORRIES peygions 7008,
704A, dépéndihdlod meqo&a%ﬂ%mﬁapﬂanét is noted that while the

parane ric node bendi ng occurs in the YZ-plane

Eendlcular to the fundanental node bendi ng pl ane
[0034] (z il afrfel)ﬂngttﬁ ElQct, banompbtbeam 60f indhede thyee elgetreste layers 720, 724, 728

split 1nt8 rn% }/1% ual e?eé: ? %Z%Qdﬁr 7&4'%6 PI %éi& %ntoefaa{lta"tie (e fclflé(frarletq)y—quadrant

clITcu
harvesting of electrical charge from correspondmg respective ones of piezoelectric portions 700A-B,

700A-B. The fact that electrode layers 720, 724, 728 are split into individual electrodes 720A-B,
13



nat ure. Consequently, the quadrantization of
pi ezoel ectric portions 700A-B, 704A-B provides an
wWe@RGoea1d1ve way to harvest the charges from t heB&I/US2008/057865
portions quadrant by quadrant. For exanple, when the
bendi ng of bi norph beam 600 is purely in the ZX-pl ane
724A-B 728A-B aiedtisetoanéd ermiO8plit-dkeoae! @et id Beseibd tHeMME PVEH beams of
700A-B will be equally strained with one another at '
the presgpfediprdosairg hayingidisgype efettecture. clt rorqtedhat the 4onmB spfit-¢le¢ieode” is not,

] t r.ai ith on j. .

rover SRS GLASE D ORI, Lo 0PRISI e sbsequen
fabricatjnur sedp. iRatHeRahe/¥ril gpié-dléctidde” adbouipliés axdismaddid)in which separately

pi ezoel ectric, portions 700A, 704A will _be equally o
formed glectipdrs drapronidsh en fRPRFEFidgt obmIIbEds 713, Wrfher Words, the “split
cletod; E0% 41 ARE HePpy 0B SRR Lo e e
from ondfanththeatherttlam@ tefw tiepareporbebm 600 is in a pl ane

rotated about the X-axis 716 to an angl e between the

01 R B BT L RO S RO 202 TER, o,
electrodeR @200 X7 AT B A6k vH iﬁihﬁ%ﬁg%%&ﬁ%%gr&ﬁ lpaizbé1¥ctit paHivh 7ODA in

pi ezoel ectric portions 700B A, depending on the '
quadrant g eleetodss 72hAt 728 ame aci GOBARNSEing chasgediro pigzpglegtrigportion 704A

inauuafop BOTEAIR BEASN005bFL IS i MR RIL L2l STyt porion
704B in/@#AArads Q3284 eBciroddsaR0B] T24Bark heti vliadiaart iy civadi@n piczoelectric
harvestigg of electrical char&ggfron1correspondin

portion / Qéﬁbé}@;ﬂp and (Xl g is Fﬁ:aélildép%p oo&g 7288 eq;@osppag(,ﬂ% neutral axis 712,
B T
from nevi28lAxB Gi2nhst es1d. it thetaveidaseanf chptgetse@iratoinr sdiescribgd dbove.

.to crihe the PME PVEH beans. of the prese .
Referring @jﬁg’s 97‘@“1‘?55\ brgm ?éaosmwg%pwdgfl WY}BR pnECts) @tsr G12,6{@ gorresponding
respectivB§lto bRBud&! Myers PR, 1728] BRI P ESMmuficA@ g thB WEYE! collected from

limted to a Situation wherein a single |ayer or |arge
piezoelegtme portides 73 Bl 704 AR (FiG. Butb spproerintefchimge calléaion circuitry (not
steps. Rather, the term"split-electrode"” al so applies
to situations in which separately forned el ectrodes
are provided on opposite sides of neutral axis 712. In
[0036] ot hetill eFestihg tb IFEG." & ph tHis @hBsdimente bingple Bedm 80PhaEBpo6f mass 620
the fact that parametric node charge harvesting

located adjgeqnt thelsecaang of phecednr rigavionass{rBiheoyided (hiower Higrfurisg of
simors 4 083 e B 0B B B2 ML,

proof maRBfeeB noebepiornide at AR While 12 44t @he eadiodirgerits) nivae waatona @roof mass
charge from pi ezoe] ectric portion 700A in gquadrant Q, . )
may be gFifedo e Bl atgsigoring lacdfion; glong thaRimpeerl heagn C’/E%g]@ée skilled in the
ill kMY BpSEASE6TdrSh POt bOFcafOfAuALY @Bk f b
ol e el B, b b S e B e prmars of  umber
of pararhetorn picbze dleewossiseciporat slape 0GB beamoerash- wtiogd damehsions of the

beam. i GRp R SRUIeaR) TR PERISURA 15 Ty 0 LR MAG et any. the
locatiol(§astithe/pro6€Masstdse 6h HHRAREM! 2B nPa&h] Stidea ds hRike eétveam.

axis 712, thereby providing the separation of

correspondi ng respective piezoelectric portions
[0037] 700As Bientigaesl gpove, bimorph beam 600 is made using silicon wafer 604 as a substrate.

shown)

During the fabrication of bimorph beam 600 various layers, such as electrode layers 720, 724, 728

and piezoelectric layers 700, 704 are deposited and etched according to known techniques. To
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fromneutral axis 712 that results in the avoi dance of
charge separation as descri bed above. Referring to
WO-2@B8/16517Hi nor ph beam 600 nmay be provi ded w t hP€DOS200%/657865
608, 612, 616 correspondi ng respectively to el ectrode
| ayers 720, 724, 728 for conmunicating the charges
create fR@ldn@ed @ﬂltlﬁtﬁf@f@dﬂﬂlﬁéﬂﬂﬂ 1Ra#rdoo, PR & (RO FabfiO&RomBitepd GdvivI s etching away
(FIG 7) to appropriate charge collection circuitry
a portlo(lmﬁplhgﬁ@wqfer 65@ gg:@]eatgtmqaylt Aebemep,t@ theybqapzndgto crgpte qhieg;eparatlon

e BRI TP AT, 4%, 05, BB ARLoRED B, v

examplﬁs%f falanmom{ k@dpdthhocdnsarsed tembkenbing i bdabn@0(pdre dewtibed below in
and also to |ncrease t he power output of the beam
ConneCtF‘?*il ‘BFIHEFG%%&WH%\ a proof nmass need not be
provided at all, while in yet other enbodi nents, nore
[0038] ¢ haﬁeﬁﬁ%goﬂbqq} RS9l A8V P8GPS Cb\ﬂlléﬁéjyersf 1951u@5@fﬁp31§10r[§1t beam 600 of
fering locations along the bi morph beam As thos
this exaglplet Ingtide p basrelapert73% 41 optwadi firgt apprterg laye, 73pi mmmh)nal side-

R S0 BRGS0l R Pl n i

cavity 630R8 iOdn drhificbSWht FTHQSS - Big lihdNding iy NS6 Rptolied M ptional side-
beam the length of the beam (exenplary thicknesses),

electrodeHayard 4 isafrovided. pPidefelagtradq gyt 740f ifgmgvidedaés patterned and etched to

i 5D Sl DB B RSP BT P M.

prov1deathl‘¢E sidoieraatrpde PHRDER lilke NEAezSitdOf 8 ichpaer, wakein first insulating
as a substrate. During the fabrication of binop

layer 7 %eaéﬁﬁ Babe diglerwigof|thgepacitas o opes f|piszeeisetEc Pajtions 795@-13 704A-B
7

ot s e AP P ORREP UL Lt 30 L0 R oy s

conductlacmetatial, fuchers angene cfatht inlagareat ededtiomed pboveaalati6OM, elenmde

e_fabgication steps o.Ives.tchin away a
tayers T30 1o R SesPid udmiabas Boen oM porar Telgeivg g qnd as a stress
comperRRNEALeriH @oﬁgﬁﬁht@ 19 sttl%s&a% GhRed 1%%11%@%&%5&%0@%@&@@&5 during
any adj acent binorph bean(s) or other laterall
fabricatguoli acent portion of the wafer. Again, exanples of
fabrication steps that can be used to make bi nmor ph
[0039] bea z? %)g:c 1%&1‘ 166’3)5‘5‘? bhe? énrera{lsn lémqpn%le:%%ng aarlquc‘?ayers of
blmorpﬂi BCEE‘Ill 600 Bre raddeat theafpBb®ingnaheaad ahdhbiehE flﬂloh&@gﬁlhﬁﬂﬂes ses: base
of this exanple include a base |ayer 732, an optional
layer 732 ip g tharmal gy pthe aifiepn wakr 68h hayng e seirknssteld.e ey sistrode
r of
over 1Y Sind 08 1SR B LUBHL A% Sl MBS e 10 e
aluminanditide @xNgdyet Astingh tHitlatespofolc@ fm; efectrade laperi2dtis mgMo layer

