WO 00/ 57055 PCT/ US00/ 03867 M CROELECTROVECHANI CAL ROTARY STRUCTURES FI ELD
OF THE I NVENTI ON The present invention relates to m croel ectronmechani cal
“structures, and nore particularly to thermally actuated

m croel ecOWECHEni cal rotary structures. 5 BACKGROUND OFPGHESHUOIENTI ON

M croel ectronmechani cal structures (MEMS) and ot her m croengi neered devices
are presently being devel oped for a wde variety of applications in view of
the size, cost and reliability advantages provided by these devices. Mny
different varieties of MEMS devices have been created, including

m crogears, mcronotors, 10 and ot her m cromachi ned devices that are
capabl e of notion or applying force. These MEMS devices can be enployed in
a variety of applications including hydraulic applications in which MEMS
punps or valves are utilized and optical applications which include MENMS
i ght val ves and shutters. MEMS devices have relied upon various techniques
to provide the force 15 necessary to cause the desired notion within these
m crostructures. For exanple, cantilevers have been enployed to apply
mechani cal force in order to rotate mcronmachined springs and gears. In
addition, sonme mcronotors are driven by electromagnetic fields, while

ot her m cromachi ned structures are activated by piezoelectric or

el ectrostatic forces. Recently, MEMS devices that are actuated by 20 the
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actuator or other MEMS conponent have been devel oped. For exanple, U S.
Pat ent Application Serial Nos. 08/767,192; 08/936,598, and 08/ 965, 277 are
assigned to MCNC, the assignee of the present invention, and describe

various types of thermally ac t | In 5 addition, MENVS
devi ces have been recently de%e &gggﬁfiﬁ%ﬂﬁﬁﬁﬁﬂjggqrotational connecti ons
to al | ow rotati ormheipréscheigsertiongtlartako Slhidredsctimbchoniesl saptut@daddor ce t han

found with torsion bar connectjions. For instance, U S. Patent Application
Seri al more particularly to thermally actuated microelectromechanical rotary structures.

5 BACKGROUND OF THE INVENTION
Microelectromechanical structures (MEMS) and other microengineered
devices are presently being developed for a wide variety of applications in view of
the size, cost and reliability advantages provided by these devices. Many different
varieties of MEMS devices have been created, including microgears, micromotors,
10 and other micromachined devices that are capable of motion or applying force.
These MEMS devices can be employed in a variety of applications including
hydraulic applications in which MEMS pumps or valves are utilized and optical
applications which include MEMS light valves and shutters.
MEMS devices have relied upon various techniques to provide the force
15 necessary to cause the desired motion within these microstructures. For example,
cantilevers have been employed to apply mechanical force in order to rotate
micromachined springs and gears. In addition, some micromotors are driven by
electromagnetic fields, while other micromachined structures are activated by

piezoelectric or electrostatic forces. Recently, MEMS devices that are actuated by

20 the controlled thermal expansion of an actuator or other MEMS component have



No. 08/719, 711, also assigned to MCNC, describes various rotational MENMS
connections. The contents of each of these applications are hereby

" i ncorpora 0 10 reference herein. Regardl ess of the actuation source,
nost MEMS devices provide generally linear notion. As sucRCTHSHEB86%exi st s
to provide MEMS devices that are capabl @€ of nonlinear notion, including
rotational notion. MEMS devices can thereby be enployed in a broader range

of applicati Qﬁ%ontl@lleﬁu%ﬂﬁﬁ\fe%nﬂdﬁoE'ﬁNEHlﬂit@bfr&ﬁeMWEor%lﬁ&?eﬂ hQiy provides

a mcroel ectronechani cal_structure capable of rotation, ereby permtting
the resul ti nBenmEvreloped;ckarcaampleh. S Mpteny ddplicatian S2Hahiiake 08467293, of

appl i cations N7 not.i on, . | enbodi nen t he NMEMS
structure i n%ﬁg/gg(égé&g%%hgrg/(%?’rez?? %%nqsﬁlgg%tgtl\ﬂg&g%é}FFdasélgﬁ%oétlh? fEstite af fi xed
to a surfacmveftidihendiexcabd eioueiypes sesthalactddiel MENES 9b¥ikgt ype al so

i ncl udes one _or nore hub spoke nenbers which extend outwardly fromthe

hub. Pr efer apfldjtion, 8EMSHigyicsp bre heamirsentil s delickped deht snedurdetrhtational i magi nary
| i ne extendi : 1.l f each hub spo nmenber is
di spl aced to@%ﬁé{{@gﬂﬁﬁ ?%%ﬂ“?ﬁgﬁh %g%forrélp&g)% rgss(?flﬁtl%‘@ertﬁ? ﬁe‘rﬁ’r & words,

at | east sonfupdmtiihanrsidn teachnivutionsp doe instRoRar.Si Bateiil Z8lichRors9érR) degr ee
fromthe cenger @&%e hﬁg fromwhich the hub spoke nenber extends.
Accor di ng t oPHY o pise aesigredin MENE s deseribasarionoiptationAbMEMS spoke

menbers are agaptirRst Ohl ' 22 0 hub in 30 response
to changes in thet térr%&%?@s giféa?hg)tflﬁ%ggép 31%@%&%2%?%&%“&0?8{%?‘1‘%m WO
00/ 5705510PCTyelssQedR86Y. - 3 force is created by changes in the

n

di mensi ons, typicaglly. the th,. of the hub spoke penber as the

t enperature vari %_eg#ﬁl}gssy\gt %t“r‘aﬁ‘@fltﬁ?‘ém&fm%sﬁM%%&W%ﬁt’méﬂ%epﬁ@lllﬁdes a
ring spaced @par motibh OMstshiéh, AingsLELiaS td HBY Kl IWBHIS

partially encircling the hub. nThe 51 ri n%mi seattache tegaﬁt]gltehéﬁggng%)g e
menber s suchafiaeartheticny chpidigrotasiohemotent. SEM Déevismswan Heerdbytbeand t he

ring. Inthi &nﬁgpeocfjllnrgeor}gadetr ?aengre]%?agﬁl%lételonrg?”ber s are
15

SUMMARY OF THE INVENTION
The present invention provides a microelectromechanical structure capable
of rotation, thereby permitting the resulting MEMS structure to be employed in a
20 wide variety of applications that require rotary motion. In one embodiment, the
MEMS structure includes a microelectronic substrate and a hub structure affixed to
a surface of the microelectronic substrate. The MEMS structure also includes one
or more hub spoke members which extend outwardly from the hub. Preferably,
each hub spoke member is disposed such that an imaginary line extending through
25  atleast a portion of each hub spoke member is displaced to some extent from the
central axis of the hub. In other words, at least some portion of each hub spoke
member 1s offset to some degree from the center of the hub from which the hub
spoke member extends. According to this embodiment of the present invention,
the hub spoke members are adapted to impose a rotational force on the hub in

30 response to changes in the temperature of the hub spoke members. The rotational



adapted to inpose a rotational force on the ring in response to changes in
the tenperature of the hub spoke nenbers such that the ring can rotate in
“either a i.se or counterclockwi se direction relative to the hub. 10
The MEMS structure of one enbodi nent al so includes one or RoFESIMR8Hor s
connected to a surface of the mcroel ect¥onic substrate and one or nore
anchored spoke nenbers di sposed between the ring and respective ones of the
anchor menbefsice iERecatRidhofRE&AA KR ITRIRREHSS, %&ﬁca@?(ﬂi’é RgthOof @ER@Rd tO
changes in tenperature, suc% as by changlng in Tengthy In order to inpose
a rotat|onalﬂﬂ%@@emﬂﬁféﬁﬂﬁﬁenpﬂﬁgﬂeW@Kbefore this rotatlonal force causes

th to rotat t th | ock
count or o ockui se. 31 Seren s e Mol a0 inTiEs Bl alerv,

i ncl ude at | gastthonscrosiccrast @.(btsfrﬁtﬁ‘%ﬁ@aﬂ]eﬁﬁbaﬂﬁlly@h&fcl ngﬁﬁ'@ﬁﬁlﬁdrﬁeo a hub
spoke nmenber for controllably noving the hub spoke ne in response to
t hermal act udPg rittaghed tg@qﬁl&wékewmﬁe@ﬁemtmwhe@@b speksrmembéradetsndt | east
two anchor f th roel ectronic
substrate aggé@? rFtehggl{a B%ﬁ%ﬂ%rmf‘?’oc}h E@g%}ﬁﬁe@ eerrllglthe hlbeﬁp\fggﬁxef‘ﬁ’grsﬁ? uat or

nmenbers. | n adepEdris énposetaretativhaldotco @hitdring hﬂeslﬁihﬁél&ﬂklﬁﬁgé’ﬂlﬁ dtd her arches,
t her eby causm%ethe to nove which, in turn, typically

h Kk nb
inparts a rotHPCHHEP #ﬁl’eﬁg‘%&gﬁg@ﬁ’% Frssuchaibatthp &R ¢an yotatein gitles aVENS

structure cagobihitder cduRidréldasd ¢ !il?ébtloﬁlﬂ idBlnéhyd, east one

m croel ectronmechani cal actuator iIs opera y connected, not to a hub spoke
menber, But to a FThadE\bkeusterendone Ambediatent slseinchidencheiatmore of one

m cr oel ect rormﬁhanl cal i tuat l'<fr erﬂetjrfh cause the ar %hed beam further arch,
thereby cau¥l“RESIRBGS gtofp%l ac %Fm‘frBC stiateiand opg Af mekyses t he

ring to rotaiRhoRd sﬁ&id 98@&bér¥ dlsbb&dl\%me%ttﬁé’ﬁﬁgjﬁl’ﬁﬁre%echb@ oh& FIRI ng

enbodi nents can eac include a plurality of m croelectronechani cal
actuat ors. |#chprememberdi Pfémanchor@l sp@kc)meerb(efser@@ralpus@@/rwaﬁa to ¢hanges

m cr oel ectr o I, [ e.c gured to.inpart f rces whi ch
cause the hgg&gﬁ%f&%tﬁe ™ Cht%gglpétl%?e { nt N ertgr‘r@ng G BR0Lq 'SHal Preanot her
enbodi melst , orhtheringr ,Astlh:éorMiNE réfatibfd] UsRe Gk HhE Finkith $étaRNElaBEERNHe SEt s Of

hub in either a clockwise or counterclockwise direction.

The MEMS structure of one embodiment can include at least one
microelectromechanical actuator connected to a hub spoke member for
controllably moving the hub spoke member in response to thermal actuation. The

20 microelectromechanical actuator includes at least two anchor members connected
to the surface of the microelectronic substrate and at least one arched beam
extending between the actuator members. In response to thermal actuation, the
arched beam further arches, thereby causing the hub spoke member to move
which, in turn, typically imparts a rotational force upon the hub. Alternatively, this

25  MEMS structure can further include a ring, such that at least one
microelectromechanical actuator is operably connected, not to a hub spoke
member, but to a ring spoke member. As such, thermal actuation of one
microelectromechanical actuator will cause the arched beam further arch, thereby
causing the ring spoke member to move which, in turn, causes the ring to rotate.

30 Optionally, the MEMS structures of the foregoing embodiments can each

include a plurality of microelectromechanical actuators. In one embodiment, the



m croel ectromechani cal actuators. According to this enbodi ment, one set is
S'configured to inpart forces which cause the hub and/or ring to rotate in
“one di re% 0 ile the second set is configured to inpart forces which
cause the hub 'and/or ring to rotate in the opposite directFSHSOEHub
and/or the ring can therefore be rotated in either a clockw se or
countercl ockwi se direction in response to the activation of the first and

second sets gficrotlestash@bbhioMBehanrsak caﬁﬁg{ﬁé&fo% éﬂapt fbf&@%@l@'&ﬁﬂ% ggeous
enbodi nent, at |east a portion of the ring inclu refl ective surface,

t her eby per gk anggortthe ringhasrosate icthaseme direesionc aecbtyerr@ﬁboemnentl ight as it

| | abl th f s at | east one
hol e having I aiatdfs MM RRLORL AOR0R ARy el “Substrate. Ao such.

t he positi onmi@beltditonixahenitsllaatuaroes. t@cddﬂ&nghﬂﬂl@scﬁn&fdlﬁi@ﬂt shbsd fat e varies
as the ring rotates. 15 Further, the mcroelectronic substrate of this
embodi ment  of O RETEREMRE fReeh hick sansa eedudemidfes g t eefste inare hol e whi ch

I's al ternat el abhanRsk ﬁlr@ggggnggu 1906 b o, b SR Dh IR A R | e

inthe ring as the rin

enbodi ment dafd/memgtopammgehé dpposighditétsioni e amldaxai/bxethea;hg\é@xhy the
substrate to_function as .a v Ive r an optical shutter. 20 The MENMS
structure of! hﬁ?‘?g THOF TeiRisddn st sopalRckIviss difeetare | reghionpros ed

upon the surfagea&fvalibe omh% gl a‘ﬁ@ SEQRHGeR 4P ?rft&ﬁél@ct ec%aﬁ%?ipzlct iR ary

conductive surface disposed on the ring overlying the substrate Arid spaced
therefrodl As t helorineqdvattageess elpbedintche asleas‘taqaerturfn dfrte ﬁﬂ@&ioﬂtﬂie@a the area
of overlap b en t onductive .surf vari es such that the MEMS
structure ca’ﬁ feLf'H ?%ﬁ“ é%’yé’%}tflﬁ% @ﬁﬁ%{iqt%mmgﬁq etivelyiraldect t he MEMS
structure of i@nat hebntrEIdEJIRES, nn%bwl@e&naéddn%ﬁtsEhe%fg EAas et Bhéed to

the surface of the mcroelectronic substrate and at least one contact
affi xed to thde hpving amaxis Heat rntﬁgects b audace dfitlee wibstraictAs sichethaabsitien y

connect and (gjftﬁg B&@?glgtl%ut%qhé elﬁ%ac%, o?télael sh@stl‘cagt %ag’ge% éé dﬁarggfiﬁtve as a swi tch.

