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WD 2004/ 095483 PCT/ US2004/ 000972 WETTI I\ TG FI NGER
LATCH NG PI EZOELECTRI C RELAY CROSS REFERENCE TO

WREAADEISAPPLI CATI ONS 5 This application is rebpal/@82000000972

the followi ng co-pending U S. Patent Applications,
being identified by the bel ow enunerated identifiers
and arranged in al phanunerical order, which have the
same ownership as the present application and to that
extent are related to the present application and

whi ch are hereby incorporated by reference: 10
Application 10010448-1, titled "Piezoelectrically
Actuated Liquid Metal Switch", filed May 2, 2002 and
|dent|f|ed b _SerlFIvNunber‘iQI137 621 'chat|o§

the sane f| ling date as t he present appl icati on
Application 10010531-1, "H gh Frequency Bendi ng Mbde
Latching Relay", 15 and having the sane filing date
as the preggidsS REFFRFHNGCR TORBILIACHD 2Ppl 90 AGANs!,

titled, "Piézoel écirjcally Actuate ui d Veta
S t IS {THLGARREY B 19089 Th HeddRIPY G Bypeadinga US. Patent
Nunber 10/142 076; Application 10010571-1,
APyt s g b@ngyldermfm oy ket below| enueraraigd Reendifiops apd arranged in
Face Contact", and having the sane filing date as the
pdmiélsamnelaqzxfbloirwl whith e AppsancadwoershipOkabd Prekent application and
"Liquid Metal, Latching Relay with Face Contact”, and
h@wian @Xﬁeﬁ@a@&&ﬁteﬁl th itHOpdadnt a %ﬁhdaﬁ@n RhE@S&1AEh are hereby incorporated
application; Appllcatlon 10010573 "I nsertion Type
%pq&k tal Latching Relay", and haV|ng t he sane

['1n ate as the present application; 1 WO

2004/ 095%{%%10':;91-{0%?69&4{ 0991%52“Piezoelectﬂcally 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 fiiing date as the present application;

Application 10010531-1, “High Ffequency 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 identified by Sertal 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;

Application 10010573-1, “Insertion Type Liquid Metal Latching Relay”, and

having the same filing date as the present application;
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Application 10010617-1, "Hi gh-frequency, Liquid Metal,
Lat ching Relay Array", and having the sane filing date

W@3004l0es4p3 esent application; Application 10010BABU$2004/000972

"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 same filing date as
the present application; Application 10010640- 1,

titled ™A Longitudinal Pj | ectric

Rel ayApPhgaiigy 16991%9%7 1311’%@1@% TEAYYi &éoﬁ‘lnfjf g)é?tﬁél ;L#atch“gg Relay
Seri aI Nunber 09/999,590; Application 10010643-1,

Aghg? rand/bd‘engmﬁﬁamel\fmlw dagnhs APIeSEMAPREGALRG: t he 10

same filing date as the present application;

Appl i gpplicanod 00MOKRH4 811, “IBmdbmgTN[ﬁdiiqmiQUWtht[atching Relay
Swi tch", and having the sane filing date as the

Rh%?’e'&hdﬁ%hg%da% fiRPAdE & the HrekbR1PpRbatlon; ti 1 ed " A
Longi’t udi nal “Mode Optical Latching Re ay", and havi ng

the s Sic i LOR;

Appl | £4F %1%&%10&8%98@%% T RIGACORGREGE, g hrdie fre same
Pusher - Nbgﬁ Pi ezoel ectrically Actuated Liquid Metal

Hlipg dafe as d’ri’%{}??@‘?ﬁtéoréarre filing date as the

present -application; cation 10010664-1, "Meth

and Stppl¢ates 1@610%0%%1@& Md@glqﬂﬂ@fb%1eé%§1?‘it€%ﬁp§lcal Latching
Actuated Liquid Metal Optical Switch", and having the
Ralg”,ffiled Ogrob203 2061 asd ideetifiedbe Strl@l;i‘ﬁﬂlmbta”tﬂ%ﬁw 590;
Application 10010790-1, titled "Switch and Producti on

Ther eabplicdtioh 1010822 1&hedZMod0 02qed Mewdewitth'g dnbiyhaving the

Serial Nunber 10/317,597; 2 WD 2004/ 095483
EGdd M@aﬁé QQ%%Resent application;

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

Application 10010656-1, titled “A Longitudinal Mode Optical Latching
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;