having ly%g‘l{ngs?sg(? (d,f Hgld 81\23!3&38&1'%; glg/gltr ?I)(g)glglagsﬁg&e;%g%g%gg ?1 tllugl Iizrss of 1.0 um;

electrocﬁrl b 986 i dnSMque? ﬁgﬁ%g amtlciglec s, Q‘ﬂnp rfﬁ?é’t'n‘f’s%la‘? %e%’%?b% isa

e el ectrodes "740A-Dthat may be Uséd in paraftetric
PECVDmvdée tlyer lyeyirger thesknessef 01 If luprto0i2d e, m%dhctmddéayer 740 is an Mo layer

rode. 740A-D acts gg C%
naving EYGReRGT O ARG ardh e prdinTaGes Borng g SRR Sxide dugghaving a
thickne§shs¥ 108 ﬁ e‘UfT doirsef intoteer €APBGINnt ks, ﬁfédhﬁi@@sﬁorpﬁlay vary. In this connection,
pi ezoel ectric portions 700A-B, 704A-B
it is noted that all thickness and dimension used herein are illustrative and can be increased or
decreased. For example, increasing the volume of a PVEH unit of the present disclosure, such as
PVEH unit 100 of FIG. 1, will increase the output power and voltage (although voltage depends only

on thickness and length of the piezoelectric layer(s)), yet if done correctly the resonance frequency
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act as the other charge plate. Optional side
el ectrodes 740A-D may be namde of any suitable
w@omwdnodiryye material, such as any one of the nMeCEUBANE057865
menti oned above relative to el ectrode |ayers 720, 724,
728. Second insulating |ayer 744 is provided as a
could reﬁﬁz@ﬁ Qf¢HaBed GRIalRAM iB8esPre8! NEEEWBRINRE MEcédsAiy th@ySlume®f a PVEH
npensate for stresses induces in binorph beam 600 b%
unit is tbaltrfewen mo@res/ehips ¢ig bedpbricatad; fsrm asogloyater, thnsgpaeasingthe cost per
die. 1llustrative, but by no means limting, exanple, the
" various layers of binorph beam 600 are nade of the
following materials and have the foll ow ng
[0040] t hi Btkndss asted das el lagation 68 Aeutsl axits (TP oad bcoafdjdﬂed)lﬁp adtkdown (relative
i con wafer 604 havi a thi ckness_of
to FIG. § EXFIF%’@@& g}lckmse? 6f %eﬁamwém}ﬁq {twbalw a‘;ﬁg}ﬁ%mrmg that the
angled ﬁdéﬂlﬁ@%ﬁo&gctﬁc ?of{f@ns PHEX eLl78eh B Enci scﬁb% ubfdy | H@po@fﬂed layers is
alumnumnitride (Al | ayer having a (Lness of 1.
merely amprtigdog of theaechlingytechnii@uts usedaim fivimiing yher sph&v]en@o@ structure In other

hICk ess of 0. i £Z electrlc layer 700 is .a N .
embodiindy - e R Rlp Ak AL S s e BBt o rerp g fabrcation
techniqie?0ad &anahe Mpativayekide @}!zic'ilfg BetlvBdChB 58 s@Ek0743, M1 arfd the bverhangs

I nsul ating | ayer 736 1s PECVD oxi de | ayer ﬁaV|ng a
756, 760 thag Rigedsp astifagts of fthn pa@tlwl'cz fabricasipg prasessotsedde | ayer

740 is an Mo |l ayer having a phlckness of 0.2 mm and
[0041] S eC?\ﬁ%réaQ ﬂégiéné}% U ﬁifﬁ‘ii_ffatg %ﬁn%kﬁ&éi gg}égg%h %‘ﬁh - A¥tfode PME PVEH
beam 6(901%@[ STHhisﬁratet henctbmens wmsiomPOV af such hrbehri S\S seen in FIG. 8, when

connection, it is noted that all thickness and
monomgfRfehsamaiNUs BrdR it BF maras @wrp?qﬂ?ﬁn&tl? PedaHyng Hiy spee fabrication

proces s%%%L%%ﬁ% B%ramd&ﬁfcﬁﬁ@rg i 7 erﬁ@rm?ﬁ(?r{)h bB4h %9@ g b9 bk t&@nstructed very

a PVEH unit o the prese di scl osur such
similarlggo PiiicHipluheam $0Q HbWEVGZB ingteadvpf lhavurrg:tl&&&)qaezdel@etrmltt]znm 700,

704 (1l B6e KRl PASIgb o0 B B SRR Cmu Bl Y, 8 has only o

single pYe@belebtrid MRr 804 LREA pir bM&QedtRRIL m@%esdsr 8 UEMAWEDM Hrhe piezoelectric
remai n unchanged or be altered if desired. A dra E

layer th@l@bqttwv@meagaqlngoftth@e memﬁé)%ﬁ% SPY/EH sphi thorigonthlly (rﬁ@m to FIG. 8) so
es/ ch

as to pI‘?Y]lge l onrélrog% el ﬁ)éla?lﬁrée éen ratr())ésr 1§d §£(5 ?Jﬁbtﬂﬁiﬁ n(?ecoufﬁ'a ﬁfl ?rotn one another

for the @R disbadsed higovie@elatin®td tBé heuitinglof @Karge frbsh }Eaiﬂn&ﬁc mode excitation
adj usted up and down (relative to FIG 7) by changi ng
of beam ${0. tlnithik AEansels. fyndamentalapsoparcelexgigition qceurs ¢n theggl-plane, and

parame&f&trﬁgd f&%%t&t!loqlrd&:x HH e ‘I;%%kﬁ%%@gﬁ}' @% erp b@im 600 o{ F{/GS. 6 and 7.

| ezoe rc por 1 ons Sequen
With thel eplashg efllaheary 804, §08, &EY, etayk 8h6 ausﬁtalﬁapiez«m"ledtﬁn@p@tioh BOYA and

cortesp T IGHEPCY RO AT LSCc BB AR porion S04 and

correspéﬁcﬁl lgétﬁ)cgg?()? ghign nated by sel ection of
appropriate i cation techniques, as can the

relatively w de spacing between the two stacks 748,
[0042] 752Tandoitllshange gamﬁgsonmﬁhmmoclh@mc dayer 804 durarg bendipiggn the ZX-

plane, t@ﬁtélﬁcgﬁgﬁ (ta%%g é%i%u& %[elrric P ?1}0 gﬁew §§,§ Ialég %1%963115]0 that the entirety
of the phizBEBIE@HC $d¥kt LieLdrEsiter sadbeorftMEotRMEdt the neutral bending axis, here to which the

global Y-axis 824 is set for convenience. In this manner, during ZX-plane bending, the entirety of

piezoelectric layer 804 is strained either positively or negatively. Similar to bimorph beam 600 of
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beam 600, FIG 8 illustrates a nononorph version 800

of such a beam As seen in FIG 8, when nononor ph beam
w@odsiissimhde to the sane microscal e and i s nmadeCUBERI908/057865

the sane fabrication processes as bi norph beam 600 of

FIGS. 6 and 7, nononorph beam 800 nmay be constructed

FIGS. 6Vzﬁfdy7 Shdrot adc¥1tRonbiiFaA plezb8adtti& Qer $PMBUEided B§§Iﬁﬁdng layers 804,
aVIngiéﬂé glezoelectrlc | ayers 700, 704 (FIG
S (%

808, 81&1&@1 thag pta Fireon agpaste vides, of the neutpg aXlﬁﬁrmipbﬁ Z-axis 826.

beam 800 of FIG 8 has only a single piezoelectric

[0043] lsay fec§ﬁé"€s%§ PI?&' rbe%{lec%&ﬁ&rtgg %o !)I?By othe g %%Jtﬁe dhend of

Ing t e pl1 zoe ectri ayer there
monomofphtHeeme80d yer I G8064whi8h8an Bd @seidgo esyikioh A chmllleszejrmbmhgmatlon of

monomp e Uk P s 53 600 o QPP CBY I TBR BT SUD P provided

with el&ﬁﬁ:aﬁmﬁ&% (nbPhobE irf Q%ﬁﬂé sfth3SUs SR RACMR 4 @is' 8, 616 (FIG. 6)
to the harvesting of charge from paranetric node

of bimogpchaaat 6@&h of beam 800. In this exanple, fundanenta
resonance excitation occurs in the ZX—pIane and

