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Application 10010448-1, titled "Piezoelectrically
Actuated Liquid Metal Switch", filed May 2, 2002 and
identified by BSSHRITNGHINGERI IITIHVETADRECAY on
10010529-1, "Bendi ng Mbde Latching Rel ay", and having
the sanme filing date as the present application;
Application 10010531 1 "ngh Frequency Bendlng Mode
Lat chi ng Rel O ol
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titled TH% ezmeicedon i rsalrblyatqdcttuatf@d f@ilqwmg l\mmndlng U.S. Patent
Switch", filed May 2, 2002 and identified by Seri al
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"ngh frequency, Liquid Metal, Latching Relay with
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Application 100104438-1, titled “Plezoelectrlcally Actuated Liquid Metal

Switch”, filed May 2, 2002 and identified by Serial Number 10/137,691;

Application 10010529-1, “Bending Mode Latching Relay”, and having the
same filing dat‘e as the present application; |

Application 10010531-1, “High Frequency Bending Mode Latching Relay”,
and having the same filing date as the present application; |

Application 10010570-1, titled “Piezoelectrically Actuated Liquid Metal
Switch”, filed May 2, 2002 and 1dent1f1ed by Serial Number 10/142,076;

Application 10010571-1, “High—frequency, Liquid Metal, Latching Relay with
Face Contact”, and having the same filing date as the present application;

Application 10010572-1, “Liquid Metal, Latching Relay with Face Contact”,
and having the same filing date as the present application; |

Applic.ation 10010573-1, “Insertion Type Liquid Metal Latching Relay”, and

-having the same filing date as the present application;
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present application; Application 10010618-1,

"I nsertion Type Liquid Metal Latching Relay Array",

and having.the sane filing date as the present

application; 5 Application 10010634-1, "Liquid Metal

Optical Relay", and having the sane filing date as

the pr é@@htzatmpllD@Hiﬁlanl rizequicney, 100006 4detpl, Latching Relay
titled "A Longitudinal Piezoelectric Optical Latching

Ralray” , antlidaethc@at el filhg 2604 tienstesche applidagdn;by

Serial Nunmber 09/999,590; Application 10010643-1,
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Swi t chAppAcdiohadiongo4te, thibee A Lbigionditet] ®iexoclettnie Optical Latching
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same filing date as the present application;

Application 10010644-1, “Bending Mode Liquid Metal Switch”, and having
the same Tiling date as the present application;

Application 10010656-1, titled “A Longitudinal Mode Optical Lat'ching
Relay”, and having the same filing date as the present application;

Application 10010663-1, “Method and Structure for 'a Pusher-Mode
Piezoelectrically Actuated Liquid Metal Switch”; and having the same filing date as
the present application;

Application  10010664-1, “Method and Structure for a Pusher-Mode
Piezoelectrically Actuated Liquid Metal Optical Switch”, and having the same filing
date as the present application; |

Application 10010790-1, titled “Switch and Production Thereof”, filed

December 12, 2002 and.identified by Serial Number 10/317,597,
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application; 5 Application 10011064-1, "H gh Frequency
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same filing date as the present application;
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aving the 10 same“filing date as

present. application; l.Lication 10011329-1, titled

" &YPE E‘L@F ﬁﬁeﬁéﬁ?ﬁ Rrﬁ%alnﬁgﬁplﬁaﬁg%el ectric Latching

Rel ay", filed N% 2, 2002 and_identified by Serial .
Nunber Aroliaspns 1100454 | ighy Bisquensy1Bush-mode faiching Relay”, and

“and Structure for a Slug Pusher-Mde Piezoelectrically

Attviag 6 sainguilthgviteabs Baiptashrit, apahidatttavi ng t he sane
filing date as 15 the present application;

Appl i cappBEatbR010034664.-1, “MihhaedandichingUReldy's dndrhading the same
Sl ug Assisted Longitudinal Piezoelectrically Actuated

Hﬁﬂl&{%ga%/g%g{eggg%éﬁg%eﬁ%g&h", and having the sane

esent application; Application

éggﬁé? 7p_pi|ibati"on fdb‘iq lfﬁ‘f, Elodsd irogp "Rz R1e2tHIp A ’i’,satn%qqaving the

same filing date as the present application;

Application 10011329-1, titled “Solid Slug | Longitudinal Piezoelectric
Latching Relay”; filed May 2, 2002 and identified by Serial Number 10/137,692;

Application 100113;14-1, “Method and Structure for a Slug Pusher-Mode
Piezoelectrically Actuated Liquid Metal Switch”, and having the same filing date as
the present application;

Application 10011345-1, “Method and Structure for a Slug Assisted
Longitudinal Piezoelectrically Actuated Liquid Metai Optical Switch”, and having the
same filing date as the present application; |

Application 10011397-1, “Method and Structure for a Slug Assisted Pusher-
Mode Piezoelectrically Actuated Liquid Metal Optical Switc.h”, and having the same
filing date as the present application;, |

Application 1001139.8;1, “Polymeric Liquid Metal Switch”, and having the

same filing date as the present application;
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"Polymeric Liquid Metal Switch", and having the sane
filing date as the present application; 3 WO

2004/ 095489 PCT/ US2004/ 001005 Application 10011410-1,
"Polynmeric Liquid Metal Optical Switch", and havi ng

the sang filin the present . appljcatiqn; -
wopl i conrlren 1R BFL [BRBrPEREE hihl ER i, S, and
Latching Optical Relay", and having the same filing
dapengdha waedilieedate apBieiratenbipplisaligspl i cat i on