Appiication 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 10011055-1, "H gh Frequency Latchi ng Rel ay
with Bending Switch Bar", and having the sane filing

waoladoa/09%8% he present application; Application PCT/US2004/000972

10011056-1, "Latching Relay with Switch Bar", and
having the sane filing date as the present
application; 5 Application 10011064-1, "H gh Frequency
Push-nmode Latching Relay", and having the sanme filing
date as the present application; Application

10011065-1,. " - L. hi Rel ay" ., .and Vi ng. .
same Plgfqaﬂ%n d@g@gqihe%@b;ggqueg%ﬁ%%ﬁ%n‘?g}ay Wl ri?endmg
Application 10011121-1, "C osed Loop Piezoelectric
Sowiedt Bag rancrayingghe pame fifing date 28ithg PGSRAPRP S 1PRe

present application; Application 10011329-1, titled

" Sol i ApSicaton dAG1 1036 hdlLaRihezn Belayt witle Switthchirigand having the
Rel ay", filed May 2, 2002 and identified by Seri al

PRI gldM el &7h6 PrssentApplitamin on 10011344-1, " Met hod
and Structure for a Slug Pusher-Mde Piezoelectrically

Act U aﬁsﬁ@i&hgﬂ 1o Mateal 1 Swiith fli'reqléﬂgY DAVH-Behde MouERAR Relay”, and

filing'date as 15 thé pré&sent application;
Application.10011345-1 " Method. Structure for a

}ﬁvﬁbgt o Gljne %tﬁgalstﬂbédﬁ’rﬁ%ﬁn&@@lz%g @ctrical ly Actuated

Li qui d Met al tical Switch", avi t he ne

fili népala&a@%sl%%]é) r]es‘é)h‘tsg"élﬁfﬁirf%&l% ?(%Rﬁ'pi Fl?:cgg?\eﬂg the same
10011397-1, "Method and Structure for a Slug Assisted
firshdate a9be ppeseniRipphiodianst ri cal |y Actuated Liquid

Metal Optical Switch", and having the sane filing

dat e Aagplidaciopriesent21appiClosid boop RApbélectic dlump”, and having the
10011398-1, "Polymeric Liquid Metal Switch", and

DA Mg d DRe 2S@IBrdsthd Applidaich;as the present
application; 3

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

Application 10011344-1, “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 Metal 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 Switch”, and having the same
filing date as the present application;

Application 10011398-1, “Polymeric Liquid Metal Switch”, and having the

same filing date as the present application;
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WO 2004/ 095483 PCT/ US2004/ 000972 Application
10011410-1, "Polyneric Liquid Metal Optical Switch",

wan@4losasng the sanme filing date as the presenPCT/US2004/000972

application; Application 10011436-1, "Longitudi nal

El ectromagneti c Latching Optical Relay", and having
the sane filing date as the present application; 5
Application 10011437-1, "Longitudinal El ectronmagnetic
Latching Relay", and having the sane filing date as

th t. i cation:. Application.10011458-.1
the o espot SPOLialhan AR e g0 DRk S, and

and having the sanme filing date as the present

-lapphg thatseoa filingplalecatthopresn pRlE@Lien; * Danped

Longi tudi nal Modde Latching Relay", and 10 having the '
sanme fhippligiodale0as364e ‘frongéndinalpfléctmimagnetic Latching Optical
Application 10020013-1, titled "Switch and Method for

#1C R2dEe filifd dREaDReIbent dpplic0H2 and
gggﬂt’%ﬁaggt@gt%ri aei 1Il\lugnberalO/ 17, 963; 1,(B:\pfc))ilihizcati on

10020Q27+. 1. Li —Pj e ey ' »
11 od MRl gDy OE STl F R AT b R AR L M hng Relay”, and
10/.109, 309; 15 lication 10020071-1, titled

hayipg the; S@%’Ielfil}mlgggpea?sé eﬁfea?ﬂ]t&pﬁ}écia P cro- Switches

for Int egr ally shielded Mcrocircuits”, fil e(%Oct obier :
8, 208ppheationddAplo8d, Hyemesd diongindiepl Medssdriies! Latching
Application 10020073-1, titled "Piezoelectric Optical