[0044] par % 1{h bu%lo n;%r pe%%(ng ol h:nllgggmggp éﬂ)é) I%Wdhafe VWI?]ILF lta%fgs in addition

to plezo%pictrtct dnﬂ@l&froh@bé@éﬁ 88043088082, BlBis exhidple, §ith a@@ifioadlNSyers include a
pi ezoel ectric portion 804A and correspondi ng

base layer 828, g ppgomd diast igspiotingdaner $8hck szen@émeaqqu%rode layer 836 and a

second gisgléﬁf;f%%gé{ %ﬁf& E’?ars% 13%% g.%lg Eg%%ﬁg&g.&gl?egﬁggésg 9sed to form monomorph

beam SMm&Bﬂ)rbaJkiE@m uiitdrip basefoeacdseSd tr §290. IFagsernsﬁlaﬁngﬂmye]r@z is prov1ded if
ding in the ZXplane, the thicknesses of the variou

optionaf %19% FlecErdenayisiap phriseidad sdisezestiofio Banr §39- tirpapvide is patterned and
etched t%:])%\yl&é ¥ tﬁfnaf Q&e PLEFRRY Q%A 'Iftﬂa@bﬁ%& bk & if a&%tﬁé Ade charge

her of the neutral bending axis, here
harvestingi ﬁprbbudecgleaﬁai;ldé(elaxur@iemm B esethkﬁz(archa@a\p@me efm: eapatlmor wherein

.. thi. i bend t
firstinsyfiiBe BRERTT 100y BP P BN n PR and B e By
portloangOéUﬁBaJc't YEdhY¥ oth%k Ui'lzlr?é' ?lta% t@ RIsiReaR R0 93dA @ma§5 be made of any
a

and 7, charge cancel ion within piezoelectric |ayer
sultableg@ndmcglvamt@gd ayyh gspamyt qriernd tlllealyl@qega]g @2entig@l at@ye rejgtive to electrode

layers 7&@3{%42}7?% )125@816 r e g %(%(g ?toﬁg(@g %;6 Sef%gjgoﬁat}ng%ayer 840 1s

provideBlag @EE&&&&C 858 A ARy sthes ed)rﬁpérfshtﬁcﬂi layerttb @6mpénsaeor stresses induced
anot her beyond the fixed end of nononorph beam 800

in bimogpfekeam @0 ) othef layere dyringefahgentiong i Hyjs @¥agple first and second insulating
layers 8%§”§4! drd 8£1dg§é£;bfrﬂélgéﬁ%l§9&?%ﬁlh£ﬁ%98 Qﬂérfflﬁa]ﬁ%geam ggblof;i‘rgPECVD)

el ectro hen, nononor p
be provided with electrical contacts (not shown) in a
[0045] manhex s;s:iciﬁcl iHnsttativelbaic by no aiean@]ﬁmahtgs eXidile, 60 yarBili8 layers of

monomélépércﬁe% 08{%% G Bﬁths g@m 80g; "]‘?EV‘O A@g&%&gﬁé\g@% Elglcknes ses: base

layer 828rls ﬁ‘i’l‘ijérﬁl'ap&lﬁ@opﬂhg 6ﬁ§inﬁp§1ﬁé&1 \@ﬂ@r (%l:@ FiGP @aﬂdab’ SldSacBHMpanying text)
. In this exanple, such additional |ayers

having § ﬁn¢1@dss of Npm; Ielayte@deszﬁr 84 1?o=pt M@ria‘yerﬁlavmg ajtimskreas Php0 pm;
t 3
plezoeleécg% o%ae]?%%d? ap %Elg l‘i%%?}l Vlg%_ 8 thlg%ge d ofd ];(% %%E% fi gt?f:a]ﬁyer 08 is an Mo

layer ha¥idg f @€dkn&ds JFi0e HOEBE MstISEhk Iagelfm BPECOD PRide layer having a
thickness of 0.2 um; side-electrode layer 836 is an Mo layer having a thickness of 0.1 um; and
second insulating layer 840 is a PECVD oxide layer having a thickness of 1.3 um. Of course, in

other embodiments, the dimension may vary. It is noted for clarity that the angled sidewalls of
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beam 800 and provides a unitary base for stacks 816,
820. First insulating |ayer 832 is provided if
W@pioBandr3 si de- el ectrode | ayer 836 is provi dedPCT/US2008/057865
Si de-el ectrode | ayer 836, if provided, is patterned
and etched to provide optional side electrodes 836A-D

piezoelddidé pora¥nPROAIS Bhnid RubRG sy depodiRd @ayeRaik R ré1R 2k QB th&®f the etching
I f provided, each side el ectrode 836A-D acts |ike a

techmq@%arsgfénpﬂoawgdhe @M*&Eﬁ‘&tfpfl%?truc\vmér E1 pthey qﬂ@,'ftOdilrﬁ%IUF dhgspgngled
1 0
sidewal sackﬁﬁ be?ﬁﬁlllrgag% érclﬁgn g% rép%gé]ﬁdtgff%k % ztﬁ{ [g],earso?ﬁ glre relatively
wide Sp@dflﬁg getwekatie. tw@i!;tacﬁm 816, s20an¢tiecivetdags mm&mmmo artifacts of
de of any suitable conduct i ve material, such as any
the Part&ﬁ@r&br’tcﬁ’éoqﬂoé‘?ﬁs 4. rent i oned above rel ative to
el ectrode | ayers 720, 724, 728 of bi norph beam 600 of
[0046] F! C@ho@h‘?}ﬂ)@ sl?owns%ﬁiﬁlr(‘)gldrﬁ}?b’éaﬁ{ Bﬁtgmhﬁ‘i/rﬁ:'lud%‘b@le lop nf?)rr@ffﬂogﬁﬁllasses ina
as a protective layer and as a stress conpensati on
manner|sgyidar to bircaphbaznte0 bbFI@S rbemeless ifi dedimerbor nend@l riurapthltlon

bei 60 y ottper I ur| fabrl cation. t hi ¢
monomgE e Sop it e U B e o Piper By gaibe ol fne or more o
the techﬁ[@e@?ﬁeﬂ@&eﬁ%bﬂ@edreth)ﬁvﬁ lt@ﬁﬁ‘iﬁ)‘rﬁlﬁlb@di‘& 600.Ch@e ahe YaRMEtric mode
deposition (PECVD). [0045] In a specific il lustrative,
responsp gt mepomerpheeas § Oreia iba dunedbaripreng thegaticael the svidtaywg rof the beam to
n r e
the thlcglgetsﬁ %:ng g% él? ﬁa%gﬂn%?lg aaslugit?rﬂ%ﬁﬁg&;[t%&u nggogg—\é\g&ct%ggleshape) as
describédyt@ive ﬁﬂ&ﬂnﬁcta)nt\hﬁlﬁ FEG. 0Xndee ©fenipiery Ofit@sead cistrb@xivn of
waf er (see FI GS. and 7 and acconpanyi text) having
monomgrghrﬁagklﬁg@@eém 82)0@1eﬁﬁﬁbeé [abeyes B%aqdéyélfnggo%th keagnoqgyrs as a result of

C
i QYT B A HPRSS Al hyl BFSORC g
controlladito ed ethimadierdbdylenit808ng spaopridve teali@rudsadi ngosed that bimorph beam
ofO first insulating | ayer 832 i.s. a

600 of ane C‘péls eg@@ngm it v dpe, o ﬁggegg%:,e pezaglectric layers 700, 704 on
opp051t§ Lides @ﬂ@)@%ﬁ’ﬁﬁg hawel a83608s an Mo | ayer having a
hi ckness of 071 mm and second insulating | ayer 840

| s a PECVD oxide layer having a thickness of 1.3 mm
[0047] Of EKed. é9e\ -Piilhusgiateesteps s dmbartised to lﬁ@r@aﬁfr@rrmcmca&ayantﬂever
monomorp(%lewa P El p%gge“; gsgf lg(r: l?e:agnr %(?)(?/ ?flt I%;iﬁ'-ts tgz%l%l’&%%&ld o entire microscale PVEH
moduleS$iRE g uRNbhe/ofdepnsdst WA A-RYEFEGS.Sl aRire| At aep 00 (Fi@cIA Rt silicon

the etching techniques used in formng the
substratg H0P is pRiged- oa@dcgl@ FiRstrated02 maydiane an e piysigl prtaiontand ggy dopant