Further, the contacts can be %hat different
anount s 1df eFeticr,ithamidrosleat@nNe Qibsite l@@t}ﬁ@érﬁsédlmehﬁ/of%@mms%ﬁ‘métﬁl% ring

rotates. WD 00/ 57055 PCT] USOCQO 03867 5. . o _
can also define at least one hole which is alternately aligned and misaligned with
the one or more holes defined in the ring as the ring rotates. As such, the MEMS
structure of this embodiment defines a passage through the ring and alternatively
the substrate to function as a valve or an optical shutter.

20 The MEMS structure of another embodiment includes a conductive surface
disposed upon the surface of the microelectronic substrate and a complimentary
conductive surface disposed on the ring overlying the substrate and spaced
therefrom. As the ring rotates above the surface of the substrate, the area of
overlap between the conductive surfaces varies such that the MEMS structure can

25  function as a variable capacitor. Still further, the MEMS structure of another
embodiment includes at least one contact affixed to the surface of the
microelectronic substrate and at least one contact affixed to the ring. As the ring
rotates, the contacts alternatively connect and disconnect such that the MEMS
structure can serve as a switch. Further, the contacts can be electrically connected

30 such that different amounts of electrical resistance can be selectively created as the

ring rotates.



As a result of its construction, the MEMS structure of the present
invention is adapted to provide rotary notion in a controlled fashion. As
" such, thev{}@}}@yo?structures can be used in a wide variety of p | i cations,

i ncl udi ng W2 shutters, variable capacitors, switchesPGIASY/8863ng the
| i ke, at |east some of whi ch have been- 5 descri bed above. Although t he
foregoing invention wll be described i n sone detail, it wll be obvious

that certain changgsa ARt BPRE EdreahitRAS HEBYERS RhRkkd Sﬁﬁlleggés@lﬂn{/éh@ionSCOpe
of the invention described herein. 10 BRI EF DESCRI PTI ON THE FI GURES

Figure 1(a) analapiegup @ravigy rosrs niasiopen picortralled fashpony i Answohdthe MEMESs -

sectional vi l.ine .a-a_of a.si rotary
structure a%\éf’gétg%%gga?égg%g i &¥uide Naristy of alfpﬁgatﬂﬁrgslé]ﬁlu(af%‘@mqstl\)@uﬁiﬁ Fi gure
2(a) and Fi guagatd¢ bipazitersl esinees,irvialy aad teRikél AVveansbiAe 6f RERH ha®Shdegnal

Vi ewtaken along._line b-b of a mobi | e out er ring MEVS rotary structure

accordi ng St o dstraibedBbRNSent of the present invention. Fi gure 3(a) and

3 DR (208 of TSBREEN M) drdo bR Vit A o8 dBLABRY 1P EE4 AOAL, b {2

along line c-c of e m 1ccordlng
to one enbodlbmmnouﬁ thalneermlesleamtges zrndaﬂballﬁaatmﬁlsgrlaly%p%@)cea Vith(rthear e top
vi ews of various TAB. ( arched bean) structures according to
one enbodi mﬁ?o%oﬁ%mb’?@ es? ﬁ’leff‘é‘h Figure 5(a) and Figure 5(b) are
top views of two alternative enbodiments of a nobile hub rotary structure
according to the present invention in which TAB 25 actuators inpose
rotationdl force upon the nobile hub. Figure 6(a) and Figure 6(b) are top

i of two alternative i ructures according
;“oe\t/\ﬁe present invention Wﬁ?@@?ﬁ%ﬁﬁ&ﬁmﬁg radially fromthe
ring and hub, resﬂﬁﬁlﬁl‘e\/ﬂh)’and"_lrlgk'feel(ﬁQﬁ)er@s’ﬂ)@ctﬁle%%?o QwaﬁaﬁcfﬁépeK/tE :v\éel y a

top view and a cross 30 sectional view taken along |ine d-
rotary structertenplxipvidakenraédngdieiaveof ssimpirmobitciortoMi S wtaystrectoadi ment

of the pr ese%eor&\{lg 0 0196 émbodiment of the present invention.

15 Figure 2(a) and Figure 2(b) are respectively a top view and a cross-
sectional view taken along line b-b of a mobile outer ring MEMS rotary structure
according to one embodiment of the present invention.

Figure 3(a) and Figure 3(b) are respectively a top view and a cross-
sectional view taken along line c-c of a mobile middle ring MEMS rotary structure

20 according to one embodiment of the present invention.

Figures 4(a) to 4(e) are top views of various MEMS TAB (thermal arched
beam) structures according to one embodiment of the present invention.

Figure 5(a) and Figure 5(b) are top views of two alternative embodiments
of a mobile hub rotary structure according to the present invention in which TAB

25 actuators impose rotational force upon the mobile hub.

Figure 6(a) and Figure 6(b) are top views of two alternative embodiments
of MEMS rotary structures according to the present invention that include a lever
extending radially from the ring and hub, respectively.

Figure 7(a) and Figure 7(b) are respectively a top view and a cross-

30 sectionél view taken along line d-d of a MEMS rotary structure having a reflective

surface according to one embodiment of the present invention.



WO 00/ 57055 PCTI USOCO' 03867 6 Figure 8(a) and Figure 8(b) are respectively
a‘top view and a cross- sectional view taken along line e-e of a MEMS
“rotary Vah%ﬁm o hutter structure according to one enbodi nent of the
present inven . Figure 9(a) and Figure 9(b) are schenmat PETASHI3§7ens of
a MEMS rotary 5 switch structure accordgng to one enbodi nent of the
present invention wherein contacts di sposed on the ring and base substrate

are respectively dhisaREIeciRAFi2NR: 8(5?5&@‘?%@&1%@ QWgﬁlé\Q(aﬁéi a chdsgur € 10(b),

and Figure 10(c) are tmo top views and Cross-se onal view taken al ong
line | OC locswloaaWEmta)@nlaMgélm@p%\@ﬁaMEMS)rcvtantyarayvmrrshnﬂmrs&uaumor ding to

one enbodi ment (gmt he resg%(%m;?gtv%gﬁ%’on wherein the degree of overlap

bet ween condd&T0FEEILO%] ¥R PIERRN IY5BU ance  t her ebet ween. Fi gure

11(a) and Figure ¥k S andaspeetdBRhy sé‘hér@éi’lc\éid%v‘(lléwgoﬁam &h si de

view illustrating a rotational connection between a pin disposed upon a
base 15 i cPuBFlRstrychiEacenidisg taoee embodimpuitofdhc presentiEMBntiat wherest r uct ur e

h
or esont "1 nyentTar HERAy HERRL aRPhBES AL Shihestorl fiberde e

reference tocohecdconpanyi ng drawi ngs, in which preferred enbodi rrent s of
the present invention are shown. The present invention may, however, be
enbodi ed in nany Figured 06n: F'rgar%()@mnéﬁhgm 1960) asetwmioptvicretands: | imited to

Lhe, ppod By sx@bnhQibD dIe) Sidh 1hBY el AESBRIL ROk IROLR (S, P o) fod

so that this sure w | oroug TI fully
convey the scapy sdnhcmhseaqabahmto ane\eatblod hment bﬁtHeip@%n&hvéﬂtﬁﬂ wherdiehear t .
Features in the drgvvl ngs.ar e not (Pecessarll to scale, but nerely serve to

illustrate tHESTHT @ P By YRCn GRnAUCIqrs ISlisEsdre VAIRTIRE cangcliingg el enent s
t hr oughout . WR-G{wB55 PCTI USOCO 03867 7

Figure 11(a) and Figure 11(b) are respectively a top view and a schematic
side view illustrating a rotational connection between a pin disposed upon a base
15 microelectronic substrate and a hub of any MEMS rotary structure of the present

invention.

DETAILED DESCRIPTION OF THE INVENTION

20 The present invention will now be described more fully hereinafter with
reference to the accompanying drawings, in which preferred embodiments of the
present invention are shown. The present invention may, however, be embodied in
many different forms and should not be construed as limited to the embodiments
set forth herein; rather, these embodiments are provided so that this disclosure will

25  be thorough and complete, and will fully convey the scope of the present invention
to those skilled in the art. Features in the drawings are not necessarily to scale, but
merely serve to illustrate the present invention. Like numbers refer to like

elements throughout.



Mobile Hub A MEMS rotary structure according to one enbodi nent is shown by
a‘top viewin Figure 1(a) and a cross sectional view taken through |ine
“a-a in Fi %Eo/%o%gb). The MEMS rotary structure of this enbodi nent
conprises a hu 0 disposed upon and suspended above the PSHUSA¥®8HT 4

m croel ectronic substrate 10 and at |eagt-two hub spoke nmenbers 110
extending radially outward fromthe hub and spaced fromthe substrate by a
gap 175. The hub spoke nenbers are agg¥irdiyd © i npose rotational forces on
the hub in response to changes in tenperature, as 10 described bel ow. Wile
the hub is shown to be a solid cylindrical elenent, the hub can have ot her

shapes and need nqt I but can be tubul ar .or..the.like. = Typically,
the nicroel ect ron?\t suggg Jr)t(fill’S/eStriug ufr%?'cr%g’&ﬁ%g t%sqqeie&pﬁ_dlxpgﬁé%g}o,wqwe;}/ fop

i croel ect r onieev Bullighret @) a@ha besd @ciBith] ofevolaRer thm%nrlhﬁlasa iPRigirés gl ass
or other _sem conductors. In addition, the hub and the hub spoke nenbers

are typical | y(®)15hedRMP iofary strgatene of shig pmbedinicokeimprisest hitg 18@posi t ed
th h i t i i i h.
ol ect Sopi at | AEPOREn BhA Sl BN A IR AT R e e TRl 1

conj uncti on wnd ht ibdme twé Bobreoke mednststrO BRI @& diat @R utthrS froRaihe Mub
8/ 767,192, 08,965, 277 and 08/ 936, 958; the

Application Seri al ﬁfglgsl%tg

contents of @AY SACRGIFaMYBE UbsHES Gy 8Pdd Shyl he dith srokeemepbere vesradapted NEMS 20
rotary strucCidinSRB%biat LGl e _nmenbers can
be forned by orll:ﬁ?c fer é?\ﬂtl&%ag?ﬁﬁsgﬁégé }é%%fﬁgrfe %F?@?%%F&ﬁg%?@gﬁ%&m? fit! udi ng

si l'i con, 10 wi tessubedibglawt iWigild the b heshepinrtd be andlid cypeirehl dlkaen @S aab

invention. As shown .in Figures 1(a nd 1 , the hub 100 defines a central
axis 105 th§t" E‘arYteé)rﬂ%eééF@’%f G5 g?F%f‘ZS’ége 6?1“{’ E)Bt GndedebEan ordhe bkgubstrate. In
addi ti on, each hulry,2silsRakeidBaierontcndelit RG3nAy HIBREAMA oW AL (X! endi ng

| engt hwi se t heret hrough. According to the present 1nvention, eac ub spoke
menber is coRhetleeramac suhstratqghn be firmied ofpthe! mratediatso shtratgldss onothtie cent r al

axis of the - hi Sy.r rd, .the, i i;nary line extendin engt hwi se

t hr ough eachpﬁlglﬁoéd;ug Oés'rrléln%%g?mlnhihg@géf@%%r@% S\ﬁﬁlﬁe% e‘isd’é%ﬁyipgﬁh}:’)ffset
sonewhat 15 r oforieé of @ didtdl| sueKias nikell Bt RURpod&d SMbhigh hhBitdRatbl Bir&ROKe
menbers can inpart torque and rotational ?orce to %he hub as the hub spoke

menber s expaR@NBRCEHAL PERCEssH siabrig bryistactraplating, wapn dre substrate in the same

manner as described in conjunction with the thermal arched beam actuators by
U.S. Patent Application Serial Nos. 08/767,192, 08,965,277 and 08/936,958; the
contents of which have been incorporated by reference. However, the MEMS
20 rotary structure and, in particular, the hub and the hub spoke members can be
formed by different techniques and of different materials, including silicon,
without departing from the spirit and scope of the present invention.
As shown in Figures 1(a) and 1(b), the hub 100 defines a central axis 105
that intersects the surface of the microelectronic substrate. In addition, each hub
25 spoke member 110 defines an imaginary line extending lengthwise therethrough.
According to the present invention, each hub spoke member is connected to the
hub, but is displaced somewhat from the central axis of the hub. In this regard, the
imaginary line extending lengthwise through each hub spoke member intersects the
hub at a location offset somewhat from the central axis of the hub. As such, the
30 hub spoke members can impart torque and rotational force to the hub as the hub

spoke members expand or contract during thermal actuation.