Rehwy! tdnd hexingghe Swnd Glirlg ddte hetheApedent agplic2d@r and

‘identified by Serial Nunmber 10/119, 503; 20 Application

10020 Wgtidatidnl 1008d459/0) unEmpe] Lishgraina\Madeal ashiapRelay”, and

.Method ™ for Use", filed Decenber 12, 2002 and

R S A A

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

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

Application 10020071-1, titled “Eléctrically Isolated Liquid Metal Micro-
Switches for Integrally Shielded Microcircuits”, filed October 8, 2002 and identified
by Serial Number 10/266,872;

Application 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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Application 10020241-1, "Method and Apparatus for
Mai ntaining a Liquid Metal Switch in a Ready-to-Switch

w@eoudiopi4en”, and having the sane filing date aBCT/K82004/000972

present application; Application 10020242-1, titled "A
Longi tudi nal Mode Solid Slug Optical 5 Latching

Rel ay",, and having the sane filing date as the
present application; Application 10020473-1, titled
"Refl ecting Wedge Optical Wavel ength

c'\l/glt tei l g g?rél/ogf E@gﬁgﬂl g;gMegg}aan %ﬁ{gqt ?qr amtammg angqmd

10020540-1, "Method and Structure for a Solid Slug
et ivitohdn a RepdpiteSyetc Eonditiqns) ay havamgy th@eﬁ@mélltnﬁéiate as the

same filing date as the present application;
prepditeppliciod0020541-1, titled "Method and Structure
for a Solid Slug Caterpillar Piezoelectric Optical

Rel ay‘AppBedichayormoihe  same Al Logigddirl agoldSolid Slug Optical
pr esentp appl i cation; Application 10030438 1,

n hﬂ%ﬁﬁr tRe,n >of Iaﬂg%galt qiu Qc}n%ﬁ Rho B&L 2Y the p[?@s%np 11'39t10n15

|I” ing &sent appl 1 cat

o chig e 10%825%%73 haﬁlﬁéssﬁsﬁ%cgﬁ%”???ﬁg %opgics Havelength

the pr esent appl ication; Application 10030522 1,
Morlrlgrpr@enpylaleser somdy I@Ww@ Pt i eape iR qpie as the present
Rel ay", and having the sane filing date as the present
apmicagart;i on; and 20 Application 10030546-1, "Method

and Structure for a Slug Caterpillar Piezoelectric

Ref | e@ipplieatpt 10020581 ayMettaddandaSirnguiehfor sadudid Sluk raterpillar

date as the present application. 5 W 2004/095483
P@é&%ﬂgﬁe@gﬁ)?grﬁi 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 10030438-1, “Inserting-finger Liquid Metal 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 Latching
Relay”, and having the same filing date as the present application; and

Application 10030546-1, “Method and Structure for a Slug Caterpillar

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

application.
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FI ELD OF THE | NVENTI ON The invention relates to the
field of mcro-el ectromechani cal systens (I|VI EEMS)

wo evo4@bas8sri cal switching, and in particul ar tBCHEHUS2004/000972

pi ezoel ectrically actuated liquid netal relay. 5
BACKGROUND Liquid netals, such as nercury, have been

used in electrical swtches to provide an electrica

pat h between two conductors. An exanple is a mercury
thernostat switch, in which a binetal strip coi

reacts to tenperat N I gle of an

el ongated cavity' - ; e mercury in

the cavity forms a 10 single droplet due to high

sur f atie: ineerstcnel af¥sagithey fieid \oé snitloecledtrapuechanic aipystems gMEMS)
the end of the cavity containing electrical contacts

8% Ruidaf sRithighe e indeRendine dipebodlb@ricangh@uaéd tigeid metal
cavity. In a manual liquid netal switch, a permanent _
n? net is used to nove a nercury droplet in a cavity.

I %ﬁid nmetal is also used inrelays. Aliquid neta
dropl et can be noved by a 15 variety of techniques,

i ncluding el ectrostaticf OI)ﬁbiable geonetry due
to thermal expansion/cé%ﬁéggg%on—and _
magnet o- hydr odynam ¢ forces. Rapid sw tching of high

cur r ehigeid snetledsich as nargeyy haveebygerofusetbvn cdestrignltswitches to
provi des a problem for solid-contact based rel ays '
PI%QfHéSEn QflectridHll NEhthViRIBwed tedtcontiomorsl s Al sxapipidis Bhmercury
arci ng causes danage to the contacts and degrades

(BB SR SAIH DYk LpRAL SIS, 3 L gshastnednn e
SRR ST SB5ue B AP SELSH AR, AT B PR roms

€ plezoe materi a

to latch or else activate a swiitch that u%es a
siaglerfirppjet due to high surface tension. Gravity moves the mercury droplet 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 (;avity.