10011437-1, "Longitudinal Electromagnetic Latching

Rel ay" Apphdatidnaliongl143tel s dhenditddiney BEteomagtdiie Latching Optical
present application; Application 10011458-1, "Danped

L @egiyt Ugidnalidvade s&pt iftiak db@ta@,rﬂﬁé‘ﬂresé%ﬁ'a?pﬂ'ioatiéﬂﬂ havi ng
the sane filing date as the present application;
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Lot chi agRor o ads g R R ine R P 3R g Relay, and
as t.he _present. application; | i.cati on 10020013-1,
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filed Decenber 12, 2002 and identified by Serial '
Nunber Appligatipngd801 is1.c aPemwed obowmpringl Moge e@ptical Latching
"Pi ezoelectric Optical Relay", filed March 28, 2002 :
aRdlaydemtlibavieg thy s@ae fifihg Netetas thelpedd® a0 Bati b

Application 10020071-1, titled "Electrically Isol ated

Li qui d Altiedtiod mo0a14SM1t ehespb®@ohpit@ahal MydShaeh#@dRelay”, and

Mcrocircuits", filed October 8, 2002 and identified
having the same filing date as the present application;

Application 10020013-1, titled “Switch and Methoa for P;oducing the Same”,
filed December 12, 2002 and identified by Serial Number 10/317,963;

Applicaﬁon 10020027-1, titled “Piezoelectric Optical Relay”, filed March 28,
2002 and identified by Serial Number 10/109,309;

Application 10020071-1, titled “Electrically Isolated Liquid Metal Micro-
Switches for Integrally Shielded Micl:rocircuits", filed October 8, 2002 and identified
by Serial Number 10/266,872;

Apﬁlication 10020073-1, titled “Piezoelectric Optical Demultiplexing
Switch”, filed April 10, 2002 and identified by Serial Number 10/119,503;

Application 10020162-1, titled “Volume Adjustment Apparatus and Method

for Use”, filed December 12, 2002 and identified by Serial Number 10/317,293;
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10/ 119, 503; 20 Application 10020162-1, titled "Vol une
Adj ust ment Apparatus and Method for Use", filed
Decenber 12, 2002 and identified by Serial Nunber

10/ 317, 293; 4 WD 2004/ 095489 PCT/ US2004/ 001005

Application 100 -1,. "Met hod and Apparatus_for . o
ey nt & HIEGRON, FO0 bk ARSI aRe APIRrRERdg: My Taininga Liquid
Condition", and having the sane filing date as the

p et Wisghin) acReadyrio- P Serdiden”1 end gam’zg the seintd fling date as the
Longi tudi nal Mode Solid Slug Optical 5 Latching
Reteagnit,appherdionavi ng the sanme filing date as the

present application; Application 10020473-1, titled

" Ref | e@tppnigatidedgeofapubcal tidavehe i - o Opti
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lication 10020541-1, titled "Method and Structure

f MhultplegrRengpltiplerer’er gid) 1having dhoetams rfilingOplatec ads the present

Rel ay", and having the same filing date as the
prgieatiorappl i cati on; Application 10030440-1, "Wetting
Fi nger Liquid Metal Latching Relay", and 15 having |,
t he sappphiddiong 0dabeims, TNl e BrRRRE f6AhISYNd Slug Caterpillar
Piezoelectric Relay”, and having the same filing date as the present application;

Application 10020541-1, titled “Method and Structure for a Solid Slug
Caterpillar Piezoelectric Optical 'Relay”, and having the same filing date as the‘
present application;

Application 10030440-1, “Wetting Finger Liquid Metal Latching Relay”, and
having the same filing date as the present application;

Application 10030521-1, “Pressure Actuated Optical Latching Relay”, and
having the same filing date as the present application; .

Application 10030522-1, “Pressure Actuated Solid Slug Optical Létching
Relay”, and having the same filing date as the present application; and

Application 10030546-1, “Method and Structure for a Slg Catérpillar

Piezoelectric Reflective Optical Relay”, and having the same filing date as the present

application.
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"Pressure Actuated Solid Slug Optical Latching

Rel ay", and having the sanme filing date as the present
application; and 20 Application 10030546-1, "Method

and Structure for a Slug Caterpillar Piezoelectric

Refl ecti ve Opti cal § Eg haviag tgg same filing

date as the presentsﬁggélggg 04/ 095489

PCT/ US2004/ 001005 FI ELD OF THE | NVENTI ON The

I nvent Tiinvehidreseldtes tohtke fiekd of Bifcro-electromechanical systems (MEMS)
m cro- el ectronmechani cal systens (MEMS) for electrical

St El%@t’ri'&gl svﬁ&% G%%&HE@M Eooar%t@a%mgﬁg rﬂe‘tﬂ %ﬁy

netal relay. Liquid netals,; such

nmercury, have been used in electrical switches to

provi de an el ectri cal pa% ?gﬁﬂgﬁj%)conductors An
exanple is a nmercury in which a

bi metal strip coil reacts to tenperature and alters

the drghisl ofetals sichngatwedcusy haye boert aiserd my elestreat yswitches to
The nercury in the cavity fornms a single droplet due

tirotidg hars eidcatal tieuts itetweedr avd toontoaes. t e rea@pleyis a mercury
droplet to the 10 end of the cavity containing

&h&%idst £ alviteR nfna%ﬁshoz[ biRethNQriBLEI 188 to "E'&Hﬁ&ﬁlﬂu&g and alters the

upon the angle of the cavity. In a manual [1quid
%%%l ofséll\f élggvat?d Bg\glgﬁ&%%l{lﬁ%q?&lcuryz ﬁ%f g‘e}c%ry %Sflg c%wt%l forms a

in re taIdoIt an be npved
s?ncrle drg]/p?et d?‘le to (Ilugh surface tensgonp 8 av?ty movesng merc Ty %roplet to the

end of the cavity containing electrical contacts or to the other end, depending upon the
angle of the cavity. In a manual liquid metal switch, a permanent magnet is used to
move a mercury droplet in a cavity.