WO 00/ 57055 PCTIUSOO' 03867 - 8 As illustrated in Figures 1(a) and 1(b),
the MEMS rotary structure of this enbodinment also includes at |east two
~anchor nenbers affixed to the substrate. Each anchor menber is preferably
formed byWOHWE/SERAe process and of the sane material, suchr@BUSUIOOBS:, as
the hub and the hub spoke nenbers. Furtdher, each hub 5 spoke nenber extends
between the hub and a respective anchor nenber, although each hub spoke
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surface of a mcroelectronic substrate 10 and at |east two equ Ty space
hub spoke MWoriBéptatednhn erposite sonpoda eitbertasamiickiviseae sotmeichzkvige i N

Contral - axiis gRORR b Prod EIRGR NS By RicuR ol Hiiero@bohyion o
subst r dbe. rElthe tuuthe spakeaxieotae hillR hEwheR&She hub spoke is heated or cooled.
Those skilled in the art will appreciate that the hub spoke member can be heated or
cooled by using many different techniques. For instance, the ambient temperature
of a hub spoke member can be altered by changing the ambient temperature,

selectively applying fluid or gasses, or selectively passing electrical current,
20

Mobile Outer Ring

Figures 2(a) and 2(b) illustrate a MEMS rotary structure according to
another embodiment that includes a mobile outer ring. As described above, the
MEMS rotary structure of this embodiment includes a hub 100 affixed to the

25 surface of a microelectronic substraté 10 and at least two equally spaced hub spoke
members adapted to impose rotational forces to the hub in response to changes in
temperature. As before, the hub 100 defines a central axis 105 that intersects the
surface of the microelectronic substrate. Each hub spoke member 120 extends
outwardly from the hub 100 so as to define a lengthwise extending imaginary line.

30 Asdescribed above, each hub spoke member is displaced somewhat from the
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the hub spoke is heated and

15 between the hub and the ring. In operation, when

expands, the hub spoke therefore applies rotational force in one sense to the ring.

In addition, when the hub spoke is cooled and contracts, the hub spoke applies

rotational force to the ring in the opposite sense. Itis important that the hub spoke

members are maintained at a different temperature, either hotter or cooler, relative

20  to the ring when thermal actuation is applied to cause rotation. Numerous

techniques may be used to thermally actuate the hub spoke members. Indirect

heating proximate the hub spoke members may be used. Preferably, direct heating

can be provided by conducting electrical current through the hub spoke members,

as described below.
25 As shown in Figure 2(a), the hub can comprise two generally semicircular

portions separated by an air gap 106. By applying a voltage differential between

the two portions of the hub, for instance first portion 102 and second portion 103

as shown, current can flow through the MEMS rotary structure as shown in Figure

2(a), thereby directly heating the hub spoke members and causing thermal

30  actuation thereof. In particular, pairs of hub spoke members are disposed between

the ring and the first and second portions of the hub, respectively, and are adapted



the two portions of the hub, for instance first portion 102 and second
portion 103 as shown, current can flow through the MEMS rotary structure

" as shown | i e 2(a), thereby directly heating the hub spoke nenbers
and causiwg@ﬁgbrgrsral 30 actuation thereof. In particular, pﬁ?f@s‘w{"-”?ﬂb spoke
menbers are di sposed between the ring and-the first and second portions of
t he hub, respectively, and are adapted WO 00/57055 PCTI USOO' 03867 - 10

for thermal agthanabactagion &astult oTfthd Mitecdhéfinl chandd MgmELRRLRG by the
electrical current flow ng between the two portions of the hub. 5 Mbile
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about the ring and an equal nunber of anchors associated with respective
anchor ed spokes. BadapigisdioFignrepdlarandhpghe VBMBsodisgossade bbt ween t he

ring 200 and [ i.ng anchaor 170. . Wil e the anchored. spoke nenber
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affixed to tmembersfizZoandfat lchg ofit ¢6:2&9p6adinG Bhcho UPEL KRk EptrdblyaRd serves to
support the anchored spoke nepber 150, The MEMS rotary structure of this

enbodi nent i MG EL2HHRCHEROkBiskeanbosdenent ircludeg aphenbive avplsked sofber s.
Either t h . . or _both may be
t her mal Igtﬁac?ﬁgrz]il?gﬁ %E%g‘gggp t% g&égﬁ eartlﬂgr%ﬂ%{x)ﬁqg‘%‘?{fﬁgﬂgI'é’;ﬁl’ag{uf%qura(f) AT For this
enbodi ment, ofenchers assniael with fespecsivs pacided spblse BRhanctafréd spplet 0 t he
surface of the ]eé{)m croelectronic substrate. In the illustrated

embodi nent , Ifﬂﬁ@%grﬁ bis diFPSssdis s ung A0 anshibe sarrespondingenchosd 29 onal
f e e it .
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menbers are disposed at a non-ort an ative ng. As

such, expans3®n thaanahoni 7&istafired toftha dvefas ofibe edcplzkeome shisstiate 10 t he

| engt hw direction wll use.the ring to 25 rotate. Since the ring is
Fhe B €5 Bickord shek

tied to SRS (hamRaE tRyHKao nemBertSOon of the

The MEMS rotary structure of this embodiment includes both hub spoke

members and anchored spoke members. Either the hub spoke members, the
anchored spoke members, or both may be thermally actuated so as to cause the hub
and the ring to rotate. For this embodiment, the hub can be either suspended above

20  or affixed to the surface of the base microelectronic substrate. In the illustrated
embodiment, the anchored spoke members are adapted to impart rotational forces
to the ring and, in turn, to the hub since the anchored spoke members are disposed
at a non-orthogonal angle relative to the ring. As such, expansion and contraction
of the anchored spoke members in the lengthwise direction will cause the ring to

25  rotate. Since the ring is tied to the hub by the hub spoke members, rotation of the
ring will cause the hub to rotate. Since the anchored spoke members are adapted to
rotate the MEMS rotary structure of the illustrated embodiment, the hub spoke
members need not be offset from the center axis of the hub as described above in
conjunction with other embodiments.

30 In operation, when an anchored spoke of the MEMS rotary structure of

Figures 3(a) and 3(b) is heated and expands, the heated spoke applies rotational



ring will cause the hub to rotate. Since the anchored spoke menbers are
adapted to rotate the MEMS rotary structure of the illustrated ]?nbﬁdl rr:egt
“the hub s ers need not be offset fromthe center axis of the hu
as descri l@g&dﬁ%% Ve in conjunction with other enbodiments. PSH/US0/RISET at i on,
when an anchored spoke of the MEMS rotany structure of Figures 3(a) and
3(b) is heated and expands, the heated spoke applies rotational WO 00/57055
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provi de rot atambe dispdsdd apprsidedoriioas foredsn thRekdt bPHpyMRMte By a i ed in
several ways in this enbodinment. For_instance, altering the placenment of
the spokes wrESROPSEIPERINZEY I} teBPEafire-alThais, shagpokeseantobperals to aravidche

rotation. Fo Xeel i [ fromth ntral axis can
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i nproved rotational displacenent an itional nodes of rotation as

cgprrpar ed wi ? A PRBOGS F@?HT@T@SB aﬁ@ﬁ?@.O?ltWPF%Wlt@,res_t’%é‘étf@@nqr@dxlsmft he art
will appreci aloubldiladGhtAi@ich, oo BLarhiRfl LRRERiLLNE R KRS fR! arched
beans can be used to provide rotational tforce to all enbodi ments of the
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Figures 5(a) tt%peq'oé(a%%reicuteut%%{ t%% TVHILIOI% () a%sst{'uoc u%g%f altlsr grrcllgcgjc{ir%er?tfprg\r/]i?igsher

15 improved rotational displacement and additional modes of rotation as compared
with the prior embodiments. Importantly, those skilled in the art will appreciate
that actuators other than those driven by thermal arched beams can be used to
provide rotational force to all embodiments of the MEMS rotary structures of the
present invention.

20

TAB Driven Mobile Hub
Figures 5(a) and 5(b) illustrate the MEMS rotary structure of another

embodiment of the present invention. While the hub spoke members can be linear
as illustrated in conjunction with prior embodiments, the hub spoke members can
25  be non-linear as shown in Figures 5(a) and 5(b). In order to impart rotational
forces to the hub, however, the imaginary line extending lengthwise through at
least a portion of the hub spoke member must be offset from the center axis of the
hub. As such, rotational forces will be imparted to the hub even if the imaginary
line extending lengthwise through other portions of the hub spoke member does

30 extend through the center axis.



enbodi nent of the present invention. Wile the hub spoke nenbers can be

linear as illustrated in conjunction with prior enbodi nents, the hubdspoke
" menbers c¢ non-linear as shown in Figures 5(a) and 5(b). In order to
i mpart rotati ongss forces to the hub, however, the inaginaf T%’F??éo-”%@?tendl ng

| engt hwi se through at [|east a portionr ak the hub spoke nmember nust be
offset fromthe center axis of the hub. As such, rotational forces will be
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t hrough other portions of the hub spoke nmenber does 30 extend through the

center axis. TWH Dorredlegmnmchrustacaseydisposed on TeesukaMsof diear y structure of
thi's enbodi ment. al.s0,i0ELIES. 908, 8L, AIB € o TAB, I 610, el ectr preghani cal

actuators di sposed on e’surface o ate. Each

actuator is eu¥eeth drdetorBGRaEE hiviespuikl nsdee? in FEBPARIRE td theRhASknhRoqove the
hub spoke_ menber in response to thermal actuation. 5 Al though the hub spoke

menber cah ardGopgh thdrspeke m%b@r@w@zbgt@meﬂﬁb@aomve %ﬁoiﬁsuﬁmdiilgn Wi tB
h th i . . f e _enmbodi ment need not be
1Eorerrgd 31[ 2anggﬁgkwlﬁ%@%g%gie?ﬂnglﬁ}%mﬁglﬁlgesg&feanlg%%tﬂ‘%en response to

t enper at ure emandjieEnsheedeot he forined o€ b ect¢rtirenh sighERhnIACERIAEEY B leddiipVi de
anple notive.force. 10 Wile the m croel ectronechani cal actuators can have
many di f f er eHt TCSRATSHN FRWERIUTE gRanges piget Wempisiosiorapmeshanical anieabors

preferably i gelvitdedie nfdigt ®te. @rched beam (TAB) actuators described by
U S. Patent pli catélon Seri aIeNo. 08/ 767,192, the contents of which have

been i ncd? por at ed Wiyilerthé eriemelectrdmedhhnisal acegarrslcanviaavic anesy idBerast uat ors are
depicted in strates one enbodi nent of a TAB

Figure 4 15 Figure 4(a), ill .
actuator hav Flﬁlgoémfpﬁg&‘@ m, %@F‘F@H%‘Séﬁf“cﬂga%%% preferabiyapclyde theithyrmal
constructed @rhal bane(TABFiQ@LESIdeQMbEd BYRSS rBi& hQplidfton |RR.PREM act uat or
conprises two supports 20 and 30 affixed to the base mcroelectronic

substrate, aR¥7an132.dheerriensvohichhaenblicngndoeporeted byotkrenoppbrths. The ends
oL e e SIS Bl G0yl JpiFRu GRS o0 (Pt (he arched bea
15 Figure 4(a) illustrates one embodiment of a TAB actuator having a single
arched beam. As shown, the TAB actuator is constructed on a base
microelectronic substrate 10. The TAB beam actuator comprises two supports 20
and 30 affixed to the base microelectronic substrate, and an arched beam 40
extending between both supports. The ends of the arched beam are affixed to the
20 supports so that the arched beam is held in place above the surface of the base
microelectronic substrate. The supports and the arched beam are preferably
constructed from a conductive metal, such as electroplated nickel, but alternatively
may be constructed from a semiconductor, such as silicon. In any event, the
arched beam should be constructed from a material that expands or contracts in
25  response to changes in temperature. Typically, the beam is comprised of a material
with a positive coefficient of thermal expansion that expands with increases in
temperature. However, the beam can also be created from material that has a
negative coefficient of thermal expansion that contracts as temperature increases.
As shown, the single beam is arched in a predetermined direction 50 such that

30  thermal expansion will cause the beam to further arch in the same direction.