I

type an@ﬁgélﬁg F(?Igct%g o Cgs?eipgﬁ)élte(gg . Ug gastégzéfeg a9§8§§ﬁﬁ€v19£d to substrate 902.
Base laye|986 lc\mbspomﬂsjte tapalayag SDROAEER & hﬁpémel@t ank a5 ibtioned above, are

used as GeP B PO AP TR ER St BATEIDRELE. Ts Suoe [HOUYC can e, for
examplg'h ?)ueggrouz%tthg A 0P ng%reregl ﬁﬁw]aqg\%qﬂ\[@% {erlz%gfﬂgc%l 9{13%r

masses In a na

deposm%ggm’é%)% ﬁ'sﬁg enﬁ 1%@9 CK/‘ OEP‘E@@E%E&QQ@B &H?Sﬂégg XIQ— 2); or a low-

tion nonnrp eam e tune
stress s1f11€6‘1§1661§ RicAde (FINDPARCE3 YeSPYNBEscUa| D08 RYN Qé‘?roQ[deH% Both sides of
he techni ques nentioned above relative bi mor ph
mhanlhﬁmnmﬁeozuFMﬂmheMnnﬁhanmasanetr|c node response of
nmononor ph beam 800 can be tuned by varying the ratio
of the w

[0048] At step 98§ kFIW 8&) tahneletg 1?1§ner 9q0 is deposited via sputtering or evaporation on
one side of substrate 902. Metal layer 910 corresponds to electrode layer 812 of monomorph
beam 800 of FIG. 8. At step 912, a piezoelectric layer 914 is deposited on one side of substrate 902.
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the thickness T° of the beam (assum ng a substantially
rectangul ar cross- sectional shape) as descri bed above
W0 poogoniextion with FIG 4. In the exenpl ary nPCr/oSwas/es7865
construction of nononorph cantil ever beam 800
descri bed above, upward curling of the beam occurs as
The pie@od]&$tid nakiaBlidedifsr thiRdbhee 914 talybe, fop BLIMPIES dny@ AN (HEsited by
beam by piezoelectric layer 804. This curling can be
sputteripgn tead zireenatotitaeatof R4 dersiséedipiaa Jal gpkpgoepsp agsputtering),

ptin G SEREPAE ORS8RI Bl AR ccpnics
via sputtditgpr As &8g 01 ©fFIpi. eERealseadndi rhethlay gdrd 13 Oédrregfshdiiy to electrode
opposite sides of ZX-bendi ng neutral axis 708. [0047]
layer 8(8) efgnonpmanph beans BOGpieFISt Spis denatited A IutterRggoR Gyaporation.
fabricate a mcroscale cantil ever nononorph PVE PVEH
bea I ; ' [
004109 84080 BRSPSl 1 TR S L
photolithOgraplHc phttdFh BS.technayuds, 2nd Atenstaied 90i0 g @R dGetcA) dryareactive ion etch

ilic te 902 js .proyided. Silicon substrat
®RIE). o xefi PHOE VR SeflrlR BIP YN R Rtk GG gty Rz, 1A
is used fof PRezBEIECHO PiyRE9 FOREEMLNi ahdc@Tor Mbtabla§Brs 924, 41| SwePPdtassium
a base layer 906 is provided to substrate 902. Base

hydroxida¢lePH peocesy saadganers Inghisases. heyphotore?a (aft shp\@)) fgom the patterning
of step 66.5{?)2 ﬁg%gr{plgé(g lpﬁbr t%qgé KO gt%?%h(? ﬁl%m[? ?P ¥l ﬂ{yggslbglﬁd%@%ls used as a hard

or creatlng € Ca ever o eam

mask. AR Ech&)aniBaspichidy B K ObGanddormiethe fangle@xalphighlightedrelative to each of
rown thermal silicon dioxide %giC)f h %% a
FIGS. Tapg 3o plsurd scmetitd BIC Ppometié st 91 (in egchpéyiipg pvet etch or dry RIE.

In the l\g(} %‘1@&2?@&?@ NYRLREEVD) silicon oxide (SiOx , X

owstress silicon-rich nitride (SicNg X <
3, Y < 4). Base |ayer 906 can be provided to both
[0050] si dAsstep 926 [F1€oAD)subisit nppar ddd&ttio 9B Ivandecdrivisperfdsterfirst insulating

N L e
o] S 90 AR A0 RGP PRy s

not put Afto &k EPCYILfurRackidaZ eeheel Eioss-taahindddn wsth deee piddatsOfilms.

one side of substrate 902. The piezoelectric material &
Howevgrsidgan be den i adgdigpted LRCYEY system fsgpsedandhibe encta gyeldng point is high
(the meﬁ‘ﬂ%‘{&iﬁ%? ﬁlnégtgn ng RV ggjlh%h’thé &@ﬂin | ofRBALS AL ff a;h? this
eposited via a gel proceSs or sputtering),
exampl@diryippyt didleoteicfoR8 oy dapesifddiDotk didposti substraté B0AtoIallance thin-film

e I TR NEE o NE R

| ayer 918, corresponding to el ectrode | ayer 808 of

[0051] MONATRIReRRAR, 80 PbndihSto 8de bRcHRRISEO LD ¥f Aonomorph beam 800 of
sputtering or evaporation. [0049] At step 920 (FIG

FIG. 8 @Fpeing peondedreptadnal styeP3DAIGL 8Kpaarnt e pretbrmpdr InestemPiZe a metal

aer o b HoRRIRE B LA A& PRk B B PR YR P xchea o

form sidd¥1&trods 938, €1p s 2lelcfrbdes BShre MtPEOBULE biep 03D ay@EitiRE4teps 926, 930
is etched using a wet etch or dry RIE. If AINis used

of FIGSI=- 8H] granesbydptaristerr 451043 P4 Fiad oM. sespsetiy el areridingipated.
Followin¥& S riathn Hhfie dedlftlieLPHIRAFHY Mieps 940 (FIG. 9L), 942 (FIG. 9M) are

performed. At step 940, a second upper dielectric 944, which corresponds to second insulating
layer 840 of monomorph beam 800 of FIG. 8§, is deposited. Dielectric 944 can be, for example, any

one of the materials mentioned above relative to first upper dielectric 928. In this example, second
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hydr oxi de (KOH) process can be used. In this case, the
phot oresi st (not shown) fromthe patterning of step
WO2®8i$6133 ri pped prior to the KOH etch and t heP®Us$008/057865
nmetal |ayers 910, 918 is used as a hard nask. AN
etches anisotropically in KOH and forns the angl ed
upper ddckifc 9440k IdeBovited oh Bb@LsidEs of SutRBat 90D t&b&mce thmNGlinBstress. At
above. At step 924 (FIG 9H), netal layer 910 is
step 942 {IdRie @M sieapndhunist distestricdt4ds ptehedausinga ket oeRBhpl e
just noted, Mo uses RIE. [0050] At step 926 (FIG 91),
a fi i I . ..
100521 %, kg Y9BBEICHOR) S804y B VDLE10 958 FRBORRH wirn ro
shown) Ete(ioro&,ded sTdeipdby, treagh Doedeeetsarily, Si28ricarcobeactsfodB, 950 will be

I e osited [PCYD or PECVD silicon oxide
alumingy Sgih Spriabatiooe f9 %Lfr@( G -gratpgicdp Fipctriva Gy
Contactd 918 K0 dnBhAri nla?gglaréﬁﬁ&ﬁ?& A5G feob\?ﬁkﬂr a photo metal deposition

Cross- contan1nat|on w th ot her pr duc
(evaporkioam igt-off iproce saoriby ddpaetionf (eaalduaim@azn@cﬁpum@) sy@ wvetettlsor RIE. At

step 95%@?@[ 6@? atgl}ﬁ ! al9§ge {\%mg(li gllﬁg t@ﬁu%ﬁ)ge t?lﬁgl hﬁeg%éhgf,negectroplating is

the bestRétAbd Rr aBRbGnk $hikiOketal HEpdshichs BX@BRARe of hb&it 10RREo about 100 pm.
dielectric 928 is deEPS|ted on both sides of substrate

Evaporgom is brtgil imihecknpgsas febs pg pbasd ndt st ep 930 (FI G
9J), first upper dielectric 928 is etched using a wet
etc I [
100s3] £ G Ty E I, AR E g prslsHE 6 L BRNERY BRory 936 1G5 RR0H R
substrate 19G2 t@fcﬁih&hb eanijever.okn tﬂsde,xamptel, anm[les&t BEnY3R {sHbfedIK)ng a
can be performed. In step. 932, a netal layer 934 is
backsidg gelease msghods that inyoliiy I@tteml%g sk atehing thgoush secesianditien,
dlelectrﬁg @4& heig aﬂatbtaa{sﬂfcdoa@élﬁ & SeefhdltRerd rmnﬁh%ea (‘f‘éeﬁ cﬁlEQ@‘RFIE) through
. It side el ectrode 938 are not provided, step
mﬂmuma@62apmhmmd@tmbgfﬂﬁﬁhnﬁﬁmsUﬁeﬁb@B 9l -J, respectlvely,
or steps 940, 942 of FIGS. 9L-M respectively, are