Liquid metal is also used in relays. A liquid metal droplet can be moved by a
variety of techniques, including electrostatic forces, variable geometry due to thermal
expansion/contrection and magneto-hydrodynamic forces.

Rapid switching of high currents is used in a large variety of devices, but
provides a problem for solid-contact based relays because of arcing when current flow
is disrupted. The arcing causes damage to the contacts and degredes their
conductivity due to pitting of the electrode surfaces.

Micro-switches have been developed that use liquid metal as the switching

element and the expansion of a gas when heated to move the liquid metal and actuate

the switching function. Liquid metal has some advantages over other micro-machined



variety of techniques, including electrostatic forces,
vari abl e geonetry due to thermal 15
wexpansisen/ contracti on and magnet o- hydr odynani BCT/0808£001005
Rapi d switching of high currents is used in a |arge
vari ety of devices, but provides a problemfor
sol i d-contact based rel ays because of arcing when
current flow is disrupted. The arcing causes damage
to the contactﬁ ang ggqrades their_ conductivity due
t o FRAPHG SPCR S t8F SOty de sjfohatelasivebphigh powers (about 100mW)
M cro-sw tches have been devel oped that use |iquid
netsag deetelhie-molial cienkgts slibrentmiardweling xpaoeirhentin ehe switch
gas when heated to nove the liquid nmetal and actuate

t heechanisahi Hgweuacthieane of haated ga@ha sdvaml 9R8Bvantages. It requires a
advant ages over other micro-machi ned 6 WD 2004/ 395489

PGE, 0 | Q9 BSngeSHEN all kit ¥,
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heat.ed .gas, has sgveral,disadvanta es. It requires a
S ) 3Aditign, dhe fGtvation rats sy Yatvel Y Flakg dhe ieaxdmame rate being
of the switch, and the heat 5 generated by sw tching
miydRitasieo @i fewihyatdeed Rdrizecti vel y if the switching duty.
cycle is high. In addition, the actuation rate is
relatively slow, the maxinumrate being limted to a
few hundred Hertz. 7 WD 2004/ 095489 PCT/ US2004/ 001005
SUVWMARY An el ectrical relay array is disclosed that
uses a conducting liquid in the



swi tching nechanism The relay uses a piezoelectric

el ement to cause a switch finger to prevent or permt
wo b@4foessemt i on of a conducting |iquid bridge bRCTMESI004/001005

two fixed 5 electrical contacts. The relay array is

amenabl e to manuf acture by m cro-nmachi ni ng

techni ques. 8 WO 2004/ 095489 PCT/ US2004/ 001005 BRI EF

DESCRI PTI ON OF THE DRAW NGS The novel features

bel i eved characteristic of the invention are set forth

in the clainms. The invention itself, however, as well

as the preferred mode of ustYMMARY yrther objects and

advant ages thereof, will best be understood by

ref erentg dlecttidg Iélafyozhﬂr@/\ﬂld’l@lsdﬁéd lieg ekes b&{du@ﬂn&’thuld in the
an illustrative enbodi nrent when read in conjunction

sWi‘tcBﬁ% W@%%WM@QM@Q%?QZDGI%%%&&HS It(%au]se a3witch finger

de vi € a rel ay I n“accordance wt cer

ne ent .i nvention

Vi e%gevfenp o afigpt e ERRERGAne 8 St i béﬁﬁeiaeﬁﬁwstwo fixed

of the 10 present invention. FIG 3 is a sectional
5 vieksgitsel gontastsy Tihg ralay Grgaris @menale de manufackird bu imere-gachining
~of the present invention. FIG 4 is a sectional view

ofechniqkay in accordance with certain enbodi nents of

the present invention in a closed state. 15 FIG 5 is

atop viewof arelay in a closed state in accordance

with certain enbodi ments of the present invention.



FIG 6 is atop viewof arelay in an open state in
accordance with certain enbodi nents of the present
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open state in accordance with 20 certain enbodi nents
of the present invention. FIG 8 is a top view of a
circuit substrate of a relay in accordance with
certain enbodi ments of the present invention. 9 WO
2004/ 095489 PCT/ US2004/ 001005 FIG 9 is a side view
of a circuit substrate of a rel a)EIDrFI n_accordance wth
certain embodi THEIMRABANGS G 10
is atop view of a relay in a closed state in

accor damge nvhdl Tefefeh deNevendRBIRBNEE Bfihd HReRESS %‘&tset forth in the
invention. 5 FIG 11 is a sectional VI ew of arelay In

aC&lQirngsanq%e\é"P%ht%grﬁﬁ 1 nB IR @E% % §§ef9ﬁ§c? ﬁlnotéls §f use, and

i nventi on sétop VIeWO

in accor e wth cer od| nts of the
or BBt PGB TR Spless" ot " g5 eoun e aod by aBfarence to the
substrate of a relay in accordance with 10 certain
eniodgvindadailyd daseripioasefrin ijlpsiattvie smbodgned when read in conjunction
2004/ 095489 PCT/ US2004/ 001005 DETAI LED -DESCRI PTI ON
Whvitle thelicsoinparent g draviisg(s) sdepdinbl e of enbodi nent in
many different forns,

FIG. 1 is a side view of a relay in accordance with certain embodiments of the

present invention.