m croel ectronic substrate. The supports and the arched beam are preferably
constructed froma conductive netal, such as el ectropl ated nickel, but
“alternati %/575%y be constructed froma sem conductor, such as silicon. In
any event, the arched beam shoul d be constructed from a nBEEUSH/03BHat
expands or contracts in 25 response te acBanges in tenperature. Typically,
the beamis conprised of a material wth a positive coefficient of thermal

expansi on that exgasdPhdthatbPGmedeSaclufle meSIEBE AtdH: th Sltureldte Deam
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the direction opposite to e arr ow. ous heat or

cool a singl direebmwitind thdlerae)yr alastsgiveheindRearRkicth£ kpand npdy KeaRkd.act .
Current fl OV\%E% t hrough the beam can generate heat directly within the
beam or al t éPREPMAIIEEsss TR apund tharchdheamemamglse be usssdo heatrns f1 ow of

gases or |iq%ﬁ%n%?éﬂé@@e&ﬂeC%ﬁﬁ)hfaﬁiggi%g&%atn PR Péé:ﬁ#lﬁ@gs k2 gﬁ l, Qr  cool

an arched beam Conbinations o er te ues I Ireating or
10 cool i Yy negoling miaekk wietl within the ppesesteintertionent i on.  Anot her enbodi nent of
i.l lustrated herein, the TAB

a TAB actuator is,shown i -l qur e . As :
actuat or can incl MB%W@?@%%O%%&C%% S&’@}"’nﬂ,mg‘gﬁcﬂ(?)z Ahat ext end
bet ween supp@nisgad® hareeh, 3@ TAH rat:ﬂﬁ%)r A BB 16 bHAHAS arRhed BHafhs 4TpdI ment

can include at |east one coupler 60 for interconnecting two or noré 15
arched beansandrhkthebenstt beiwkavmipports 2bamkd. dheties dhdY ABhetpttarrodlthity  of

DEE 10 e BRI OGRS L G e SBAESRE °
appreci a1 t hahedbeaniiuMercofpler Alciate ReadEcransh BPHRIpRIElIGHT eEmyged Wi thin
the present invention. For_ instance,
be combined to provide greater force, greater displacement, and a stiffer and more
robust actuator design. Those skilled in the art will appreciate that any number of
arched beams and couplers can be used within the present invention. For instance,
Figure 4(c) shows an eight beam TAB actuator. When the arched beams are
20 heated, the beams expand thereby further arching in the predetermined direction.
As such, the coupler moves in the direction of the arrow 50 when at least one beam
is heated and expands. Conversely, the coupler moves in a direction opposite to
the arrow 50 when at least one beam is cooled and contracts. Those skilled in the
art will understand that the arched beams are preferably arched in the same
25  direction, although alternative arrangements of arched beams in which some of the
beams are arched in a different or opposite direction are possible. As with the
single arched beam, the TAB actuator can include various means to heat or cool
one or more of the plurality of arched beams.
Figure 4(c) illustrates one embodiment of a TAB actuator that employs

30  direct heating of the arched beams. In this case, current is passed through each

arched beam to provide direct resistive heating of the beams, thereby causing each



Figure 4(c) shows an eight beam TAB actuator. Wien the arched beans are 20
heat ed, the beans expand thereby further arching in the predﬁterm ned50
“direction h, the coupler noves in the direction of the arrow
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noves in a direction opposite to the -aridow 50 when at | east one beamis
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unheat ed or ab@biddbhLS didchaRtifgirdc Hé@tfn?%g%@&s%@}an‘a%z{t‘%ﬁé curfdit F Y1 N9
beans. The remai ni ng beans do not carry cCurrent because they are
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30 b i nsul rs. 21 apd hose skilled in the a

di ffgr ent c%&f@f’?ﬁr{(ﬁn})ﬂga g%%d?"}léag?ﬁ?m’gial‘?cﬁxfe lthﬁ%‘S‘i %1@15?%%%‘?‘1 He°ded, and
that the curseitrabCreaged Bch Rypdntife patEneth RABIR ARHcht ARY iPEnEGMal - Figure
4(e) illustrates another enbodinent of a TAB actuator having an external

heater 90 di 3%@%564% nAsshogiih serrtagied hard e used o dentpelyienergiatther n t o
heet L anbLenbasoch i s 06! SRS B SRl L, 1 O
t ypi cal | ¥5 cosshicondwtbrimaenid. conducti ve netal or a 15 sem conduct or
material . Having described some representative TAB actuators, we return to the
discussion of the MEMS rotary structure embodiments shown in Figures 5(a) and
5(b). Regardless of the type of TAB actuator, each hub spoke member 130 is
operably connected to both a TAB actuator 300 and the hub 100, and serves to
20 transmit rotational force from the TAB array to the hub. Each hub spoke member
is operably connected to the arched beams of the respective TAB actuators such
that thermal actuation of the TAB actuator will cause the arched beams to further
arch in a predetermined direction, thereby also moving the hub spoke members in
the predetermined direction. Each hub spoke member is thereby disposed to
25  impart rotational force to the operably connected hub. Although the illustrated
embodiment does not include a ring, the MEMS rotary structure may optionally
further include a ring as well as corresponding spoke members disposed between
the ring and the hub as previously described.
TAB actuators can be disposed to rotate a hub in either a clockwise or

30 counterclockwise direction within a particular MEMS rotary structure. For the

example shown in Figure 5(a), TAB actuators are collectively disposed to provide



Havi ng descri bed sone representative TAB actuators, we return to the
dirscussion of the MEMS rotary structure enbodi nents shown in Figures 5(a)
“and 5(b) | ess of the type of TAB actuator, each hub spoke nenber
130 i s Bmﬁg%?fgconnected to both a TAB actuator 300 and PREUAMA38G0, and
serves to 20 transmt rotational force fisomthe TAB array to the hub. Each
hub spoke member is operably connected to the arched beans of the
respective TRABcR&IsE2b@liSnad ¥bes tB h&d hith %%htr?s@ tBIHP Bx da%pl& hfhsg’g@ aptuator
wi || cause the arched beans to further arch i'n a predeterm ne irection,
t her eby al soFigiredgb) nsludeb TédFoictuatenyibiemalely dispuseteepteveleiotied di recti on.

Each hub spok nher there dIS osed art rotational force to
the operably gﬁ%ﬁggfggcﬂﬂgacgfg%gﬁéﬂ:?%%Wﬂﬁ¥ﬂéngﬁgHﬁmBﬁHB@Wﬁ%nt does not
include a ri mgpeddies MEWRIGhOL AB )éct%htrok%cérb' h8atERYi AR Fl@ﬂ?é 5 ), the! Bﬁmﬁlay ppcl ude a
ring as well as correspondi ng spoke nenbers di sposed ween rrng and

the hub a% pra¢stgh fptajedsiarg @Q*Wlwda@uu@t@@@%@rdlmtldn sBmsxastamcm rotate a

hub in eithe caunt rcloc di W thin a
particul ar I\/EI@% %3?%%3%? raﬁ{i:g ﬁgoor’ﬁf)arief e@?grﬁ?%e ié}‘an lf?ftlf‘l*il éE Pl 5(a),
TAB act uat or sheasts ronitd e thub @Dy irtlh slpoisede behsor BVdoheaMOrA% RAA%%s 301

PCT/ US00/ 03867, _- 15 «clockwi se rotational forces to the hub. In contrast,
anot her exanpMd393 eapperalg wdneye hubj spokel My mdirertien Hbjaed thBba@lrQYaﬂll(Q)r s

al ternat el cl ockwi se and count ercl ockw se
rotation thg?ﬁﬂgéﬁgﬁgg?%&gy@gg?ggég% Dependi ng on which TAB actuators
are heat®d within Figure 5(b), the hub nay be 5 selectively rotated in a
cl ockwi se and count ercl ock e olrectlon For i nstance, TAB actuators 302
and 304 cooperate to nove FYSHORE L VP SVEE0 and thereby rotate
the hub 100 in a ghockihsGniBRgsen &ftﬁemmtr iy SnRELYAbRBe ARy and 303
cooperate to nove hub spoke 130 in direction %f ere y prOV|

count er cl ockvedrsles gmplayédom atmdlervenbtgtmf apiiliovEMS, Relwaling v&iteramhlabmatlda,va ng a

structure descri bed above
Lever The Va{érr?p%%atgrmggsorrmor}ttﬁe 1 }tfowevelv%he Mﬁdg rotary structures of the

15 present invention can include other features that adapt the MEMS rotary structure

to still other applications. In this regard, Figures 6(a) and 6(b) illustrate an
optional modification that can be made to the MEMS rotary structures discussed
above. A lever 250 may be added to any ring structure as shown in Figure 6(a).
In addition, as shown in Figure 6(b), a lever 250 may be added to any hub

20  structure described herein. The lever is affixed to and can extend outwardly from
the hub or ring as shown. In addition, the lever may be disposed to extend
inwardly from the ring toward the hub. Further, a hub or ring can include levers
extending outwardly and inwardly therefrom in combination, or disposed in some
other configuration. In any case, the lever will rotate with the hub and/or ring and

25 can be used to transmit force. Those skilled in the art will understand that the lever
can allow numerous other structures to be selectively activated as the hub or ring
rotates. The applications of the MEMS rotary structure that includes a lever
encompass, but are not limited to, switches, relays, fluid valves and pumps,
electromagnetic shutters, and other actuator driven devices.

30

MEMS Rotary Structure Having a Reflective Surface




can be enployed in a wide variety of applications, including use as an
actuator, a tenperature sensor, or the Ilike. I—|0wever,h th;a MEMS r ot ﬁry
" structur f 15 present invention can include other features that
adapt thg‘%ﬁéﬂ/é;(ggt ary structure to still other applicati offST/USAQ/0B¥H7s
regard, Figures 6(a) and 6(b) illustratig an optional nodification that can
be made to the MEMS rotary structures discussed above. A |ever 250 mayhbe
added to any i ngigired 8 7)ol IMEMI G cithotyrd T A LiBRg, S shoun
in Figure 6(b), l?ﬁe\;}ert 5aO rrgb) be agcin\c/f[ to anil/r?hg’gc% 1ie,}dtr %Ihelrﬂg &scri bed
herein. The SWéWr Iin gheallfrptratet] ¢mb<zmmelmtaat least e pdrtmutofaticuyfate ofra rihfie hub or

i h I t th r . be sposed to extend inwardly
1o e v ol i P et ol YR S0 ke e pvay <
extendi ng owleNaspat Yuried, loWeREE e td?%lcﬁlfgrtﬂéfbérﬂn&mtﬂﬁlhg”ThQFefﬁbéﬁeOSed in

sonme other con guratlon In any case, the lever w otate t he hub

and/ or r?ng sarrf@pezsaxlamaméw@ge@llqygr er%msng Dnﬂ@rmgusﬁtgmecrsdngiﬂeeﬂngn t he zgrt

wi |l unders t ve us o structures to be

sel ecti vel yg&ﬂglq\%l@% %or {%1“5 erC“?/F ﬁ‘br%c%? §apffﬁ %tspapqeﬂé%ﬂ"eons of the

MEMS r ot ar y nsdal Ugjerirsacl had 1ayelcd>ftgzms Altbﬁuwelyﬁm&@ma@t% subfdbe 8hiffia pot limted

to, switches, relays, fluid val ves andwmgg el ectromagnetic shutters,
Kot

and ot her a@feﬁ%&y RIPgesRing dhasuaee ofghe o atagcegtfrtlti@nug@ fiemaedof ad 2(b)
/ 7 an
doscr i be a MERRErEFHRRR BRI RS0 B Paung P snicofy PR ed he

i |1ustrad edt}mrm;gjnomm; theateﬂd:msqaomomffttmmng)éurfabecmé ateti9blydofatddd 200
has a reflectlve surface 300. -The reflective surface 300 nmay be di sposed on

the upper sHP&eEoU| YRt pathpf light. Thereforsrige raflectes surface magfberused o ng. The
reflective Bl igdher E@Xctlﬁga%@m Jaeh é}%hﬁttéraxlﬁtrhe% B@% L} c@1s #orllx%eé' ng using

i croengi neering ~techniques. “For exanple PVe surface could be
appl i ed as af a efriductivasmateniel, fie leflyeive saxfedemaybelhs&;ieds aledorlg ot Block
Alternativel% the reflective surface coul d be creatﬁg by proceSS| ng the

surface of ERETPNAY® IF—’SPGI%SE gheempls, agpdaliie flecdve irfac cpyld bsjused on,
reflectisve sdudaaeclyd¥odkGadibdRigBehdPenbidli TRbAGKEING iSithd SR Pr ef er abl y as

understand that other applications are possible for a MEMS rotary structure having

a controllably rotated reflective surface.

Valve and Shutter Ring Structures

20 As shown in Figure 8(a) and 8(b), the MEMS rotary structure can be
employed as a valve or a shutter with only slight modifications. As illustrated, the
ring can define a first hole 320 that has an axis intersecting the surface of the
microelectronic substrate 10. In addition, a second hole 310 may be defined
through the microelectronic substrate 10. The first and second holes are disposed

25 such that the first hole 320 through the ring and the second hole 310 through the
microelectronic substrate 10 may be selectively aligned upon rotation of the ring to
provide a passage through the ring and the microelectronic substrate. Once the
ring has been rotated to bring the first and second holes into alignment, gasses,
fluids, solids, or electromagnetic radiation can pass through the ring and the

30  substrate. In instances in which the ring has not been rotated and the first and

second holes are not aligned, the MEMS rotary structure will block the passage of



10 the ring rotates, the reflective portion of the ring surface can be
selectively rotated into and out of the path of |ight. Therefore, the
“reflective gwgﬁﬁe may be used to reflect light or to act _as a '{)éht val ve
or shutter” e reflective surface is formed of a condEETUPAYPRESTr i al
the reflective surface may be used to-ahgorb or block electromagnetic
energy. For exanple, a netallic reflective surface could be used 15 to

sel ectivel y Bho@kidsagt:O AlsTsREH SREMERMS F ey sTIO8R §fthé ERHodithehDandetve | |
understand that other applications are possible for a MEMS rotary structure
havi ng a cons aghlveld shuttet, at te likef [Thosd skalleslun filacat wilhbhpeeciatd tiSititet er Ri ng

Structures 20 ho i,n .Fi e . 8(a nd 8 the, MENGB rotary. sfructure
can be enpl &agg?s\é%& e\}\gbg)\[g ?tagﬁﬁh‘g}lreﬁnof ﬁ)l%‘ﬂp'?/ocgﬂeﬁtkﬁre ﬁi“%iti‘g i ons. As
i I'lustrated, tdwplitdtivhs daderided htved MdreSter Nt 8119MQ bAd) stRRBur8BF A S
intersecting the surface of the mcroelectronic substrate 10. In addition,

a second hol emdedimea{ caebaiddsigned suchthaibghfitshandsespdkheles aronlignaimgkila at e 10.