[0054] 9|3I8E1(IE$1 tlg)%/BE | slérglgen t@x%oatlt(:ﬁa % gfghoa§ 9 Ife&eisé.lfld&g tlgell\}%%él}r,rgor stc'ructure to the
cantileveEbd0K, HBeh indblvEdt ﬁclﬁ@froﬁl the EORGkidERahe st@ﬂnﬁlfyt fdtker Wkeh from the
to second insulating | ayer 840 of

whi ch corres
baCkSld%ﬁmﬁb‘ﬂ%hﬂlb@grﬁlaSM@ toFIGEP&: 18 Fl1G sl (e gosliqodsotppis] aselt isipgrformed
from thg ﬁ%{l{: & HGn E&%m%ymo% f(?‘ﬂy ? ? OlfOOBf %gné(}ﬁ{ ?arnltlﬁévgr beam 1008. For

i'oned above r rve upper
exampl®2&iudiihe Itk QXARR|sBch £EHOOAYREEI HhHRGKEED P441iS
deposited on both sides of substrate 902 to bal ance
Hexafldofide ($ ) th&tet@Rs silidbn BbeepiOAR hutldees v httackastéttnatpRdmay be used.
dielectric 944 is etched using a wet etch or RIE
In this t&pﬂ)@fzpethpd,gztae'py QQ(BL Ry tknitgtp)andedl@m miogetherg of thecfires @u®f cantilever

beam lg(%o !?Ptdtgal AlS pl?rexé ?sgltsé)lgﬂ%% \Wg?r Sqale é%glga]\%?r?gya%rdea bottom stop that can be

useful i Eﬁ%ﬁmﬂgaévea@lemgt@v&%&amﬁ@ oftHelbel@. ah Tt B448) Wntehupward curl due to
out 2% silicon to inhibit electro- n19rat|on due to

asymmettig gtayibealesicale font tupingy thaospgaet mouggot the freg aed of ¢anklpver
bemnl@ﬁy be provided, for exanple, by either a photo neta
eposition (evaporation) lift-off process or by
deposition (evaporation and sputtering) and wet etch
[0055] or R[GE 108t 1113tte@es%latl(eFfIﬁltsEl@)methD(baifcrefeaﬂH@ thePbeécursr to the cantilever

d usi a. sui
beam 1@1262?5 orq]glqsgeaé OP u%strate @89 (FI%e gi) %emg a conventional non-silicon-on-
insulator (non- SOI) substrate, an SOI substrate 1016 having a buried oxide (BOX) layer 1020 can be
used. In this method, BOX layer 1020 acts as an etch stop to precisely control the depth of the
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t he best nmethod for achieving thick netal depositions
in the range of about 10 nmmto about 100 mm
wEapot@arion is limted to thicknesses | ess the@I/ak08/057865
3 mm [0053] At step 956 (FIG 9P), the precursor to
cantil ever beam 958 is rel eased from substrate 902 to
cavity 1004 Moriled d@fk idoBpic-etdhing fioH (BXAER ®de RV JuBUBite PERINAs with the
958 is forned using a backside rel ease nethod that
methodiof Vo0 v BB, paitcemnaibaspdaatchast, shéhnay gakeans gel's ec 8hg tlet dtches silicon
first dielectrics 944, 928 and backsi de base | ayer 906
isotropigyly by{ élﬁesp@tfag@q}q qtber&n%tg% rp@lyp_be(tgql E;—Ie{qqtqgua}{ne upward curl due to
t.
sy A s A B oo OB LR g ever
beam 10X hods of rel eaS| ng the precursor structure to the
cantil ever beam both i nvoI ving etching fromthe front

00561 7o ffleab PR ot v BB S0pP P P SFEES S aking

monom%fﬂh' Be@fs 0SQLI00RI M18t Mlsd Bchfd el i Be fda8ily E}'('t@n(ieﬂq{ﬂ producing
de of the assenbl y 1000 to forma cavity 1004

blmorplb bm simg anto Himgemh tsemnh00ed §1GE o ardanivreexample, rather than patterning
and etclz &g?_ec)orqg Fnegarf y&?bﬁgxlar tl’p&es)zlrégpc ?%é%r%? @?H%acrﬁ ?mﬁ: all Y]k yer gﬁ) at

steps 929, D2Z, 00408 BIGOMICHI Juyt itk tibaRPosicidn af thackconti M@dtal layer at step 916
nmaterial nmay be used. In this type of nethod, cavity
(FIG. 9kpanptarghyt Serenckpiegoelentticdavi (RR5wBawmtbus Forrergonding tapigzesfectric
(ﬁ)a&t e
layer 7 el FaIFI Z)ﬁe[nfdga?t@lvff\g %gegﬁslzgg;ljgal%g% tgg&#& ybau‘rt; g&\éesggﬁdln%nto electrode
layer 7 i2hatF1Gan) d»a beskepodited on p]nceseenmd nmgtablager beffdnemngm(lmg/mth the

str |n|n the In t g S ward curl .
deposic o P SBYsHGEPEe Hay 540 e DpGet B S1 T b IgteppoHars with the
third mét@lrlgﬁer%ld gp(fc'e&[?s Rfwrt tiaeatfdrlﬁgluﬁ&d fitk nfetidyeLYRS. B thlS process, it

5] FIG 10B illustrates another frontsi

may be deiltvbl:t tofaltcletlhe duclngsteh of ppe dt@@trl¢sc94ﬂh%2&:mdtbals@1aecr 906 to balance
s nethod, instead of substrate 902

m 10 n |
Stresses(aﬁ?é?ntﬁé)cuggtg@%55156&(17&’??‘?58%31 non- si | i con- oni nsul at or
(non-SA) substrate, an SO substrate 1016 having a

[0057] bur Agehedxibakel bB¢&X)a PAFHEun#QReGAAcddRddhs€ tithlddnédpksSdisclosed above
met hod, BOX | ayer 1020 acts as an etch stop to
may be Bﬁ"é’clﬂl%b’)@f & yAtiety of pplicadishinsfudingewisiptsypentyy applisataes. FIG. 11

111ustratg§J %&[4})?&% 6&11%1& igén%ﬁ Eﬂ)of tﬁﬁt@o&ﬁa‘ﬁaeg e? Q%ﬂ%{loql% Bﬁtve§§apply 1104 that

the me
includei h BUIEH']ﬁﬂb als(lﬁdhatlc bardrllysafGihmids @aseation XeFVEH 1%l 00 of FIG. 1.

Tt 0 TR BT oA PRI S ST o
Althou%huddt sEWAGn, teRe Q{%ﬁ by, dnt A8 R ng@e%arr@?t)@laflcptiut SHIAMY D groups 200A-E

rang e of ion"of the free end of cantil ever
of FIG. 2A14hd e{a@lﬁ)EBt]he\RMlE bearnemhypbe.ifontxiaople, sghitirgo ésnaph be@S600 shown in

R and 10A- cted. t Ki ng.nono
FIGS. egi5g 7 Gteontosns o S0 SFaBhi 68 LhfbimeaPETu(NEH G 1108 has
PME beéxisandrg thi@e dfffei’ﬂl'gcthﬁlﬁ P8 Phd BARBerdeldrtRl abve relative to FIGS. 4
bi mor ph "beam 600 of . 6 and 7. For exanple, rather
and 5 sq frale byeadea (th afpctive bandw1dth of the PVEH unit around a target frequency. In
FIG. 11, the like-tuned beams are identified as a first set 1112, a second set 1116 and a third

set 1120, and the sets have corresponding respective differing fundamental resonance frequencies

VB1, VB2, VB2 and corresponding respective differing parametric mode frequencies Vp;, Vp2, Vp».
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and etching second netal |ayer 918, first
pi ezoel ectric layer 914 and first netal |ayer 910 at
WEe@pa1@29, 922, 924 of FIGS. 9F-H, just afterP@TEs2008/057865

deposition of the second netal |ayer at step 916 (FIG
9E), instead a second piezoelectric |ayer (not shown,

[0058] but Te@pfi@sRARE p&tforhndd &ZRRleeShfpl¢ 1 | @Y 8&ts 1012, afl 1611820 of like-tuned
7) and a third netal |ayer (also not shown, but

beams a5 eleesisalhrisalgtaddran ese pestleer|usipgrsuitatge @planpecm}ltr&aw% as, for
e \ Har NI

examplg\,/i c@ﬁ%%q%)gglélgggst Pﬁ%ﬁﬁg%ﬁdﬁg}%h&g%eﬁﬁé Ibl:]]2%tf1“ﬁgﬂér|§ &ﬁo@@rectlflers as

an exanhp]e)&hﬁﬁnﬁBﬁ any ifak@e Q1(s) (Bervecidse tiatyche no ﬁffwlérﬁlyvmxt:hed by the
he third netal |ayer and proceeds down t

ambicn{ dréyipgubration) Fpmyaspiging eé@ﬁélflcaé POWeIiPn A %cmvg Sfaé%c Ly this manner, the

i
max1mdd1t1 FB%:{ItuBIﬁ g@v\éi& fAfs%tEllt é rﬁgggbgggle ylté)? %B&S&ﬂggﬂg rt]ﬁéegz{}?%ﬂl understand
that othet isels§@sciamdtr ony be lusal rRawey seysplyl éi;(M dsb mcludeseissarmyore electrical

nment i oned .ahove, a PVE
storage %}fé%%ldla‘ﬁgéh%sme ﬁEl& {COCIEY SEF Y508 %Vgﬁﬂﬁs& 12'@86%1&6 by other
electroridy @)exrdqblraeéé%ﬁs%&yméh ARRiéA @tolr%a%eviceqhy@hﬁg be any suitable