FIG. 2 is a top view of a relay in accordance with certain embodiments of the
present invention.

FIG. 3 is a sectional view of a relay in accordance with cerfain embodiments
of the present invention.

FIG. 4 is a ;ectional view of a relay in accordance with certain embodiments
of the present invention in a closed state.

FIG. 5 is a top view of a relay in a closed state in accordance with certain
embodiments of the present invention.

FI1G. 6 is a top view of a relay in an open state in accordance with certain
embodiments of the present invention.

FIG. 7 is a sectional view of a relay in an open state in accordance with
certain embodiments of the present invention.

FIG. 8 is a top view of a ciL.'cuit substrate of a relay in accordance with certain

embodiments of the present invention.



there is shown in the drawings and will herein be
described in detail one or nore specific enbodi nents,

WOWRaos/003389 under st andi ng that the present di scl PET/US200£001005

10

to be 5 considered as exenplary of the principles of

the invention and not intended to limt the invention

to the specific enbodi nents shown and described. In

the description below, |ike reference nunerals are

used to_describe the same, simlar or corresponding

parts iBlGhE is ey Efa| vigy dfise sTcyihsubmg a§<. refein accordance with
present invention relates to an electrical relay is

whi ch tdeetafroemieddimantefof ehe wrésemonentiomg | i qui d bri dge

between two fixed contacts is prevented or pernitted

by actFmEmn I ista RYVieRNGUL HIAPin Q%swtsta@é)hﬁacfcbm%ee with certain
The conducting liquid may be a liquid netal, such as

. T t d f b
gﬁ;cggﬁeé?bdtﬁmgﬁ@g?t%a &bl ached,to one end of a beam

eantls xed to the substrate

of the and he attache finger are

noved bxilﬁ% ﬁl)e[l laétSF%ttP ViSie© of; relisr ia 5P g@‘éqee‘ﬁ fertain embodiments
elenents acting on the 15 beam The piezoelectric

el enentd thfapreepe inieBtiph bendi ng or ext ensi onal nDdes
Magnetorestrictive actuators, such as Terenol -D, that

. def or mElG.t12eispr tpeview aifa aalaymganebpen fiarl it aveyrdagce with certain

used as an alternative to piezoelectric actuators. In

the seaudlodim@itespPRlesdsehCind&iéat ors and
nagnetorestrlctlve actuators wll be. coIIectlver

referrqfd o3 &S, 't Wlo? { Efr&t?%ﬂégfﬁ%rg %ﬂg 1!(1%ccgndance with

is a si eV|ewof n exenplary e
of the present, .inv The rel ay has three Iayers
a cap IGY&P f&fdnﬁmgf8@%@@53???@”@5&@r 104 and a

substrate | ayer 106. The substrate | ayer 106 supports

el ectrical connections 108 to .he 11 WD 2004/ 095489
PCT/ US2004/ 001005

10



switch, electrical connections 110 to the
pi ezoel ectric actuator and the associated circuitry.

wab@gmoidky ee | ayers forma relay housing. FlI G PCI/US2084/001005
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top view of the relay in FIG 1. The broken |ines
i ndi cate hidden structure including the noveabl e beam
112 and the switch finger 114 that is attached 5 to

"the free end of the beam 112. These el enents are

positioned within a switching cavity 116 in the

pi ezoel ectric | ayer of tge rel aé. Al so shown are two

el ectrical contacts S T e wettable

surfaces supporting droplets of conducting |iquid. .

The seqyhashisisvearidn 4s 4uiebliblecofdgsisddiPes: etawy Wiffdtent forms,
reference to FIG 3 and FlI 4 respectively. 10 FIG

3. . . the aact | ) o

S SRSLATN e KM iR 0Bl B ne o mor
substrate of.the piezoelectric l.ayer 104. The fre :

o Rroute erpogiintts Dy he TP b el pljh prpen Unigse is to be

el ements are positioned wwthin the switching cavity

- 1¢ensidused apareeplanyof the princieedl theanyeniism- sk pefiniended to limit

pad 124 to the substrate 106. The other contact (118
i theFin@nt&)n fosthatdpacifie Envbcaliraents shuwh taall| desdrfbepladInl @2 description
to the substrate 106. The el ectrical contacts are

PBSlbiv, BRE eefiehbd AuelaRGRS Gsddto deb@ibeWwhd §4thé) GirBAM! dr)orresponding
The contacts have a wettable surface that supports a

AL Se\fé?%%g mh%]idglwiﬁic,8126. The vol ume of the

V g
cgn ucti ng I's chosen Such that the 1iquid
forns %brid

e between the contacts, .the brij Eein .
i At ABA BT PR rlASPaR TR KGR PGS Fofnation of a
contacts are electrically connected to the connectors
16fndigting Aquid PHARS Dgieen 1 opEXed GPRACHE Hp dugfentadeor permitted by
relay. The beam 112 is noved by action of a
pacipoedie e tnonecoaductatg monGeeitabld fisggnalke apedipting| laphid gnay be a
the actuator via connectors 110 that are electrically
chguiti edethlo sedndsagtronad STHZ Bngdr ik ARaciot tt6 bhOen€ a¥ ktb¥am, the other .
end of the beam is fixed to the substrate of the relay. The beam and the attached
finger are moved by the action of one or more piezoelectric elements acting on the
beam. The piezoelectric elements may operate in ‘bending or extensional modes.
Magnetorestrictive actuators, such as Terenol-D, that deform in the presence of a
magnetic field may be used as an alternative to piezoelectric actuators. In the sequel,
piezoelectric actuators and magnetorestrictive actuators will be collectively referred to
as “piezoelectric actuators”.
FIG. 1 is a side view of an exemplary embodiment of a relay of the present

invention. The relay has three layers: a cap layer 102, a piezoelectric layer 104 and a -

substrate layer 106. The substrate layer 106 supports electrical connections 108 to :he