The first an I re .disposed 25 such.that the first hol.e 320
Chrough ¢ ho. g RSP STl RERES 580 e UG Pard Rl eisRiackF s o
substrat e 10MmyShetasestanhire @hybahiagiededipon rotation of the ring to

provi de a passage through the ring and the m croel ectronic substrate. Once
the ring has beel‘?*SrSB?‘é(flé‘%lF{g(F%B(qggthﬁ Hagmaylsogeataie Bwnelthan oae holat o
alignnent, g s i ids: I .G . radiation can pass
Through t he-rr a0 ss s BRloh Sized Sndpc kbR EAR o b g s
not beenl® ot aload tlandrduhefereheesdf thndng.s Bating, tholeaBarasre: ldé maly ibgpesiidddhe MEMS

rotary structure will block the passage of WO 00/57055 PCT/USQ0/ 03867 - 17
gas, fluids, 1%@8.5‘\9&%‘3%6%55‘1@% eh@ﬁﬁnﬁbﬁ%ﬁ@%’@%‘& $7%: Srapehoaipisepibnt can

serve as a , Wt L ek L ; ] bRt re will
appreci ate tﬁfg%tﬁt%hsgﬁalg%si ﬂég%ei %ﬁg&#‘gr% @“ﬁ%%??%??# bb@% ral Bg?’uotﬁgg iaof this
enbodi ment ameraboles may be gravadedtih ¢heapnd arsiAdri sobstratkeocseitead aalabwesor Mor eover ,
t he MEMS rot g}r“é structure of lt h.is{ 5.errbR%ﬂi nment can e'dei%it g{;ed such t hat
the first and"&EELohEe RHMOLC Bples i the B ANhesCT e HGtSHPSralE Ma¥t ure i s
at rest, 15 . ebe sslBARkiyVAlgRed tANdindlofe OF fkd SRRSO Mefethid@en VEMS rotary
structure has been activat ed.

Rotary Switch Ring Structures

Figures 9(a) and 9(b) illustrate a MEMS rotary structure that has been
designed to operate as a rotary switch. The MEMS rotary structure includes a first
20  electrical contact 330 provided as part of the ring or affixed to the surface of the
ring 200. In addition, the MEMS rotary structure includes a complimentary second
electrical contact 340 affixed to the surface of the microelectronic substrate 10. As
shown in Figures 9(a) and 9(b), the second electrical contact 340 may be held in
position by support 350 above the microelectronic substrate so as to be disposed
25  proximate the first electrical contact. Although not shown, a first conductive path
1s provided through or along the ring of the hub spoke member and the hub for the
first electrical contact, and a second conductive path is provided through or along
the substrate for the second electrical contact for providing electrical current to
each contact. Although the second electrical contact is disposed in a fixed position
30 with respect to the microelectronic substrate, the first electrical contact is rotated

with the ring as the ring rotates relative to the substrate. The first and second



As shown in Figure 8(a), the ring may al so contain nore than one hole. The
hol es nay assune various sizes, shapes, locations, and rel ative separations
10 along the circunference of the ring. Further, nore than one hole may be
provi ded WHYH®Ssubstrate. Again, the holes nay assune vaPFHUY§00438Es,
shapes, locations, and relative separatgons in the substrate. As required
in a given application, one or nore holes nmay be provided in the ring
and/ or subst " les in the
ring and oneE%{rtgcr‘g%?l?ﬁg;égg&?ﬁﬁ{%ggln\séﬁl%g{hreat q&r{aaf/ersi% erg({e?({eHg{O%@ y aligned

t o defi ne oneitgromperithpfissage secohé eketticolgntactsRdh dlriy nfannére theRIBYISSt r uct ur es

Fi gures 9(a) and b) illustrate a M5 rotary structure that has been
desi gned to %@V&?&éc%g‘e %?nro(?f’%??eyasﬁﬂiel(}%ﬁr}c_&)fﬁ‘é‘lt © trfﬂ?loélg @& ure incl udes
a first 20 gdweticb6al cnduiRsl iSBRsRLHEY HRE s3I theQlt WilEuddeR&nAhAS f i Xed
to the surface of the ring 200. In addition, the MEMS rotary structure

i ncl udes & ctwdirbtrasdisaeopdsenans may hecath¢roade disposeton Boingfandxed to t he

surface of the m.croelectronic.substrate. 10,. sho in. Figures 9(a) and
9(b), the seRdHICISTERE P f%a%%’t‘%éﬁhﬁ@ww&;}hﬁg%ﬁ%?& ﬁ%ﬁun%wgia? 23Ry suppor t
350 above t heledirieslontiRblor e6lhg BatdsbinpleetteMBMSY Rth9 sGhARRIAH ikdudLXi mat e
the first electrical contact. Al though not shown, a first conductive path

is provi ded PHEaLIE @PeamE e filsband segonst cantrstsigintersoreectrenelangnd t he hub
for the fir j nd .condugtive path iis provided
t hrough or aﬁ%rﬁgﬁﬁﬁhgexj t§3 %%11?%%%8#%1? %pgré)%lsf%%%ﬁ g%lfsgr(%%r ﬁ@a ercg}heteg%ctm‘f r

provi di nip el exftadtcad theuimgemtd stibstraeanby o tispeded i\bthBOMgdh dehirnS 8 Giodhle
el ectrical cgntact is disposed in a fixed position 30 with respect to the
m cr oel ect r ofif SSHHARA PBPIgaHaNS, S ass wgtapledatisteh 9F Reteniigmetet Fed  wi t h

the ring as i RY; : i i nd
Socond W0 corBanEs "R EAET rABkE! eifigh g BB BLATORAER ro i ddcd Rl

al i gned as t bennectad as diedMEMS mtayy dieuctte rowatdsy such dizt yn elentrienciesin@nde ishe
first and second .el ectrical contact In this manner, the_ NE rotary
structure caﬂlaH‘;dﬁaéP%‘f crygeTphe SPRIEE| 1h CleGirEEHeg R gy Q%fqrwshﬁaﬁ e
advant agepus ciReeAl deBRktsiof phdvidieitdsatBfarafetRoR e Skl th d dscr@ldy Wi I |
understand that 5 the first and second contacts may be ot herw se di sposed

on the ring eemdacts. Asthe MEMS structure rotates, the amount of the electrical resistance is
selectively changed such that the MEMS rotary structure of this embodiment can

serve as a variable resistor.

20
Variable Capacitor Ring Structures

Figures 10(a)-(c) demonstrate a MEMS rotary structure that has been
adapted to function as a variable capacitor. One or more variable capacitors may
be formed by a MEMS rotary structure. To form a variable capacitor, the MEMS

25  rotary structure includes a first electrically conductive surface, typically formed of
gold, disposed on the surface of the microelectronic substrate 10, as shown in
Figure 10(a). Preferably, the first electrically conductive surface is covered and
protected by an insulating layer, typically formed of silicon nitride, which is
disposed thereupon. The first electrically conductive surface includes a first plate

30 390 corresponding to a first variable capacitor C1 as shown. Optionally, the first
electrically conductive surface further includes a second plate 391, electrically

insulated from the first plate and forming a second variable capacitor C2. The first



m croel ectronic substrate while still allowing this structure to function
as a rotary electrical switch or relay. For exanple, the MEMS rotary
“structure can include a partial ring to permt the first and second
contacts WP PM’&%onnect on a pl ane perpendicul ar to the sEETABBV/EB6T he

m croel ectronic substrate. Further, thelectrical 10 contacts on the ring
and substrate may be disposed in other arrangenents suitable for several

other appli Ca?x’iiisg&%fd %ﬁgpcaqlsea@%?lr%md%%g of ﬁl%kﬂ%:gtrh’ fP%?(PB‘E)I%r{Bé QuI5! il for
rra e ele

. CClLLVE .
I nstance. To serve &s a va € resistor, ctrical con aéts remal n

el ectri cal | yplategroeiatiencasirdt btatd FMhaviXigateyth S92 Uald sé®nt Pladé 881 hatgh that an
electrical resjstance is . maintajned between the contacts. The el ectri cal

resi stance ntﬁ"};h 53 asshave ByFignee Hia)| ose plelled dhe agvgllopriseiBiathed as a
separate devda?i%u§%?Esg&gﬂ%&sﬁioﬁmgﬁorfehgﬁitgka 6fthe fﬁ‘fl %ﬁlgéc%glg atbd G MRV

structure rotates, unt o ectrical resis ce 1s "’ selectively
changed suchusthathilt raplEBtingt saryabdd capatitvreicadrdinigits tlergrestniventémn  serve

1002~ () demonsthar e HeNESTEROLPY S BS e AT ee smoataed o
function as As/AEhadd SchANAREHAY s e?éctﬁ@%[l? cgﬁdd-cg:% @uﬁ&g%ﬁbtd%ﬁ%ér?y I\/Ebe

d
formed by a MEMS rotary structure. To formavariable capacitor, e VS
25 rotary stupgotoncaricddlydoesng200 ustatddagcpariidhl dverlyorpdtie first elestrichliz e,

typically fornmed of I di.sposed .0 he . surface of the m croel ectronic
substrate 1Cf°g§§0t’§'ﬁc§b\ﬁg‘fe 90Fi13‘|%158°°f6(ei")c.“%}1&08‘?@19&}’? Syrpeeon g‘? M@ ectrically
conduct ifge spefefbey insluedey 66k G tedih, Ak QRSWS RYFigird 16w, ahd Nekt | ayer,

typically formed of silicon nitride, which is disposed thereupon. The
first el ect rdleciti¢allycondutive verfangrineluding th firdeandzse¢ondsplates &tsho®0 b390

gor r espondi st lnefs.i bdferd lryi Elglsfﬁg?agl ggcifolt_l}g%)rl'ag%s qﬁ%&? E%ﬁgregt%élhggnal 'y, the

first electrically conauctrve nd plate 391,

el ectricall yconﬁﬁksuleahﬁﬁlcd‘arrems;;&%dfcbﬁ@etntrwaayevimes cof 11 thgriag 8REMRd variabl e
capacitor C2. The first WO 00/57055 PCT/USOQ 03867 - 19 and second pl ates

can each i ncieeens derdrienllyimopdugtiveshriacsy b frstand serond eopductivo surfseat es, for
instancqs Tif8hrdpdi3hi§ dPpBsitbiithatERl M a3 A B n SRR, Rl AliGnRPy Havi ng

small air gap or a thin layer of insulating dielectric material denoted as area 400 in
Figure 10(c).

Preferably, the overlap and resulting capacitance between the first and
second conductive surfaces can be selectively varied as the ring rotates.