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/contraction 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 degrades their

conductivity due to pitting of the electrode surfaces.
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mechani sm M cro-sw tches have been devel oped that use
liquid netal as the switching 5 elenent and the

wezpansi4sen of a gas when heated to nove the |iPOi/US2004/000972

nmetal and actuate the switching function. Liquid
nmet al has sone advant ages over other m cro-nmachi ned
technol ogi es, such as -the ability to switch
relatively high powers (about 100mW using

nmet al -to-metal contacts wi t hout m cro-wel di ng or

over h atln e .SW r, the us f .
heat obogS AR EPEles as«‘gfﬂ%r Aot IR bl i padig igrees in
relatively |arge am)unt of energy to chan%e the state

e pibeoclssitic materid tohatete & elﬁeﬁ‘éﬂﬁ‘i‘-‘é& Byiteuithag nisay 2 latching
nmust be dissipated effectively if the switching duty
e¢claisns hi gh. I n addition, the actuation rate is
relatively slow,' the maximumrate being linmted to a

few hnneioadvitdaed Bave bV A0R44RASHEE uRCEGLIBAA04A] QO@X/ dwitching
FIG 9 is atop viewof arelay in an opening state in

gl&%%ﬁ danGEe Eﬂlqg?l %glrcgfad ga s, PO PRI %%n@\fe e ?iqﬁfdeﬁ@tﬁf and actuate

nven 1 on. top view o clrcult

Brooee Redespnr il RieR GRRAR gt s pFE Sl pigrogmachined

side view of a circuit substrate of a relay i
teclrmazins eSUR 135 - the APIAY nfoetiEd FPéfﬁtV@Yoplgthh O‘i’)‘i‘rés(él?ﬂm 100m W)

invention. FIG 12 is atop view of a relay in an open

stiag emétal-semetati arvneacki tithost tmicno-wetingli ore Averhetinghéhe switch
present invention. FIG 13 is a sectional view of a
reb@hidnd. AReeVearteuw ¢hhaaekdt @i has sbeil Mésudsantdgesoflt requires a

the present invention. FIG 14 is a top view of a
F8hA%LY Thrfe GRRhNGF Shalss 1oNcIRREO tHARER: W tthe GREGLRI &hd the heat
generated by switching must be dissipated effectively if the switching duty cycle is

high. In addition, the actuation rate is relatively slow, the maximum rate being

limited to a few hundred Hertz.
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enbodi nents of the present invention. FIG 15 is a
top.view of a relay in a closed and | atched state in

waec@angssce W th certain enbodi nents of the pPEFERL004/000972

invention. 15 FIG 16 is a top view ofd relay in an
opening state in accordance with certain enbodi nents
of the present invention. FIG 17 is a top view of a
circuit substrate of a relay in accordance with
certain enbodi nents of the present invention. 8 WO

2004/ %&gﬁ?S PCT/ USZOO?{SI(%@OQ?Z DETAI LE,[D DESCRI PT1 ON

Vihi | e 1P AVER TN Of & WA bR PRI FaBoti ek Kith certain
many different forns, there is shown in the draw ngs

and wiemboRER@Ethohige gesentiBEdPR- detai | one or nore

speci fic enbodi nents, with the understanding that the

pr eseMIGdiléfcisos top viesy tof abeirditcorbsiraier @fda aslagxemgkendgnce with
of the principles of the invention and not intended to

i mt celtdlf ehiboaithémof GephResifvdniion. embodi nents shown

and described. In the description below Iike

ref er iige UTEL AR Abe sSLeil Gt deRealddsr B%la?f&ﬁeaccordance with

simlar or corresponding parts in the several views

of the dr.aw . The esent ..nvention relates to an
el ect FFEEH CF%%gﬁfn?rﬂs ﬁﬁ{hgt?refsﬁ%th‘éernrtrlgP ion of a 10

‘conduct.i ng@l iquid bridge between two fixed contacts

i .
faci | HIGr d@ i5yr WPt YiIBW G2 Blaygriyepiinfate i8acqpidance with certain

finger. The conducting liquid may be a liquid netal,

such ambodinenis ¢f e paesgai inventioal | oy. The finger is

attached to one end of a beam the other end of the

beam I, i18esla sectidnal siatvsifraatkydh atdvedarek ayith dérmibembodiments
and the attached finger are noved by the action of

one Oofr A GeRineZARhAGAF i C el ements acting on the beam

15 The piezoelectric elenents nay operated to bend or

def eGhc rﬁ 1@%% view of a relay in a closing state in accordance with certain
embodiments of the present invention.
FIG. 15 is a top view of a relay in a closed and latched state in accordance
with certain embodiments of the present invention.
FIG. 16 is a top view of 4 relay in an opening state in accordance with certain
embodiments of the present invention.