11



12 WO 2004/ 095489 PCT/ US2004/ 001005 FIG 4 is a
sectional view through the section 4-4 in FIG 2. The

waenobs4sd nger 114 is attached to the free endrPOf/Us1084/001005

10

15

noveabl e beam 112 and is partially inserted into the
conducting liquid volunme 126. The conducting |iquid

126 fills the gap between the two el ectrical

contacts, but does not wet the non-wettable pad 124. 5

In this enbodl ment, the beam 112 is noved by action of

a splichoelestion] cowmleshany 113do the migneelgctrs aqidater @ad ghe associated
the beam and operable to bend the beam FIG 5 is a

t afrcuitew Tesathred layersiidorm & hdaxhpusimgyer 102 renoved.

The switch is in a closed state, since the liquid

netal briglges 4 08 @eR oPelewer ih T @EI1eCTid brdke QARG R ate hidden
In this enbodi nent, the rmveabl e beam 112 is acted

t Cy :
13308 Hﬁﬁl&“{%&?ﬁﬁsﬁ%@?ﬁ%@ {Reorhidne S Binger B #s atached
t he i.ezoel ect nt..130 al ong the | .the . .
ea O IoE Gt Phcks Brrr encttcss eo5ep c%fF|P@S§103ﬁ€mltf&%2 switching
along the length of the beamw || cause the beamto
beavty ddéhint hatpiezolertiselayeid obithe Flaheaidso ah@wpnhare two electrical
attached switch finger, noves in the direction
i mdnizatseld 8bandt 12O that bavel B4ttablh euifaes ceppating clrepletyenft ®nducting
nay be used alone 15 or in concert. Control signals to

uRi. EFRedBGbis 33 h@ ARV E] B GeRfiBYd BEOwMIith £98eA&d to FIG. 3 and
pa s 128. FIG 6 is-a top viewof arelay with the cap

3 6%4%9%13&;@%% The switch-is in an open state.
T e i 3

eam s been bent by action of the

i ezoel el epent s. d.132, i n e
it on HGhoL a3 oeH Nk PtoRl 5% %@tl%ﬁiem‘g- 21 e groveable
vol unme 20 126 and to separate the volunme into
p&eis 117Hp §ixpd abres eielodhe sihstra ofcimpisepelasitic layer 104. The free

end of the beam supports the switch finger 114. These elements are positioned within
the switching cavity 116. The contac't 120 is attached via a non-wettable pad 124 to
the s1.l1bstrate 106. The other contact (118 in ¥FIG. 2) 1s attached via a non-wettable
pad 122 to the substrate 106. The electrical contacts are positioned within a recess in
the switching cavity. The contacts have a wettable surface that supports a volume of
conducting liquid 126. The volume of the conducting liquid .is chosen such that the
liquid forms a bridge between the contacts, the bridge beiﬁg,:r maintaiﬁed by surface
tension in the liquid. The contacts are electrically connected to the connectors 108
that allow signal to be routed through the relay. The beam 112 is movéd by action of
a piezoelectric actuator. Control signals are coupled to the actuator via connectors

110 that are electrically coupled to contact pads 128 in the switching cavity.

12



between the two el ectrical contacts and opens the
circuit. The switch finger is non- wettable and

woordnosadact i ve. 13 WO 2004/ 095489 PCT/ US2004/ pOL/0REH04/001005

10

15

FIG 7 is sectional view through the section 7-7 in
FIG 6. The free end of the beam 112 has been

di spl aced vertically in the figure relative to its

position in FIG 4. The switch fi nger 114 has been

fully i rted into the. conduct] ui d vol u

separ at]ﬁg 4ﬁseav§8ftﬂﬁf@ Vi t@%bibég? $CRY %A@élknﬁé {zheThe switch
el ectrical connection. 5 In this enbodinent of the

i Aipgat iLdh is akachedr outhe fies waéeftthe mpeeblei bedm ddAtanct & partially
is conplete unless the actuator is energized. In a

f insehted ietotthelicomdictinf lighéd voloueniiconThée bendustihghiquid 126 fills the
finger separates the conducting liquid volune when t he

Pig E% BehRLhIthE +76 it al kbntaok, BRI 288 wel Bt hdh- we’gable pad 124.
partially w thdrawn when the actuator IS energlze

g;gmd§%§1b58 %It etgé ”b%&rﬁ'u"z B%g vIed ac‘ﬁ:g}'g f fagpé%%,oe eanc element 130

rrcult etme
nl ess the actu ener gi zed.