20 Accordingly, there are numerous techniques and structures that can be used to
create variable capacitor embodiments according to the present invention. In one
embodiment, one or more teeth of the first electrically conductive surface, or more
particularly the first or second plates, can selectively overlap one or more teeth of
the second electrically conductive surface as the ring rotates. For instance, as

25  shown in Figure 10(b), as the ring rotates the respective teeth can overlap
partially, totally, or not at all such as to vary the capacitance therebetween. For
example, tooth 392 on the first plate of the first electrically conductive surface
overlies and partially overlaps tooth 202 of the second electrically conductive
surface on the ring, as shown in by the plan view in Figure 10(b) and in cross-

30  section in Figure 10(c). Preferably, teeth disposed on the ring and the substrate

are interlaced such that the overlap between teeth disposed on the first and second



teeth 393 as shown in Figure 10(a). Those skilled in the art wll

appreci ate that various shapes and positional orientations of the first
“and second plates nay be 5 used while inplenenting a variable capacitor
accor di ngMAPURBSpr esent i nvention. As shown in Figure 10PGT/USEIASSATENS
rotary structure of this enbodiment alg@ includes a conplinentary second
electrically conductive surface 380 di sposed wupon or carried by the ring

200 and I - [ [ fi. I ically... duct i
curt ace 300, SedR kot e Ae Bt b3 IRl B T g 10°

preferably iviglabespasiancs. Tivsestided th thaartsiwRdesAnf gy kRthlPaPbe the first
electrically conductive surface includi n% the first and second plates is

shown by da¥REded inwany pizes adshages wiken frerspirit of theqressntlinyeatians sush t he
first electr] (o] i r j e ntrically with
respect to1:iﬁ%%ﬂlﬂ%ﬁgﬂ%&%hﬁgg%%ﬁ%%e ég%ﬁfggA@gitgﬁﬁﬁgggggngﬁ%face. The
first and selomead noohinkactlbyeitbmid acehedmratienpinehpacifahse cindpeqsedd@r oxi mat e
to and facing each other, separated oaly_by a small air gap or a thin

| ayer of i ns%lc‘érta‘lli‘%’gtod SPRETRIN ofHicve FPRH%@F@GI Fasthgr, & woeciiance @ngur e
10(c). Pref egaBlaabl} D& QMSlER ARthikGRVA OehdFRACRhAY 9939% %ﬁgelﬁ@ﬁgf st

and second conductive syrfaces can be selectively varied as't
rotates. 20 btwesndhatgelh istrbspeetiwhemmimizedws maxahizedues and structures that

can be used to eate variabl e capacitor e di mepts, according to the
present inventi oﬁﬁo‘f"ﬁv%n‘@‘pa‘@%%? 0,b%ﬁﬁatﬁgﬁﬂY%Paﬂ’Bg’th%‘Fm{SWgﬂffi rst

el ectri c@l | yfigOaiUetdiEcoHdlétPeRurfRies Ol BrmRa kb FetR! pérd Ay fthérs s or second
pl ates, can selectively overlap one or nore teeth of the Secon

el ectri cal | ylitde atne pyvertapdhstweendhess pohigonsiof gherfostaandssecdink candsttmece, as 25

artial 1y, corapey ot iRBISt A MR B EhERinnG g SERahed faniEhiha?” v

t her ebet weenlowhorela@¥ARgh vah@etshod We fRolMSf bhrasitic RhptcRafe i§ he first
el ectrically conductive surface overlies and partlaII¥ overl aps tooth 202
S

of the secorfemnaegivelycumall wheribaseeilvéo neliveder ot axhmple, Hgs preeratiown i n by
Lne, B ansy! St SR ARBoleEL 283 R SASHLER leShptes 19 1),

Pr ef er ably, I spose are’interl aced
such that thabsyee haynded veeanaddgeirtiordi sk 8180 taoRinkitésh. Bdissasgnd WO

00757055 Pcrclaggcclgncoe?’ i856st71bstantially determined and varied according to the overlap of the
teeth disposed on the first and second conductive surfaces. This concept may be
implemented in many ways.

20 For example, the ring can be provided with a smaller diameter than the
circle defined by the first and second plates. Teeth can be disposed facing
outwardly from the ring. As such, teeth on the ring and plates selectively overlap
as the ring rotates, while other parts of the first and second plates do not overlap
the ring. For instance, the C-shaped first and second plates can be modified such

25  that the conductive portion interconnecting the teeth has a substantially smaller
surface area than the teeth. Thus, teeth on the ring can be disposed so as to overlap
teeth on the first and second plates, while overlap between non-teeth portions of
the first and second electrically conductive surfaces is minimized or eliminated. In
some situations, overlap between non-teeth portions of the first and second

30 conductive surfaces may be advantageous. In this case, at least part of the first and

second conductive surfaces can be disposed so as to overlap regardless of rotation



- 20 electrically conductive surfaces varies as the ring rotates, thereby
providing a variable capacitance. Those skilled in the art will understand
“that teeth may be provided in nany sizes and shapes within the spirit of

t he preseWP‘l“{):?\?‘ésﬁtion, such as rectangul ar, square, round®eI/UsH0/0384Ter
shapes of teeth. As the ring rotates,_ 54 inear, nonlinear, logarithmc, or
ot her variations in capacitance can be provided according to the placenent
of the overl i t . rt. citance can _he rpotatably varied
et ween & mo e ShaLbar SHEAEL abAR S ERRARRRE G0%s SV BRAR e
teeth is respeeableapacitor. mh lighes alirtherabdvie] thesk skiipieveke a€ apidepiracise can al so
be created bl\{ over| apping portions of the 10 first and second conductive
surfaces notthatdhelgesmens of e, Prst plate sespnd plade, angl sorrpspopdiag dgethernover | ap
bet ween t ho [ Ry nd, ' rfaces not
havi ng teetﬁb.%‘%gééhgﬂ?ed? {11(‘[3& @gb’{ggiaﬁt %ﬁcé cgeﬁt% e 3%??%@‘%Hn§%°?agﬁléati vely |ow
to rel atisvel y hi dhurthat, tiessecendelecttiballyacondndtivefsuffadeasi ting 20 gmcsehange i s
conparatively small en the teeth do not overlap. For exanple, it is

pref er abl e R HATRithANAneVREARG sprasHoh ed oy ngB Kigwiedl 06b), theding st and

second pl at %%n%@ﬁg‘ﬁtal%l%ﬁ[éﬁff%ﬁlt@mﬁﬁféida acr&%rtq%ﬁ.vaﬂgblgeaﬁaicﬂaﬁ?gfy Akhe ring

al so lacking teeth. IS case, capacitance is substantria et erm ned
and vari ed awclyrdiialeicapacitersdVieanda@?2 afe dffeetivelp evimedicdposedbsahronplettei r st and
second conducti ve Sl.tll‘.?f ces. .This cancept, may be inplenented in many ways.

20 For exanprendgieetically condughive SPHRReAi it a smaller di ameter than the

circle defined byrHeh@ed bff SlerlapbetREPME MEHNASecoh@@bRds@mgREricgR@sed faci ng
outwardly fromthe ring. As such, teeth on the ring and plates sel ectively

overl ap as berrenirpliaply yamadete altphihe eapschancephereletween 4s¢thé ringrotatesl second

I d I {.ng. [ h - d fi. d
Cecona pl at ace IR ahfedl Quakts TR e fuled PR Barbial "

i nt er connectlafgs, ahBoid @elberd md 9 behrBhdRtdrmAewdld By akdbeagead.ar ea than
the teeth. Thus, teeth on the ring can be disposed so as to overlap teeth

on the firstAlughaebsheva fieddEMihotary styestimgpies webadimsit carinpluger t i ons of
the fir a ' ' I.S.:m Nk . zed or
e 113 SRSk o Bl T TSR LS B RS o
first and seaaessdre the capacitance therebetween. Again, those skilled in the art will

recognize that the MEMS rotary structure can provide many other embodiments of

the rotating variable capacitor design without departing from the spirit of the

present invention.

20

Rotational Connection Elements for Hub and Ring Structures

There are two main techniques through which a hub 100 and optionally a
ring may be affixed to a microelectronic substrate 10. First, in some embodiments
25  the hub may be rigidly affixed to the microelectronic substrate. In this case, the
hub may be directly affixed to the substrate, or indirectly affixed thereto through
an anchor or the like. In addition, the hub may be rotatably connected to the
underlying microelectronic substrate, such that relatively free rotation is possible.
In one embodiment, the hub may be affixed to the microelectronic substrate
30  through a rotational connection element. For instance, a rotational contact such as

a rounded bearing, a ball and socket bearing, or some other rolling contact may be



30 conductive surfaces nmay be advantageous. In this case, at |east part of
the first and second conductive surfaces can be di sposed so as to overl ap
"regardless of rotation WO 00/57055 PCT/ US00/ 03867 - 21 of the ring, such
that a m MAYA%Fount of capacitance is al ways provi ded byPERES00/ER47abl e
capacitor. In light of all the above,_tfiose skilled in the art wl|
appreciate that the placenent of the ring, first plate, second plate, and

var oo as.t nEelTREN o e BRaUBH BFLES PRERERBUGR SFAANG BPRD 0 Nanct  ve.

surface on rthagofls 6&whishriaee Been ipedrho@iedmREdn t tlﬂélh@d\ﬁld/@ﬁ%&iiﬂl& capaci tor.
As shown in Figure 10(b), the ring serves as one plate of both variable

capaci t or Clreghyrajaie relpine tedbamiqresleatpniogibsisaie firoygly thaetatienabaci t ors C1
and C2 are e ' n [ i he .second electrically
conducti ve s%’%ﬁg%%ﬁgkéf?ﬁg ?fe%sﬁ%yﬁ"ﬁ%bé‘?g%{ﬁ%? &{égg? ﬁ}gpmgz?e\%ee%rr? "he first
and seconid cmbstuatt cordd bapfaidsl thangh beicoitithedchatibi, Mashod ih Figireer the

capaci tance therebet we as the ring rotates. Preferably, the electrically
conducti ve sU?‘I‘e)aaé’é‘s(L&r gﬂt&%‘%‘tarlﬂ@tléah‘?"i’lb}ﬂ thistexpmplee the nimydptss egyalliough

| ayers for ”%ﬁg&ab?@mr%g%oﬁfm%. EAitp?H Z6(ﬂ§¥1f A% PR WIRE %ichéllgg[po%ggh not

shown, the rotary Structure of enbodi nent can 1 nc
el ectrical |sbsisatoil0.panhpptopriateezadi3f2 is mndidséaoimd Hidniduetinnge such aces in

order to neasure the capacitance therebe en. Again, those skilled in the
art will retgﬁtgh? e T?Pé?gfeﬁ@vﬁfgﬁgq%t 48 ?u%thtmﬁl?gluﬁlog%_egﬁn Figgftfe many ot her
enmbodi et S @eferdbesuppbitbd B adhorCddl sBowARGIhE Rike. AESW OV WhE AL by fPar ti ng
fromthe spirit of°the present invention. 20 Rotational Connection

El ement s f oranduingsnad pRiai gr Bitataebeurtdlse fihen eesporsettovanyref the sewhes afues t hr ough
whi ch a hub 100 and opti onall. rin be affixed to 1 croel ectronic
substrate 10t.lllerlgllai?§?t}la ?{lasscﬂlf%“é‘ﬁsil%glis g?@%apﬁénﬁﬁﬁelﬁ%ﬁ% 89 Yy af fi xed
to the m craoglre@lifedih orded RSpdrafiErotationt hi s case, the hub may be directly
affixed to the substrate, or indirectly affixed thereto through an anchor

or the like. In cRiegardless ofthetyneipf iptafiopal qopnegtiablelencen Heass the hub is fiee

15  to rotate because there are relatively low frictional forces or torsional stresses to
overcome when a rotational connection is used. Relatively constant amounts of
rotational force will therefore cause the hub to continue to rotate once the hub has
begun to rotate. Once the hub with a rotational contact has been rotated into a
given position, the hub remains in place even after the rotational force has been

20  removed. Of course those skilled in the art will recognize that many other types of
rotational connections may be used without departing from the scope and spirit of
the present invention.

As described above, the various embodiments of the MEMS rotary
structures can therefore be utilized in a wide variety of applications, such as rotary

25  switches, actuators, variable capacitors, variable resistors, shutters, valves or the
like. Those skilled in the art will understand that other applications not mentioned
herein may exist. As such, the MEMS rotary structures of the present invention
can be employed in various applications that demand or prefer non-linear
movement in which conventional linear MEMS actuators would be inappropriate.

30 In the drawings and specification, there have been disclosed typical

preferred embodiments of the present invention and, although specific terms are



underlying mcroel ectronic substrate, such that relatively free rotation is
possi bl e. In one enbodi nent, the hub nay be affixed to the m croel ectronic
“substrate 30 through a rotational connection el enent. For instance, a
rotati onaWVeHW’&t such as a rounded bearing, a ball and S6EXSPOERSET i ng,
or sone other rolling contact may be W3$90/.57055 PCT/ US00/ 03867 - 22
used, such as those described by U S. Patent Application Serial No.

08/ 719, 711, [ [ t ed. her ei The hub
and ring cou‘f‘%}%?@ggf %g%lge{dé)%@& ék\?\\éﬁf ggfﬁeescﬁﬁﬁeg%ﬁ%c?nﬁ%ﬁ?%n%ttr}‘ Strate

t hrough t he pwupades ofiimitingntha eaipe o tied osnt invBliiteinedsabl forthan tHet fBtlbwiial
connection tqQ the mcroelectronic 5 substrate could be provided through a
pin joint mechEltsm as shown in Figures 11(a) and (b). Al though a hub is
shown in this exanple, the pin joint is equally applicable for ring
enbodi ments. A pin 360 is affixed to the base mcroelectronic substrate
10. An appropriate gap 362 is provided in hub 100 for exanple, such that
the pin nmay be received therein. As such, the hub or hub and ring are 10
preferably supported by anchors as shown, or the |ike. However, the hub or
hub and ring can pivot or rotate about the pin in response to any of the
sources of thermal actuation as previously discussed. The gap can be
relatively large or small as required in order to permt rotation

Regardl ess of the type of rotational connection el enent used, the hub is
free 15 to rotate because there are relatively low frictional forces or
torsional stresses to overcone when a rotational connection is used.