Wi rel ess sensor applications. 11 illustrates an
rechargesbdaid vagey swdhras lasyperseapsaior (A0 “tlnacagssitpr’) ses reghargeable battery, for

st a one r s 10 i ncludes a PV, E
exampld 758 AR o B SR irur AR st o xRl PeRe kel 180y oty a
single PVEH uA9@ 1(9)5 fdrk&vedging Rratratich, frdtaHrivivgl andtiO@ viiktadistd@son2 direction.
plurality of groups (not shown) of PME beans (not

It is notgdh Bighpne gy mnr@@gﬁltlﬁml KkoMEHt updts gresispewmespuldlg prawiklgd in one or

more dl?f?j‘lﬁg éqgrﬁi?dﬂs eac#n%i %\ﬁ%ﬁ%laﬁgth&odlg&% s ZOOA'

exanple, simlar to binorph beam 600 shovvn i n FI GS. 6
[0059] an dlﬂthmrexﬁmpmmhsbmmﬁn@)osm}uﬂmiolne Bt fBordBtrarisdudelnd k140, such as a
PVEH unit 1108 has EOE;(?E beans _havi ng three
pressurg A BpShe CRICHEET, AR PFRbenin 6 1 QPEICHBR el yireless sensor
requlresr eWﬁ‘éleY@sethorFll 166 furthe? e 11eS Q rfSrocOntRIIRAG e £ %ontrolhng the operation
fective bandwi dth of the PVEH unit around a target
of the vxflreéeqa eemsyl: andm I}ﬁ{i@, trah$mitten er trphsseiven bldi S8denmiovang the wireless sensor to
i ed as rst set t 1116 and

commub TR &8 Findly ehie i SE0S nlBSIRR ekonarmg Y peater an

informatief REKddvE ndild d&kdenet afliéi"s\@i@tﬁﬁﬂﬁ abvit aRdAR 6hely. GHWBMELE Fo or in place
, VB2 , VB2 and correspondin respectl ve differing

of mlcr@cl@,ngﬁﬂurh Ié4mgqgle$srsgq$pé AP maypicludggme olypjrg)re [ragsBlocgsors that provide
the ere?g% ﬁgﬂ%?ﬁstﬂ%l#%g egFl gro? 5 eg\'fﬁrécatir%%{glgt if %i?f%{:eidr 15 hﬁ? embodiment,

power suppllyatied pfcrvﬁxms @Itetr&ﬁbpdﬂﬁd’r tol 8adhgragidcabl 1940 &ﬁhﬁtd)lﬂﬂ)ller 1144 (or
circuitr for exanple, corres

MiCroprog&seia end s %ﬁFllVele“@g dhogkigdeinghe arp wil ma@sstaqdl@zt each transducer
1140, dﬁ%&&tro‘ﬁ'e? g?44r (%i:%‘l <§rb o%es@ér) ahd %ﬁ‘é&@ El) 1 f4|'8actan 'b@ I%T Q'Canentlonal

nacti ve because t
design a‘mtﬁ fhemfmlet heedevocbd é@chbedllneleamiﬁlemm dr| VI ng VI br ation)

fromdraining electrical power fromthe active set(s).

100601 1 o Fe A £ ST eRnet b R RS kgt Y or sencor

nodes 190481 hidn&lcdrlt@l stalidier208s Hagh bPEenSd fodid 104X iRehidSREmple includes
Power supply 1104 al so i ncludes one or nore electrical

a standdonsr RYE 1 pewen upplyt (nat shomay endisesoniinda wieedess ggnsor 1100 of

FIG. 115 GR¥EY ggaqnpkig s'gr\lls%lf'ngcﬁ]éstme)&gaf“ fn% be %gnm ere& {f]:rmmal nodes, whereas sensor

node 1204G may be considered an intermediate node. In this context, a terminal node generally only

collects its own sensed data and transmits it to either another node (such as intermediate
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el ectroni cs aboard wirel ess sensor. Each electrica
storage device 1136 nay be any suitable rechargeabl e
waleasae173uch as a super-capacitor (al so PCT/US2008/057865

"ultra-capacitor”) or a rechargeable battery, for
exanpl e, and lithiumion battery, anong others. In

sensor IMG) X &sHRlaBsta®SHWVEIO8S lms@leﬂdlﬁé 01 whathePtheetv ik Rgbfa fME pe or a pull
unit 1108 for scavenging vibration froma driving

type (angyyi fenhether 15psons ohtermingheodgimascalsarsceive infermpasioadsuchas a pull request,

from ceg{}g thB)mQ@S %9 gﬂgéheqrh%de sluésllf & 1?1y%lﬁa&ﬁ?45ts§ns(or1] QEOAF(I.? omgrmedlate

Fovi i N one or
sensor m()l4@n toahtth@ﬁﬁlef thdSSt wﬁmgalmgbmh bcfc&t\hﬁ)g’lﬁata rhe&nﬁbllne;énsor nodes 1204D-
di recti on. In this ex rel ess senso

F, and sgn¢jpg fp@|te a@érab ?féﬂ?fr L3R hoﬁ%\ﬁ%]&?ﬂ:lé‘r@e 31 20l readdy Ugdersfand how to
conflguper s%ﬁ% %déimguﬁ%ld Cél&ﬁ‘ﬁ GlsIeb &y for%ﬁggg[) Wish iReRPEntext of the

, e application £Or the wir ensor
smmommequdmesgImﬂEdﬁéﬁiusmm@bhep&@anﬂumkhem.includes a
m crocontrol ler 1144 for controlling the operation of
ess _.sensor nsm t

00611 ¢ "SEXuh SR TEaR s BV Gieh AcRied F Ebd BlusBirggin thg accompanying

drawingsO MW BcakRleWtddd B3NGB0 skiTRKISn ‘ﬁ{el"@f thd@MIro8S chahd6d) offissions and
another |ike wirel'ess sensor, a repeater, an

additionsrna brampdmtodhitl v eh sriperifienlyedisciesed hergirbwithous dapdrépg from the
o Vi t. In addition to or in place of

ﬂnﬂtﬂ%ﬁ%?@% ﬁggggmﬁ Qﬁﬂionmnreless sensor 1100 may i ncl ude
one or nore m croprocessors that provide the wreless
sensor with higher level data processing
functionality, if desired. In this enbodi nent, power
supply 1104 provides electrical power to each
transducer 1140, mcrocontroller 1144 (or
m croprocessor) and transceiver 1148. Those skilled in
the art will understand that each transducer 1140,
m crocontrol l er 1144 (or m croprocessor) and
transcei ver 1148 can be of a conventional design and,
therefore, need not be described in detail herein.
[0060] FIG 12 illustrates a wirel ess sensor network
1200 that includes a plurality of sensor nodes 1204A-G
and a central station 1208. Each of sensor nodes
1204A-G in this exanple includes a standal one PME PVEH
power supply (not shown) and is simlar to wireless
sensor 1100 of FIG 11. In this exanple, sensor nodes
1204A-F may be considered term nal nodes, whereas
sensor node 1204G may be considered an internedi ate
node. In this context, a term nal node generally only
collects its own sensed data and transmts it to
ei t her anot her node (such as internedi atesensor 1204QG
or central station 1208. Dependi ng on whether the
network is of a push type or a pull type (and/or for
ot her reasons) a term nal node may al so receive
i nformati on, such as a pull request, fromcentra
station 1208 or another node, such as internediate
sensor 1204G Internedi ate sensor 1204G on the other
hand is continually both receiving data, here from
sensor nodes 1204DF, and sending data to centra
station 1208. Those skilled in the art will readily
understand how to configure sensor nodes 1204A-G and
central station 1208 for proper operation in the
context of the
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sensors nodes having PVE PVEH units of the present
di scl osure. [0061] Exenpl ary enbodi nents have been
wale@siiogesl above and illustrated in the acconpRCl/Usz08/057865
drawings. It will be understood by those skilled in
the art that various changes, om ssions and additions
What is'BimRe igyade to that which is specifically discl osed
herein wi thout departing fromthe spirit and scope of
the present invention.What is clained is: 1. A
LA vigrgiongl ieegy ewesstyy. (o81FisEer | conpri sing: a resonator
: - f
o e b S S RSB, REAREICH Y sosnance
fiequenty ona firsdbenddiey dinetivh andre gerafmeaguaody/frequeacysmcosedond bending
endi ng direction perpendi cular to said first bending ,
irrcsiop ipsw,en%ﬁ%l@reiorﬁgd;ﬁ%at qnging desetiph dierqip sHE Frqsesectiogal properties
selsect@d «d Rink YN8 refatheh N HaBRMNc_ e Eejady erd HeG8Huency and to
to a first desired frequency and to tune said
paie aad tpriagnatmdmofle gqemcy td osexose donned diegignegl, said resonant beam