CoR AT 12 se%epc‘ffotﬂgﬁﬁaa? 3 oRabler Berhebete. of o

rel ay. Tmo el ectrical contacts 118 and 120 are fixed

t o nonXlet Sapréopigy efvarelar withrihe camlaferxdy removhé The switch is
substrate 106. El ectrical pads 128 provide el ectrical .
conaelokedstatet ntdihe pigerbmbat bridges the gaEiveeT e dkatical contacts.
and contacts may be forned on the substrate using

KD ShB6Amend tHRGBLEHDNDbI8E N1 AUREed 1@)0%'@9011\@ B W8 piezoelectric
the circuit substrate is shown in FIG

e!el%ﬁ‘feﬁjrs g o paggksitéé'c?lé%ar?z 21162%10%5 eotf e %BEII% E)H[ensmn of the

non-metta respectlvel

e L P TS B o
piezoelectric element 132 along the length of the beam will cause the beam to bend
such that the free end of the beam, énd the attached switch finger, moves in the
direction indicated by the arrow 134. The piezoelectric elements may be used alone
or in concert. Control signals to the piezoelectric elements are proAvided via contact
pads 128.

FIG. 6 is a top view of a relay with the cap layer 102 removed. The switch-is
in an opeﬁ state. The beam 112 has been bent by action of the piezoelectric elements |
130 and 132, causing the switch finger 114 to insert into the conducting liquid volume
126and to‘separate the volume into two parts. This breaks the electrical connection

between the two electrical contacts and opens the circuit. The switch finger is non-

wettable and non-conductive.

13



coupl ed to connectors 108 on the external surface of
the substrate. Alternatively, the 20 el ectrical

wW@ormaeissr s may be connected, via traces on theCT/o82004/001005

10

15

20

the substrate, to connectors on the edge of the

substrate. The electrical pads 128 provide electrica
connections to the piezoelectric elenents and are

el ectrically coupled to the connectors 110 on the

external surface of the substrate. 14 WO 2004/ 095489

PCT/ Us3d6z 06 terdionalpiiey thigupl the seefion,{-din dlGa. The free end of the
al ternative enbodi nent of the relay with the cap | ayer
10RameliBvied . bedih displaced vertisallyninghe figeedrebttiat ¢o itk positios in FIG. 4.
enbodi nent, the noveable beam 112 is acted upon by a

plmcsedl@ﬁtﬂﬂg@r a4 Had beenli0y ahdeash eflo tige é‘oﬁu@ﬁn%ﬁlqﬁﬂ?\/olume 126,
SVVI tching channel 116. Extension of the piezoelectric

9%% tneldhd v'ofﬂln{é"ﬁhe R Rfanbfgea ?Hl ELiRnta) %%nnection.

cular to t m noves eam||1t

dlrectlo indicated b L bn thi :

erbodi oAt SPhEagas Bbinedt yoriione g ATGH PEsRA s Bgical contact
closer to the fixed end of the beamthan to the free

effd complatej Wless nihe ifrtetploss oppigizsdamiang|fpfthess emppdiment of the
noti on of the. piezoelectric elenment, thereby producing
ailhvangen, tiespivacknirger ofepatabes $hwi tcotndlfcitingehqdiﬂMyomnteerwhen the
forms of nmechanical anplification may be used. Control

1piesb@Batis astuatos ippdticddrdifed] bed Ripazeglyestiidiews veiBRthe actuator is
via the pads 128 and the contacts 142 and 144.. The

’ pbﬁé@&lsg Gh T 'ofn AL vl Obctkidl OBYiC Ofrrpffrhllssﬁlrﬁl& 'e%oﬁlmem the circuit

pi ezoel ectric elenent or a stack of piezoelectric

h
hENERh B Thciodt b e 1950 U bl P et
140 is upl ed via the contact 142 to the substrate
104, AFECy 135 2 0B Haeve it merbote 1ayex HEO lapiles.  Viwenelectrical

a voltage is applled across the piezoelectric
contacts 118 and-120 are fixed to non-wettable pads that are in turn fixed to the

substrate 106. Electrical pads 128 providé electrical connections to the piezoelectric
elements. The pads and contacts may be formed on the subs;crate using known micro-
machining techniques.

A side view of the circuit substrate is shown in FIG. 9. The electrical contacts
118 and 120 are fixed to non-wettable pads 122 and 124, respecﬁvely, which are in
turn fixed to the substrate 106. Thé electrical contacts 118 andj 120 are électrically
coupled to connectors 108 on the external surface of the substrate. Alternatively, the
electricai connectors may be connected, via traces on the top of the su-bstrate, to
connectors on the edge of the substrate. The electrical pads 128 provide electrical
connections to the piezoelectric elemeﬁts and are electrically coupled to the

connectors 110 on the external surface of the substrate.

14



element it deforns in an extensional node (the
vertical direction in the figure) and acts laterally

wonhesdgeam 112. This, in turn, noves the sw PehUS2004/001005

10

15

finger 114. FIG 12 is a top viewof the relay in FIG

10 show ng the switch is in an open state. The

pi ezoel ectric el enent 140 has been energi zed and

di spl aces the beam 112 20 laterally. This has noved

the switch finger 114 into to volune of conducting

fluid 1 Heisa pi vigwiaf annalismaiiyevothadisserimd the e@lky wath the cap
the electrical. circuit between the electrical

cdayead08 rerhbvedD PHMOAYIDT4 89 a PICFEUS26R0 40 B 8fbodimdnt, tASmoveable
is atop view of a substrate |ayer 106 of the relay

shewm 11 i &ed ]v.?)o)lg é%r andledieciyo a@tluﬁféﬁ rig@alir A0 86 GSside of the

118 and 120 are to non-wettabl e pads that are

R e SR RS b e

t?w&?;ag %gllal)%g rcltq%éteclé&)& e@g{ égg@p%g%g%gaﬂ %}?engh?gcttl%n meated by the
m cro-machi ni ng techniques. Wile the invention has
beaavdb¥er Ihdds embedinjenhdhe prezagletiris petiafards positioned closer to the
enbodi nents, it is evident that many alternatives,

mibictie fl ieq a toif dﬁESbeathmttatth@ﬁSe and Tt abnfonsaiidn, lthe beam amplifies
becone apparent to those of ordinary skil T in the art

| fhd hdhibn Qff thd)BiezbOEOGRI MINERS Aty ABAuAGE %rqucréglﬂsplacement of
the present invention is intended to enbrace al