Rel atively constant amounts of rotational force will therefore cause the
hub to continue to rotate once the hub has begun to rotate. Once the hub
with a rotational contact has been rotated into a given position, the hub
remains in place even after the rotational force has been 20 renoved. O
course those skilled in the art will recognize that nmany ot her types of
rotational connections may be used w thout departing fromthe scope and
spirit of the present invention. As described above, the various

enbodi nents of the MEMS rotary structures can therefore be utilized in a
wi de variety of applications, such as rotary



25 switches, actuators, variable capacitors, variable resistors, shutters,
valves or the like. Those skilled in the art will understand that other
“applications not nmentioned herein may exist. As such, the MEMS rotary
struct ur e¥YMY9E present invention can be enployed i n vaPFHY§00/03867
applications that demand or prefer nan-4 near novenent in which
conventional |inear MEMS actuators would be inappropriate. 30 In the
drawi ngs and specification, there have been disclosed typical preferred
enbodi ments of the present invention and, although specific ternms are WO
00/ 57055 PCT/ US00/ 03867 - 23THaTpWayed IS OEXIMED:used only in a generic
and descriptive sense only and not for purposes of |imting the scope of
t he present invention as set forth inthe following clainms. W 00/57055

PCTI USCO/ 03867 -y 24 T&Wmmt%éc% ﬁ?c@'x%@ st?uctﬁe%@%ﬂ?ﬁh&?t ronechani cal
ate;

rotary structure corrpr si ng a mcroe roni c subs a hub di sposed
upon a surface of sai chmomedmltmntcrsuhstmtesubstrate said hub defining a

central axis extendi ng t er.et hrough; and at | east tvio hub spoke nenbers
ext endi ng outwardly f rdHPHsRpsed Epon 8?ﬂf Rigpe ‘H’émé‘isqbété%t?’ ®io hub

spokes has qlrab|d@§gi|ngqrdénﬁg%gsrexkén@&gqﬁg@m atdirough at | east a portion
of said hub spoke nenbers that is displaced romthe central axis of said

hub, and wherein sai d atieabtgmsthubwpokeunempok exireding ostveardly fup&sablhyb,adapt ed
toirrposearotatlo f& @Fgﬁg aid hub in. res]{‘)lgnsetolcha

t enper at ur e Wi e%eﬁ‘i d 3sh R RuhFRokes Pasrainaginany genies line exien 1H§ to
Caiml, flﬂiﬂoh?ﬂi aCleAR hipdititeh ¢F shidHibSPRESH RPAS that 1O HALA P L fiRe! ectronic
substrate and a | east parti al I%Qﬂenm rcling said hub, wherein said at

| east two hbnisgekis Qféhiﬁémb alél)w @lnts@nd\@ééqaststwdmblsngkamdmbansmmub and

\(,:mh::lgleg ;sf]" ,?)ggxtab ryaz}a(ﬁi)teeh\églm %Sﬁ élr%ﬁt&ﬁ?%aq?nﬁgilﬁonasra?d ﬁlqaa%trggpotnge {o c%%rcl)ge% to

in temperature.

2. A microelectromechanical rotary structure according to Claim 1,
further comprising a ring spaced apart from said microelectronic substrate and at
least partially encircling said hub, wherein said at least two hub spoke members
extend between said ring and said hub, and wherein said at least two hub spoke
members are adapted to respond to changes in temperature by changing in length

s0 as to rotate said ring relative to said hub.

3. A microelectromechanical rotary structure according to Claim 2,
wherein said at least two hub spoke members comprise first and second hub spoke
members, wherein said hub comprises a first portion operably connected to said
first hub spoke member and a second portion operably connected to said second
hub spoke member, wherein said first portion and said second portion are
electrically isolated such that an electrical voltage differential introduced
therebetween creates an electrical current flowing from said first portion, through
both said first and second hub spoke members and through said ring, to said
second portion, thereby changing the temperature of both said first and second hub

spoke members.



So as to rotate said ring relative to said hub. 3. A mcro
el'ectronmechani cal rotary structure according to Claim2, wherein said at
"l east two hub spoke nmenbers conprise first and second hub spoke nenbers,
wher ei n s¥QUOWIPSSconpri ses a first portion operably connecPE&USHNE86T

first hub spoke nember and a second partizon operably connected to said
second hub spoke nenber, wherein said First portion and said second
portion are electrically isolated such that an electrical voltage
differential introduced therebetween creates an electrical current flow ng

fromsaid first partiom nfidtbele@fomdahkicaab@ry étﬁﬁur@_a@homﬁ%mcm% 2spoke
menmbers and through said ring, to said second portion, thereby changing

t he tenper at dWEhes£oBBEFNEai d first and second hub spoke members. WO

00/ 57055 PCTI USQQ! - 4 k- ronechanical. rotary structure
according to cnai%?%?Q%VBPPQ§¥“5%%%??@%%%&5§§ F%%%e(fﬁgléﬂ%ﬁﬁﬁa’ Mer s

di sposed on aulsstiafeamed cohn&adddheficty; @ed ect roni ¢ substrate and connect ed
thereto; and at | east two anchored spoke nenbers di sposed between a

respective anchor 2t IF8FH¥P aBFRprahingke Pegbertisrased Betgeme respeditveapghaanchor ed
spoke nmenber g, Al AfaRE & ig,t @hérggggiﬂ%t ?&Qﬂ%sankﬂorgc‘? E}E@&@é&ﬁlﬁ?r? ¥reChanging in

|l ength so as to rotate sard ring relative to sa

m cr oel ect r omdaghahiocaspondichanges fir tentparaturadg ehatigigp indefgthisonas to rofaty t her
conprising a hgater faor provjding thermal energy to said at |east two hub
spoke nenber §814gMEAekR G éPét@#bnechanical rotary structure according to
Claiml, wherein said at |east two hub spoke nenbers are spaced about said
hub at an angul ar di spl acenent selected fromthe group consisting of equal
angul ar di spl acefent s Aamacraglecireshechmycdl aotagi Spicare agotrding % Chim 1,

T e et TR kel BFERA R o B v P

spoke members.

6. A microelectromechanical rotary structure according to Claim 1,
wherein said at least two hub spoke members are spaced about said hub at an
angular displacement selected from the group consisting of equal angular

displacements and unequal angular displacements.

7. A microelectromechanical rotary structure according to Claim 1,

further comprising at least one lever member extending from said hub.

8. A microelectromechanical rotary structure according to Claim 2,

further comprising at least one lever member extending from said ring.

9. A microelectromechanical rotary structure according to Claim 1,
further comprising at least one microelectromechanical actuator disposed on the
surface of said microelectronic substrate and operably connected to a respective
hub spoke member so as to controllably move said hub spoke member in response

to thermal actuation, said at least one microelectromechanical actuator comprising:



8. A mcroel ectronmechanical rotary structure according to Claim2, further
conprising at |east one |lever nenber extending fromsaid ring. 9. A

" mcroel ectronechani cal rotary structure according to Claim1l1, further
conpri si nYAeY378¥st one mi croel ectronechani cal actuator di Bg68E00/e3861 he
surface of said mcroelectronic substratg and operably connected to a
respective hub spoke nenber so as to controllably nove said hub spoke
menber in response to | actuation, said at |l.east.one. .

ni cr oel ect r omechani cal ag[(;e%tg?v&an%g’rrrpnﬁng? Sg‘ilswsgﬁygfo%%faﬁﬁy%m 03867 -
26 at | east nii¢cROGHEE siByARs H1ddbaRREAdhaBtdt Bed sur f ace of said

m croel ectronic substrate and connected thereto; and at |east one arched

beam ext endi ng bet ween 3 keag ose 2ardbgd beanyexignding petweenseid ot leapidweianchoai d at
oo “one o PG5, SO SOORSE ) 8L AR P T RLR

nmenber, and ereln sal one arc

arch in reshobspokecan¢theernmld wisdreiatshidrt $eastshetapchivd\beamdh 8ddpesins Ghithe® abshin
spoke nmenber, thereby irrfosi ng a rotational force u;l)lon said hub. 10. A
m cr oel ect r oFEEARTSi 1@ Arermat 2tYALON 50 @8 [fr ORI FRSPRFLvE hub spekegnembgictheiehy sai d

at | east onej 'ggigggg&gﬁ&ggg;@@ﬁ&glsaﬁq{u@tor conprises: a first set of
chani

mcro electro I cal actuators having arched beans that are arched in a
direction such that further arching of said arched beans i nposes a
rotational force in a c| ockw.se di rﬁct.i qn upon sai d hub;. and ia_second set

of nicroel ect romedHani ¢hMSRFlEBRChAGH Aetaby Sshre perording IRElaip . ar ched i n
a direction sughil bal of BEdtREE nﬁélﬁglie&%rﬁéchﬁﬁiicﬁ_ R ERPRAES: | nposes a

rotational force in a counterclockw se direction upon said hub. 11. A
m croel ect r onechani cal arfostaeyoishicoestestronmchamiail agustorstlaxing @chedfbgamber

conprising a,plurality .of arched b nd erein ai%I | east one
m croel ectror kpaé HENN I}ﬁé lg&d?fgf%?n %“ﬁﬁ?fﬁfur@ﬁﬁﬁ&hﬁ%s"féa@&ﬁ egtbei“BF

i nt er connect iimMfoses airbtafibiill Fbreé h DEloAwiBE dir@RidARpor daid Hub; and

m croel ectromechani cal rotary structure according to laim2, further

conprising at |east oné sgeandgel elanicsrpiestranicekanicad acinators divingosewdon t he

beams that are arched in a direction such that further arching of said arched beams

imposes a rotational force in a counterclockwise direction upon said hub.

11. A microelectromechanical rotary structure according to Claim 9,
further comprising a plurality of arched beams, and wherein said at least one
microelectromechanical actuator further comprises a coupler for interconnecting

said plurality of arched beams.

12. A microelectromechanical rotary structure according to Claim 2,
further comprising at least one microelectromechanical actuator disposed on the
surface of said microelectronic substrate and operably connected to said ring so as
to controllably move said ring in response to thermal actuation, said at least one
microelectromechanical actuator comprising:

at least one ring spoke member extending outwardly from said ring;
at least two anchor members disposed on the surface of said

microelectronic substrate and connected thereto; and



surface of said mcroel ectronic substrate and operably connected to said
ring so as to controllably nove said ring in response to thernal
“actuation, said at |east one mcroelectronmechani cal actuator conprising:

at | east WRIUSR§ spoke nenmber extending outwardly from sakEl/PPaY3s867at

| east two anchor nenbers disposed on thgysurface of said mcroelectronic
substrate and connected thereto; and WO 00/57055 PCT/ US00/ 03867 - 27 at

| east one arched beam ' efween_sai t | east . anchor _nenbers,
wherein said at |east gﬁégsgrg%%%ﬁg%dte%e i %Xﬁ%nggl?gg%qtveec%%ﬁiéﬁgﬁt f%o GG i ng

t hrough sai ghebelseaBitreingid atNeastPRaciiRIbRem, is 3petablybahdtt&itoGaidtridgtBdugpne
arched beamis adapted to further arch in response to thermal actuation so

as to nove s#idialleashane e spoksanapkeandigsein saidie laphonefudicd geamiitiadapted t o
rotate rel atj.yv i . i cl.r ni.cal r ry.structure
accordi ng toioél?1 gb%aigdﬁin% ern %‘?1% tkslal g‘%tgﬁkaoglsoagﬁﬁ% & %glreesgg %%’r%%%asﬁf)g%l

act uat or conprinbers theaclyi canting edid ofngnd estate relativeossaiddibcal act uat ors havi ng
arched beans that are arched in a direction such that further arching of
said arched beans causes said ring to rotate in a clockw se direction

relative to said b angiteetoifcrficalodfh SHABLAALORRBIEA 1At uat or s

havi ng arched beans that are ar n a rection s ’her
archi ng of swhercarwitbd lemaos: meacdesrogmichamcahgetuator obrapieésesn a
countercl ockwi se directi.on relative to sa

iid hup. 14. A |
m croel ectr omechani cal aﬁfﬁtﬁ?tffé’PF‘iﬁ’Elceﬁ‘F%mS‘é‘é‘B’Fa{jar‘ﬁﬂmﬁﬁs eryngarehed beams her

conpri sing agmat e akdhkd iPh dREARAGuELAIBRrRBCL AL 6F hid dlclle@bednBashis@ne
m croel ectromechani cal actuator further conprises a coupler for

i nt er connect sagring &i wWtgie ur atlockwist daeativadelbewamte. saitithubpand
m cr oel ect ronechani cal r ot ar g%ts ruct u%e co croel Flc ronic

substrate: a hub di spo®&arolihaf o4 TUEHOFIEROTRF i’l’?’laln%‘i'n@rt%é?@é‘WBWE substrate;

a ring di spos@ehsahaviee hiltBedin'd @ER1OH sithl tHatThREQk@LAF OMNatd SubsisahR and at
| east partially encircling said hub; and _
causes said ring to rotate in a counterclockwise direction relative to said hub.

14. A microelectromechanical rotary structure according to Claim 12,
further comprising a plurality of arched beams, and wherein said at least one
microelectromechanical actuator further comprises a coupler for interconnecting

said plurality of arched beams.