freguenc ajd reso t beam i ncl udi i ezoel ectri .
T dosTeclyie urEes g eqneiting Sl tsAE TR TrwdBiigdending of
t:0d RRBAHGGDAM Bheh bPRANAEPindRBMMd BenlaEtiRbtisal d
first and second bending directions. 2. A vibrationa
energy harvester according to claim1, wherein said ]
2. A vibsafipnak arergyeimy a5 ageording fo glaimgil nyhergingardgesopgfog beam das a first
. . -al .
benBRA ALl BihaRiuifcRB 8 PRDRY By Bd Rl &8 soond bending
direbgmdissid faxend dedondibagdihg nsds,defiem@rfdst, tdeondl thind addionuith quadrants
guadrants such that said first and second quadrants o
suchythat b HET pod KHTENAAMIRELS YR CBRPYE oNe ARRYLIPPesifesides of said first

bengiiglg $kisRRa94iB9edhiSnd ﬁﬁr@@iaﬁraﬁ%cﬂ@ Q?ﬁﬂge bhd 5&tﬁéf%?&o%ﬁ5§te sides of

opposite one anot her "on opposite sides of sa
saidssecomnicbehdimgdiang, said ssosaorfurtberanatding ffirstt feeond, tiukdiatidnfgurth
first, second, third and.fourt.h el ectrodes spaced from. .
clechR Rt TR B Rt SRR SCRaMRgE P BpREE v Sf aid first,
secdACidfand @bkt %{aﬂ%antssecond, third and fourth
quadrants. 3. vi brational energy harvester according
to claim2, wherein a first portion of said o '
3. A vipretionel ey harvastes peepirding to ¢laim dowhrseinadirspardon pf spid piezoelectric
ad . . rti f i :
madRf] 1S REARF b RER L8 Py G s RoREERORRR bl A ing BB pt s
piezdBdctrieuidtérie li clotdtedibstwedn sdd ikl aldifoindh clecesdgy.
harvester according to claim3, wherein said first and
second portions of said piezoelectyic material are )
4 A V@%%ﬂ?@al TCETH THMESiEn 8908112 0 ClAIDY Py BgrPigald inengysecond portions of
saidRE268RERT hefd13kdAced HEMNRE (AOWPL I SiNg a fifth
el ectrode | ocated between, and spaced from said first
and second el ectrodes, and a sixth el ectrode | ocated
5. A Vibg@tm}@negydlagmtﬁg@p ¢lpion? sfartien dompdisingch fifthuelegtrode located between,
and Ei)a:cgetg iﬁ%glgfs?i.d%}%at%é E?c%nﬁleie%hoge%f Eullcp 2{1 sigIh e%ea}:ltrdode located between, and
spaced from said third and fourth electrodes, wherein a first portion of said piezoelectric material
is located between said first and fifth electrodes, a second portion of said piezoelectric material is
located between said fourth and sixth electrodes, a third portion of said piezoelectric material is
located between said fifth and second electrodes and a fourth portion of said piezoelectric

material is located between said sixth and third electrodes.
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10.

11.

12.

13.

14.

15.

is located between said first and fifth el ectrodes, a
second portion of said piezoelectric material is

wo cwatted7bet ween said fourth and si xth el ect r oORPEEUSZ08/057865
third portion of said piezoelectric material is
| ocated between said fifth and second el ectrodes and a

A vitRatidnhl fiRefdyl iivadter 98ddildiRk @7 O181ne St WhéreiBshRI firdd andSsecond portions are
| ocat ed between said sixth and third el ectrodes.6. A

spaggidiFaap pehaiotm ang yaif driybanddourtl portignmgretspaceddram gne another.
wherein said first and second portions are spaced from
A Vﬁﬁlﬁio%gloe%d%gé% RRgksRR 'agcﬁtnﬂhg go élgﬁh g%ﬁér@in%%{;ﬁ bvd Aftf and sixth
spaced fr one another.“7. vibrational energy
elechadesesinddlencaid figkt bgnding etiai m 5, wherein each of said
fifth and sixth el ectrodes straddles said first
endi ng axis. 8. A vibrational ener haryester .
A VUGl Ty SIhASeoN e (A Rl TG  HARS daryestipe clreuitry in
electridal BorhfivinicRid ®fth Chdadf sGRMMN &R, QRirdM thiktie FEh 8fd sixth electrodes
said first, second, third, fourth, fifth and sixth
and gbelegureditos harvestogrdaidgleastcdl gnerga frpesedch gl saidl dirst, second, third and
1bur|e&}&£ggﬁ»qur%% ﬂg n1ea&%epf said first, second,
t 9r§' d PQ%PF aha&PSﬁPs 'dependently of one
another. 9. A vibrational energy harvester according
A vib@atitinal énelgy Niltedseir Acadiflg kesiamal Oxhdreianaidsre@nator beam is a cantilever
cantil ever beam 10. A vibrational energy harvester
beaecording to claim 1, wherein said fundanental
resonance frequency is in a range of 50 Hz to 1500 Hz.
A Vi]o}atidﬁayéngfg? HaPPRler GRS @Y o RAEINES | S hBEMALR f18ddrentd] #EdBhance
10, wherelin said fundane%tal resonance frequency Is in
freqaencngen ofan§0oHz0 He t@580HAz. 12. A vi brati onal energy
harvester according to claim1l, wherein said

transverse cross-sectiaonal pro ties .of said
A VSRRt e <L Aekarded o clal T iedsip g dbidponspad resonance
frequBls if IeAH@REYf S@HE %o W5 Hizn S Hz of said fundanent al
resonance frequency. 13. A vibrational energy
harvester according to claim1l, wherein said )
A vibrafipegkensE2ychapeastes aesrGAIO Fpiah &r Vheaginisaid trpgevegse cross-sectional

pro;%)egﬂ.ri]%m%? .r.E{(])ngtoij bERE g}e;é@%egéﬁ%l) il s&i8 pﬁﬁ. erhd fdde frequency falls

ing direction an Ickness 1n-a direction
witlpabdld & saidofuadimersd cesodaferfeigagnadi r ect i on, wherein
said wwdth is in arange of 1 to 8 tinmes said
hi ckness. 14. A vibrat.i onal, ener har vest er :
A VBRI S5 DT SIS TRAG SR Lo BETRRER ey qpieeross-sectional
propedii@andiidda ficideld ifRiRadish pdthitHd & SSd fitse being direction and a
vi brational energy harvesting unit, conprising: a

thiclshass &l & diyeasion prezeltiossidrseeond; isnding givgftiem ethgiein said width is in a range
of 1 ar%e§§%n§“£ﬁ%ﬁ%% nmodul es el ectrically connected with

oﬂé dhotReT ein each of said PVEH nodul es

includes a plurality of parametric
A vibrational energy harvester according to claim 13, wherein said width is in a range of 1 to 3

times said thickness.

A vibrational energy harvesting unit, comprising:

a plurality of piezoelectric vibrational energy harvesting (PVEH) modules electrically connected
with one another, wherein each of said PVEH modules includes a plurality of parametric
mode enabled (PME) PVEH beams each configured to harvest electrical charge from each of
fundamental resonance excitation and parametric mode excitation.
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16. A

17. A

18. A

19.

20. A

21. A

22.