N RSOy SO A B g Conc
lsfglnals Cziare suppfied to the piezoelectric element via the pads 128 and the contacts 142
and 144. The p1ezoelectrlc actuator 140 may comprise a siﬁgle piezoelectric element
or a stack of piezoelectric elements. |

FIG. 11 is a sectional view through the section 11-11 in FIG. 10. The
piezoelectric element 140 is coupled via the contact 142 to the substrate 104, and via
the contact 144 to the beam 112. When a voltage is applied across the piezoelectric
element it deforms in an extensional mode (the vertical direction in the figure) and
acts laterally on tﬁe beam 112. This, in tumn, movés the switch finger 114.

FIG. 12 is a top view of the relay in FIG. 10 showing the switch is in an open
state. The piezoelectric element 140 has beeﬁ energized and displaces the beam 112
laterally. This has movea the switch finger 114 into to volume of conducting fluid

126, separating it into two volumes and breaking the electrical. circuit between the

electrical contacts.
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WD 2004/ 095489 PCT/ US2004/ 001005 1. An electrical
relay conprising: a relay housing enclosing a

wemotobiseyg cavity (116); 5 a first electrical PODUSDIN4/001005

10

(118) in the switching cavity, having a wettable

surface; a second electrical contact (120) in the

swtching cavity spaced fromthe first electrical

contact and having a wettable surface; 10 a conducting

liquid 1261 in wetted contact with the first and

second EHacld iscaliop VaohchdtsEbstatpliaeh {001%)thpagpn ghewn in FIGs. 10,
fixed end attached to the relay housing within the 15

swik eid 43 dawa tlpctaingl eontacte ]l Bhend d20 are- fietd abhen-sweitbidh pads that
finger (114), attached to the free- end of the beam

ange fpveabligeded waensubbeatti (68, apRcsREOHAIE! OBt fffd’i@(!ie electrical
contacts; and 20 a piezoelectric actuator (130,

1 r [

t g‘%&g@g‘{“?#é ﬁqée V&Qvo I\ﬁ% é)?p‘fe %@%E}l%:@nncgc\a/lg étfm’gljéengéd's a(ﬁtd c%ﬂtacts may
ion osition; .wherei.n when the svvltch

P Rfermrd oA e ST ERE KhoPR myer S bl Etebiiet | ng

25 liqujd (126) brldges the space between the first

(118) aNdilseésndn(ersioy hevriesrt Sessnbied otplconimcton With specific

electrical circuit between the first and second

c emtaslimentadit i emident thae nsayositbrposies,i mndifieeticwi, tpetmutations and

finger (114) separates the conducting liquid into two

VoladigB6ns wilkbedynd bepdteiiot thesecb® 6idinFRlskBi it tHel art in light of the

foregoing description. Accordingly, the present invention is intended to embrace all
such alternatives, modifications and variations as fall within the scope of the
appended claims.

‘What is claimed is:
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between the first and second contacts. 17 WO
2004/ 095489 PCT/ US2004/ 001005 2. An electrical relay

~ Wonmocaogmsglance with claim1, wherein the sw tchCT/URE4001005

(114) is in the first position when the piezoelectric
actuator (130, 132 or 140) is energized and in the
second position when the piezoelectric actuator is not
energi zed. 5 3. An electrical relay in accordance with
claim1, wherein the switch finger (114) is in the
second ositLoq en the, piezoelectric actuator (130,
132 o¥'§ﬂﬁ?ﬂF91é &Y fiREEMBand in the first position
when the piezoelectric actuator is not energi zed. 4.
An electrical relay in accordance with claim1,

wher ei n t Raelay Bowsdizseeiopiag aswieling cavitp (Kévpri ses a
first piezoelectric elenent (130 or 132) attached to a
first side of the beam (112), the first piezoelectric
elPenent ( 23BrsbreletRyl opracal{l BB)tin defsovritehing vity, having a wettable
| ongi t udi Rgl., npde parallel to the beam and thereby
bend the beam{112). 5. An electrical relay in
accordance with claim 1, wherein the piezoelectric

actuator _15 c rpses a electric elenent (14 :
acting befWwe&l d ec\/\bcﬁfcoélfa%t ﬁé&:% & AVRgRE Y S§’%ﬁg)ﬁ8m the first
regi on of eleheichieamaltlahd hatieg weenalbaurfacee end and t he

f.i.xxed end, the piezoelectric elenent (140) operable

ﬁg deformin an extensional node substantially

per pendi culcafidicOng heuil eed) andetidaeiosiay: wieH 1h8 Girsttah® second electrical
beam 20 6. An electrical relay i'n accordance with
claim1, ®¥#&%n the conducting liquid (126) is a
liquid netal. 7. An electrical relay in accordance

wth claim1l, wherein the relay housing conprises:
a beam (112) having a fixed end attached to the relay housing within the