15. A microelectromechanical rotary structure comprising;:

a microelectronic substrate;

a hub disposed upon a surface of said microelectronic substrate;

a ring disposed above the surface of said microelectronic substrate and at
least partially encircling said hub; and

at least one hub spoke member that connects said ring and said hub,
wherein said at least one hub spoke member is operably adapted to impose a rotational
force upon said hub and said ring by changing in length in response to changes in

temperature.



at | east one hub spoke nenber that connects said ring and said hub,
wherein said at | east one hub spoke nenber is operably adapted to inpose a
“rotational force upon said hub and said ring by changing in length in
response WP WrdPJes in tenperature. WO 00/ 57055 PCT/ USOQ BEBEB00/038¢73 16.
A mcro el ectronechanical rotary structgge_according to Claim 15, wherein
sai d hub defi nes a central axi s extendi ng therethrough, and wherein an

| maginary center e Shandl g L puaah FRRkR. RALHRRAERBHG At | east

one hub spoke ne er a SO ex at a di spl aced

fromthe centheslin ed Butpleforisd cbmbal akié. ex&nﬂirngrth)ereﬂhﬁﬁiglhpﬁmt\hﬂﬁbﬁladn rotary
structure according to Cl.aim 15, further conpr|5|n at | east one anchor
menber di spoSBRBIBHY SORIGF e igrdinginepush @ lsastagtarden of said pdesshre bt

connect ed 1t NeSRlneriid ofl o RARL B8RRI 2 10Ql8n TRIBREY bRz ed betveen

a respective = anc nber and sald ring, whereln sa east one
anchor ed spokentrmbabieof sad halapt ed t o respond changes in tenperature by
changing in length so as to rotate said ring relative to said hub. 18. A
m croel ectronmechani cal rotary structure according to Caim 15, further

conprising a heaten fop Mcﬁ?&félé’dtf@ﬂl&:ﬁé‘rﬁé@lrotﬁﬂ@'tﬁ)étu}@a&%hﬁngjéo CRfsYsone hub
spoke menber. 19. A microel ectronechanical rotary structufe according to

Cl ai m 15, fﬁnﬂhecmnpmpng5|ng a plurality of hub spoke nenbers disposed

bet d hub and sajd d lity of h ke menbers by
Shaced at an angul ar a1 G 20eRsHE® BErBet Aibasky el Sl SR RE et

equal angulagmﬁhﬁﬁb@gQaﬁﬂk&ﬂ¢g@gmua§guaI angul ar di spl acenents. 20. A
m croel ectromechani cal rotary structure according to Claim15, further

conprising at |east onatleasiepe arahioead sorkemambgr disessed Retwveen agespaativeA mi cr o
el ectromec han’lc%%t e RItRF chﬂaﬁ&'ﬁﬁé’,rﬁe?&ﬁ %lg'apgsagt ongagéhoredr’ $poke member is

adapted to respond changes in temperature by changing in length so as to rotate

said ring relative to said hub.

18. A microelectromechanical rotary structure according to Claim 15,
further comprising a heater for providing thermal energy to said at least one hub

spoke member.

19. A microelectromechanical rotary structure according to Claim 15,
further comprising a plurality of hub spoke members disposed between said hub
and said ring, said plurality of hub spoke members being spaced at an angular
displacement selected from the group consisting of equal angular displacements

and unequal angular displacements.

20. A microelectromechanical rotary structure according to Claim 15,

further comprising at least one lever member extending from said ring.

21. A microelectromechanical rotary structure according to Claim 15,
further comprising a rotational connection element between said hub and said

microelectronic substrate to facilitate relative rotation therebetween.



further conprising a rotational connection elenment between said hub and
said mcroelectronic substrate to facilitate relative rotation

" therebetween. WO 00/57055 PCT/US00/ 03867 - 29 22. A

m croel ecOWETPENi cal rotary structure according to O ai nP@HUS00}38¢7%ei n
said ring conprises a reflective surfacegon at |east a portion of the
surface of said ring. 23. A mcroel ectronechanical rotary structure
according to Claim15, wherein said ring defines at |east one hol e having
an axis intersecting the surface of said mcroelectronic substrate, and
wherein said at |@ast onmidiodlectebeidchadcddyotani dructur®igccoading® diaghqased

proxi mate a predeterm.ned area of {he surface of said micrgelectronic
substrate as “&5i0 FaihgnE sOMPHSEsPdptgGtive sigaceamapt fgast a portiop of the surface

m croel ectrog?%;;@ﬁ'h al rotary structure according to daim23, wherein the
surface of sald mcroelectronic substrate defines at |east one hole

t heret hrough, said at |east one hole defined in said mcroelectronic
substrate being gsiti oned %uch that .said at | east one _hol e defi ned by
said ring and saig at  FeBrogarironirshanical rotAR Sy UEe peroFding eF R Aoni ¢
substrate ca%%ﬁ%@ﬁhg VB Yesak 1@5&%@}@1&&%&% ax®s ASSRERe iHA'sA sai d

ring and said m croel ectronic substrate as said ring rotates relative to
sai d hub. 250of fRiginderoeleeicenioshshiaini aall whastiasgidstt taast anechodwdadingd by stid C ai m
15, further .congr' sing at Ieastt one ((E:?nt act aff(i&{tgd t? thef erface of said
mi cr oel ect r oRPe “& BE iRessd Rrofipte antedetermined Ao the Fpiiacs #T889sai d ring so
that the corligetiRcteaiic shisahidakehid rindtrefatonéleGie BREiddupconnect as said ring
rotates relative to said hub. 26. A mcroel ectromechanical rotary

structure according to Claim15, further conprising at |east one contact

affixed to the surface ,0f . sai 1 I ronjc bst r at. at .,east one
contact affixed tga'sai éx ‘E‘lfcﬁgél‘gcﬁ%’%%%ﬁ%%?‘&fi t rStrruS@g ?%ﬁrc{lﬁ%?g%apﬂ ngh t hat
t he cont act s wherisglesatfhoedsarl Btde@abhiy sapaRECddthet at lefdt @4 Heledi f f er ent

anounts of electrical resistance as said ring rotates relative to said hub.
therethrough, said at least one hole defined in said microelectronic substrate being
positioned such that said at least one hole defined by said ring and said at least one
hole defined by said microelectronic substrate can be selectively aligned to provide
a passage through said ring and said microelectronic substrate as said ring rotates

relative to said hub.

25. A microelectromechanical rotary structure according to Claim 15,
further comprising at least one contact affixed to the surface of said
microelectronic substrate and at least one contact affixed to said ring so that the

contacts can alternately interconnect and disconnect as said ring rotates relative to
said hub.

26. A microelectromechanical rotary structure according to Claim 15,
further comprising at least one contact affixed to the surface of said
microelectronic substrate and at least one contact affixed to said ring and adapted
for rotation therewith such that the contacts are selectively electrically connected to
provide different amounts of electrical resistance as said ring rotates relative to

said hub.



WO 00/ 57055 PCT/ US00/ 03867 - 30 27. A mcroel ectronechanical rotary
structure according to Claim115, further conprising: a first conductive
“surface disposed on the surface of said mcroelectronic substrate; and a
conpl i nenW&8p/3®Sond conductive surface di sposed on said r PEHUSENSBE7yi ng
said mcroel ectronic substrate and spacgg fromthe first conductive
surface such that a portion of the conplinentary second conductive surface
overlies the first conductive surface on said mcroelectronic substrate,
wherein the portion of the conplinmentary second conductive surface which

overlies the firs27. coAduitdel@usihetiameray dtirgStrasustdcdordiniOor@hiat €5 rel ative
to said hub. 28. A mcroel ectronmechanical rotary structure conprising: a
ni cr oel ect r ofWECLeMBRATHE: a hub di sposed on a surface of said

m cr oel ectroni ¢ subst rgfﬁgért]ggltlddcgggg r&@gdﬁpﬁseﬁ%ﬁﬁ%g@@ rof%gendi ng

outwardly fromsaid hu space romthe sur sai
m cr oel ect r omiccodedisiniadubstrapchndt | east one m croel ectronechani cal act uat or

di sposed on the surface of said mcroelectronic substrate and operably
connected to a respect f (ETRUBCUAIGECHRPBAudty e surfageslisnased on padrpe move sai d

respective hb%r@ﬂ@%%i&'ﬁ@@ﬂeét{bnﬁcfﬁB@t%@aﬁ@sﬂa@&f ﬂ&ln.tﬂééhk’sg%&ﬁﬁh fysal d at

: c
| east one nicro’electromechani cal actuator “conprising: east two anchor
menber s di spostde euchtthat asporfiaicef the cemplimentagr wedreb¢andnétevessubfate at e; and at

| east one arched beam extepndi.ng between sai.d af | east two anchor nenbers,
wher ei n sai do‘gfg?séﬁgg}sgﬁ%mﬁ‘rcbﬁgﬂ“&%ﬁ?isf},‘aé‘b‘él_ioﬁfflc?(”&‘ﬁﬁﬁl&rta?dw greynihg _
respective patoSBPHR cORPARenta®NSEHREESIdICER GirBte WRRBIVRARs RILigd beamis
adapted to further arch in response to thermal actuation so as to nove

sai d respect ¢andufing stiplokevaresige said ring retbies rélafpesp sgiddubot at i onal force upon
sai d hub. WO 00/57055 PCT/ US00/ 03867 - 31
28. A microelectromechanical rotary structure comprising:
a microelectronic substrate;
a hub disposed on a surface of said microelectronic substrate;
at least one hub spoke member extending outwardly from said hub and
spaced from the surface of said microelectronic substrate; and
at least one microelectromechanical actuator disposed on the surface of said
microelectronic substrate and operably connected to a respective hub spoke member so as
to controllably move said respective hub spoke member in response to thermal actuation,
said at least one microelectromechanical actuator comprising:
at least two anchor members disposed on the surface of said
microelectronic substrate; and
at least one arched beam extending between said at least two anchor
members, wherein said at least one arched beam is operably connected to said respective
hub spoke member, and wherein said at least one arched beam is adapted to further arch in
response to thermal actuation so as to move said respective hub spoke member, thereby

imposing a rotational force upon said hub.



29. A mcroel ectronechanical rotary structure according to C ai m 28,

further conprising a heater for providing thermal energy to said at | east
“one mcroel ectromechani cal actuator. 30. A mcroel ectronechanical rotary
struct ur WSt 4Png to Claim28, further conprising a pl RGH/V$0P/08867hub
spoke nmenbers extending outwardly in_ di;fferent directions fromsaid hub,
and a plurality of mcro electronechanical actuators operably connected to

i id hub k b 31. A m I . i cal
rathry Structure Beoor STOTRRG S Raon Sl R R B B A A

m croel ect r guRtiedr@bmpaking@théateOfos p@&ﬁ@iﬁ% steErmal drief St tosald @feadl &le0
el ectronechani cal actuators having arched beans that are arched in a

di recti on sd@proekegtromgehanisal ¢atediotng of sai d arched beams i npose a
rotational force in a clockw se direction upon said hub; and a second set
of m croel ectronechani cal actuators having arched beans that are arched in
a direction such3ohat A mit¢rbelecteomadvhagicalfrosay sinangbackdddiapto Claipeses a
rotational force in a counterclockw se direction upon said hub. 32. A

mi croel ect r SHARFSATEEFINE GPAFHII 1ol i sPekeaperBbar AYCRGNEPEAYIE In £ urt her
conpri sing &l k@it o&fﬁ&ﬁgﬁg%yg,eﬁ@plﬁﬁﬂt ﬁk&le%aloqqie@ﬁang&@st one
urt her co pter or

m cr oel ect ronechani cal actuator rises a cou

i nt er connectactugtorsepetatpy voralectey tofespective dnémasissid BB, spdke members.

m croel ectronmechani cal rotary structure according to Caim 28, wherein
said hub defines a central axis extending therethrough, and wherein an

i magi nary line extend fcrbOle@HGRechbnikfadtarPstARErE Qe dPling ® B1dh Joeast one
hub spoke nmenber al so extends through said hub at a | ocation displaced

from t he cemheadin sl plutlityaif thitnoblecBamedhanicelr astizkas toopeshani cal rotary

structure according to i 8, further . conprising at.least qne |ever
menber extending f romasﬁfﬁe?ﬁémi%q%r%g@l%%%erghed%fm%. A
i croel ect r QAR Ghadtke infaQliRkiors §lcH Ghad FgrtiRg eRheHaNe shidl debiRidBedBs ithpddeher
conprising a rotational connection el enent between said hub and said

m croel ect r @nfatationgbioreedna aleskvags direcherupa seid hub; gpd at i on t her ebet ween.

a second set of microelectromechanical actuators having arched
beams that are arched in a direction such that further arching of said arched beams

imposes a rotational force in a counterclockwise direction upon said hub.

32. A microelectromechanical rotary structure according to Claim 28,
further comprising a plurality of arched beams, and wherein said at least one
microelectromechanical actuator further comprises a coupler for interconnecting

said plurality of arched beams.

33. A microelectromechanical rotary structure according to Claim 28, wherein
said hub defines a central axis extending therethrough, and wherein an imaginary line
extending through at least a portion of said at least one hub spoke member also extends

through said hub at a location displaced from the central axis of said hub.

34, A microelectromechanical rotary structure according to Claim 28, further

comprising at least one lever member extending from said hub.
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35. A microelectromechanical rotary structure according to Claim 28, further
comprising a rotational connection element between said hub and said microelectronic

substrate to facilitate relative rotation therebetween.