23.

node enabl ed (PME) PVEH beans each configured to
harvest electrical charge fromeach of fundanenta

WO ®8N&CE excitation and paranetric node PCT/US2008/057865
excitation.16. A vibrational energy harvesting unit
according to claim15, wherein each of said PVME PVEH
vigahahaRrdy RAVAHRE 1hi€ 26868 © BNElhiRY 1 NBitekdth edohl 6F saldPME PVEH
i ncludes first and second plezoelectrlc/electrode

beap haksppra@atisdnests kepgoginentrajsgsangdfindudey figradwseqond

I L4l

ple%gggtggiﬁlﬁ]e%g%gen : ?cl:ﬁasclgclaartegf%n OI%P(:!))Z% é;‘dérlrs] &1% égld Va%%l%léetﬁp glrao% bending neutral

axist i r st plezoelectric/electrode stack includes a first
plurality of electrodes and said second

ezoe ectrlc/electrode stack i secand.
‘B’F%ﬂ%‘d et hagyestipg Byt accoptipetp ‘ﬁ?lahféa’ﬂ}?“fm F‘%la %rSt

plezl%lelél':@ﬂdeﬁééu%ﬁe GhaCtERAES, ARE BRFaIRAbeIPAFRIBLAA Sid08nd
bendi ng neutral axis. 18. A vibrational energy
piezoelevigistelargodnitackaincludel ngpcond plusdlity deewmee pprcedrhmofaid first

id it f F? PVEH. b
PRl Ll i BB Bt PO BHBR
harvesting unit according to claim15, wherein said

A vibratioahl dngr@f haristifty/ Bt heaidinto @aigh1 ®fwieadifl edhfahidtplurality of
of PVEH nodules lie along a conmon plane and said

PME | PYEH b?%,mfolﬁ appyEprpigdeAcslsciicdeddeur el y st acked with

one another in a direction perpendlcular to said _

[ 3l
AVERITRY Bl hacfiingyilt MRLHADR) A ERET A RAN Eb ARt PrE PVEH
beafdVBFtdvb arfisaid phurplitg\of #&EH modulps lie along y comnset Jadeaanidrsgid plurality of
rrespondi ng respective differing tupings, wherein )

PV@%P&)""&&F@& ﬁegbre&ﬁ‘i"i‘ifﬁé WlW&“ﬁ&EO@F‘%Pé‘rCE 8‘?%‘38?1%?%1“ to said
comln®siPfance frequencies and different parametric node

frequencies. 21. A vibrational energy harvesting unit

according to claim20, wherein ones of said different

Vfoazrtma?efmesgy hasenstinp it ﬁmqhégmtq daimyl 3. fvererdiyy selué pturalifsief PME PVEH
bealaas fa%;e eprr(()e\rll my a IHHE? sreeségl%a ac%?rn grpeo%ﬁz OIjéS 2 1?2d1ff2\nng tunings,
whevéil k&t ldﬂlﬂéﬂng&ﬁﬁﬂh’y indRid¥ @sFdreng lellﬁdaTrneat‘dI @d!sdhzﬁ@e fRqGdr@ieNand different

21, wherein ones of said different paranmetric node
paryReski BI9EF BSAERICRSr by | ess than 5 Hz from

correspondi ng respective ones of said different

vib a t m W I different

A vibiRARIE ﬂlfea%y HERANRDGE L SAHR %Ed §%im 23 wife é{h Bh& V\%f%gﬁll

energy har estlng nit according to claim 15, er ei
fundracintad fessarrate reqnadcids\difddr HINESsRVEHD bledimsn hla581rlarned1ately adjacent one

resonance frequency and a parametric node
of S‘t‘lﬁél&fggﬁ‘&ﬁfﬁ%l SesﬂEaIPfF% APP9YC%ndanent al resonance
frequency. 24. A mnreless sensor, conprising: a
A vibrabnduGReyf Iirvéiahg Bfit hetdrdlag & claim 21, wherein ones of said different

parametric mode frequencies differ by less than 5 Hz from corresponding respective ones of said

different fundamental resonance frequencies.

A vibrational energy harvesting unit according to claim 15, wherein each of said plurality of
PME PVEH beams has a fundamental resonance frequency and a parametric mode frequency

within 5 Hz of said fundamental resonance frequency.
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24.

25.

26.

27.

28.

29.

a wreless transmtter for transmtting the data to a
recei ver spaced fromthe wirel ess sensor; and a
w@anamrstird ¢ node enabl ed (PME) piezoel ectric PCT/US2008/057865
vi brati onal energy harvesting (PVEH) power supply
electrically comunicating with each of said
,A“ﬁk§ﬁ§g§@@wcgﬁgn§ -d wireless sensor, said PVE PVEH
power supply conflgured to scavenge vi brational energy
a trgngduger EepHestimedataanbi ent to the Wi rel ess sensor when
a wfr&es%%?an&&t%‘? dérQragﬁIﬁ Eﬁ‘%ﬁw%a (?chve? %ﬁfcredff im e kaeness sensor; and
power1 ng sai trans r an WTeless transm
a pe&ﬂMflebtﬁg niigle endfed @MEY @Eﬁﬁec&ﬁlﬁbfatlaﬁﬁ@hdﬂglyleafv@st@dga(PfVIEH) power
24, wherein said PVE P power supply includes a
mpba«rlp%tgﬂcqﬁy qomwaﬁ%tmsevgﬁteaéa@ﬁ S%Wﬁﬁluaerp?@fléwétwreéess sensor, said
PRALEP [
D T oy B B L Pt Sl R n environmen
appest tbehs wdekssmensml whepan aseta asao okrato etadtm:gl prwetrrfai use in
axi wi.rel es nsor according to claim 25,
AR LR R RS DUt 1 Ol Bt 8 et ack
includes a first plurality of electrodes and said
A WERERH 6knRbEAeS1aMR! tbictifl RCtvhede SiEPKME PEEH(R e siPi¥ludes a
plurality of el ectrodes spaced fromsaid first
plurplifyradjr¢sopagfbeame eaghdyamigdcranygetsia rrrdadp éi)p@(img newralggie and including

first a%ﬂ%':%dqagmogf%l trlc}&lheﬁ:troge ﬂaéis%ga% ?,Prp Fl Ei &de% elg rjroggametnc mode

bendigg achtrdalakBh pi ezoel ectric beam 28. A Wwr eI ess sensor

according to claim23, wherein said PVME PVEH power
supply includes a plurality of npdul es. each having
A Wﬂe&swwv SEOHEIASH My aBe g Ahikst BlPZ%fé?caH%Fle?téﬂqetsgﬁck includes
a fidf plQﬁlﬁggﬁofgle&@ng afa S s@c&{d"}gléideie)étrﬁsfjelg’alq}dl: @étclk hf‘cludes a second

al on common plane and said plurality of nodules are
plumbtyuzf ele;trsdfacshoe@dvfmm sod éirdpbtrhléty of eleatrddesectososnid parametric mode
b @@r pendi.cul ar to said comon plane. 29. A wireless
endifg A6pral @XlSr di ng to clai m 23, wherein said PME PVEH

power supply includes a plurality of resonant beams
A wieR¥d S@dor ddcrdRlgUb 2l dim)250(vheRtrSeddR VF Bd BRITAIRS BOBEHnMGis a bimorph

respective differing tunings, wherein said differing
piezoghsftiigdermc| ude di fferent fundamental resonance

frequencies and different paranetric node

- olas . .
A R RIS e g o 825 S BR 2h PP ol Sl hncludes o
plumh@m‘f amgields reaciueninges plirdlfte of i&yoﬂaaslseahh;amd@nbkzoﬁ gagahplurality of
i ately adjacent one said different

beama ﬁ&%r?? AMd AU 9L e1qdpiey L]}éﬁg“i“ésa cogymonplgng djdsigid plurality of

moBRASRE sRERY Hha@dhAnLoR MbaRr inW&k&tiBn g@%%ncﬁguﬁlaﬂoqgald common
different paranetric node frequencies fer by less

platthan 5 Hz from correspondi ng respective ones of said
di fferent

A wireless sensor according to claim 23, wherein said PME PVEH power supply includes a
plurality of resonant beams provided in a plurality of sets having corresponding respective
differing tunings, wherein said differing tunings include different fundamental resonance

frequencies and different parametric mode frequencies.
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30.

31.

32.

33.

fundanment al resonance frequencies. 32. A wreless

sensor according to claim?24, wherein said PVE PVEH
w@owenidouppl y i ncludes a plurality of resonantPOEEAE08/057865

each having a fundanmental resonance frequency and a

parametri c node frequency within 5 Hz of said

A whiRdageRbedcchRHNB REEMIIBe GUERAYoned 3f sdid Wiffe@bR FonE@ARARN resonance
network, conprisin ajflurallty of wireless sensors
frequerciesdlifigr kyolesy tapqqu 2ly. from any immediately adjacent one of said different

fundamental resonance frequencies.

A wireless sensor according to claim 29, wherein ones of said different parametric mode
frequencies differ by less than 5 Hz from corresponding respective ones of said different

fundamental resonance frequencies.

A wireless sensor according to claim 24, wherein said PME PVEH power supply includes a
plurality of resonant beams each having a fundamental resonance frequency and a parametric

mode frequency within 5 Hz of said fundamental resonance frequency.

A wireless sensor network, comprising a plurality of wireless sensors according to claim 24.
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