15 switching cavity and a free end;

a non-wettable switch finger (114), attached to the free' end of the beam and

moveable between the first and second4 electrical contacts; and

20 a piezoelectric actuator (130, 132 or 140) operable to move the beam in a
lateral direction to cause the switching finger to move between a first position

and second position;

wherein when the switch finger (114) is in the first position, the conducting
25 liquid (126) bridges the space between the first (118) and second (120)
contacts and completes an electrical circuit between the first and second
contacts and when in the second position the switch finger (114) separates the
conducting liquid into two volumes, thereby breaking the electrical circuit

between the first and second contacts.
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25 a substrate layer (106) supporting electrica

connections (108) to the first (118) and second (120)
web@aoi4gal contacts and el ectrical connecti onBCT/U$8)4/001005

to the piezoelectric actuator (130, 132 or 140); 30 a

cap | ayer (102); and 18 WD 2004/ 095489

PCT/ US2004/ 001005 a pi ezoel ectric |ayer (104)

positi oned between the substrate |ayer (106) and the

cap | ayer (102) and having the smﬁtching cavity (116)

formed hRes&ida %lay%n %&o@&‘ﬁcé Q/Et c%e \g?greﬁlntge switch fm%er (114) is

electrical circuit "forned con
| i qui i the 86} pesétioneehrendhd Plﬁmelemlptaaﬂuhfer céhat b&?tor(lmﬁ); energized and

'an d alnstﬁi&@gnﬁots%%g lv%ex‘f %tp?e(‘zgelec(trlg Qc)tuator 19 Qoteelng %}Z%? ¢ ?l

I'Si'ng: énergi zing an ac
(130 132 or 140) to nnve a non- mettable finger (114)

a S|t on which the bridge. of . . .

cohavtt ARG B ahaBe e Gl d. AhugfgnGSwitc finger 114) 1
posi tinGhe Bd&oiﬁmp&hldnhﬂldﬁrmefigﬁ?&fec&&mgﬁ%r TQQBgd ilBAw bﬂl‘:’? Cils energized
broken h t.he non-we e. finger net ho

in ac ﬁg}?c,fgswoflﬂo% g?q'ﬁl?‘% PieRRlCHHGACTIREOT it §nsTaRsdid e s
a beam (112) haV|ng a fixed end and a fixed end, the
non-wet t abl e flnger (114) being attached to the 15
free ‘endnstectical kA ageoriappreeh slagpdy @’lhilieﬁ’gthﬁ Riezoelectric actuator

a UadoRdpric QTP irs §9ez08RRE I elnlAgt A13B RZ129) %ﬁ&dhb(ﬁ to a flI'St side of the
actuator 130 or '132) attached to a side of

(112)begm ddRbrthe flfﬁtanerzeﬁgcrmwiqn@mt ¢i30een 1T @emﬂvg: tOhéeform in a
| NG00 BfudhPmBEAHralel RANEH.LEN Gy REa BRVLA 912 '
nDV|ngn? e non-we takfe ?lnger ? e%%W H12).
5. An electrical relay in accordance with claim 1, wherein the piezoelectric actuator
15 . comprises a piezoelectric element (140) acting between a wall of the switching cavity
and a region of the beam (112) between the free end and the fixed end, the
piezoelectric element (140) operable to deform in an extensional mode substantially

perpendicular to the beam and thereby deflect the beam.

20 6. Anelectrical relay in accordance with claim 1, wherein the conducting liquid (126)

is a liquid metal.

7. An electrical relay in accordance with claim 1, wherein the relay housing

comprises:
25
- a substrate layer (106) supporting electrical connectioﬁs (108) to the first (118)
and second (120) electrical contacts and electrical connections (110) to the
piezoelectric actuator (130, 132 or 140);
30 a cap layer (102); and

18



20 10. A nmethod in accordance with claim8, wherein
the relay includes a beam (112) having a fixed end
wane4@mof4sxed end, the non-wettable finger (1l4pCchbesrgs/001005

attached to the free end of the beam and wherein

energi zing the actuator conprises: 25 energizing a

pi ezoel ectric actuator (140) in contact with the beam

and a housing of the relay to deformin an direction
substantially perpendicular to the length of the

beam
non-

10

15

20

25

30

her efl ecting the beam (112) and novin
vvtet te @&Bézop}eﬁﬁl@ﬁay(aﬁ_%gff ) pesgioned etwegn the substrate lagyer (106) and the
cap layer (102) and having the switching cavity (116) formed therein.

8. A method for switching an electrical circuit formed by a bridge of conducting
liquid (126) between a first wettable contact (118) and a second wettable contact

(120) in an electrical relay, the method comprising:

energizing an actuator (130, 132 or 140) to move a non-wettable finger (114)
between a first position in which the bridge of conducting liquid is complete
and a second position in which the bridge of conducting liquid is broken by

the non-wettable finger (114).

9. A method in accordance with claim 8, wherein the relay includes a beam (112)
having a fixed end and a fixed end, the non-wettable finger (114) being attached to the

free end of the beam, and wherein energizing the actuator comprises:

energizing a piezoelectric actuator (130 or 132) attached to a side of the beam
(112) to deform in a longitudinal direction along the length of the beam,
thereby bending the beam and moving the non-wettable finger (114).

10. A method in accordance with claim 8, wherein the relay includes a beam (112)
having a fixed end and a fixed end, the non-wettable finger (114) being attached to the

free end of the beam, and wherein energizing the actuator comprises:

energizing a piezoelectric actuator (140) in contact with the beam and a
housing of the relay to deform in an direction substantially perpendicular to
the length of the beam, thereby deflecting the beam (112) and moving the non-
wettable finger (114). |
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