FIG. 17 is a top view of a circuit substrate of a relay in accordance with

certain embodiments of the present invention.
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FIG 1 is a side view of an exenplary enbodi nent of a
relay of the present invention. The relay has three

wo aye3348m cap | ayer 102, a piezoel ectric | ayerPC1/0820a#000972

a substrate |layer 106. The substrate |ayer 106
supports electrical connections 108 to the swtch,

el ectrical connections 110 to the piezoelectric
actuator and the associated 20 circuitry. These three
| ayers forma relay housing. FIG 2 is a top view of
the relay in FIG 1. The broken lines indicate hidden
structure including A s
switch finger 114 t S geted — 9 w0 2004/ 095483

PCT/ US2004/ 000972 to the free end of the beam 112.
TheseValilenthist sivantéorpossusteptibte of ehbadimeshin efanygdifferent forms,
cavity 116 in the piezoelectric |layer of the relay.

AEROisShewWa @l BetWawel BCindi wal here@Nbadesribéd iandtall’6he or more
t hat have wettabl e surfaces supporting droplets of

SERI APy I RRSATR of e il 5 o

escri eference t

respectively. FIG is a sectiqpal_vi .
SERRRGH 3 obmpy o oo DRGSR e p L il 3P ot go timit
at one end to the substrate of the piezoelectric |]ayer . .
the4nvepienttp dhe SB?Fdfl%ﬁﬂ%mélnEfélé%ﬁMbg‘P‘f E%Cﬁgeéwﬁl é%ﬁe ¥escription
finger 114. These el enents are positioned within the _
belbwchkengfarandetyunierals afthesed 6 tlesctibe #® sameasitilah efcoegponding
a non-wettable pad 124 to 10 the substrate 106. The

pirhein thosvael vieldbfithe Ha@ing) is attached via a
non-wettable pad 122 to the substrate 106. The

el ect frh¢ gfe_s&ﬁriﬁ@é‘tftﬁ)n%ﬁtdQQ§ b leRRBEaMdIAY 1 RhicR GRS forinAtion of a
the swtching cavity. The contacts have a wettable

surface t.hat 0 val u f ek Lag L b aul g
Y255 00l FHBBP Rt e lcop R HL AR B sbion of
such that, i t hout t presence. of. the ttabl.

FoTgene itatletingeT offie B Beae Luid Gy . ® SRuiemetgh such es
contact. The contacts are electrically connected to

tisecuey phe galinm alby. Theafingsr isofached to one end of a beam, 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 piezoelectﬁc elerr;ents may operated to bend or deflect the beam.

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 the
switch, electrical connections 110 to the piezoelectric actuator and the associated
circuitry. These three layers form a relay housing.

FIG. 2 is a top view of the relay in FIG. 1. The broken lines indicate hidden

structure including the moveable beam 112 and the switch finger 114 that is attached
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a signal to be routed through the relay. The beam 112
is noved by action of a piezoelectric actuator.

wW@ow00348%i gnal s are coupl ed to the actuator vP@I/US2004/000972

connectors 110 that are electrically coupled to
contact pads 128 in the switching cavity. FIG 4 is a
sectional view through the section 4-4 in FIG 2. The
switch 20 finger 114 is attached to the free end of
the aneabIe beam 112 and is positioned in proxinity

I C c an th
b s sl iheaSoblAC dhestorlpffl At BRthiid Wﬁb’%?wmhmg
the non-wettabl e pad 124. In th| s_enbadi nent ,
03] D5 15 S PEFFOESRITA /1TT2the 1yhe A0l 508 aﬁ%\%a electrical
by action of a piezoelectric elenment 130 attached to
téreacts des ehd 12Aehisdameandtabjreswafices sepnvetu tinpldeaconducting
FIG 5is atop viewof arelay with the cap layer 102

lighay g0 sddtons B3 ol 4-9 willlbeadtsafted i@t &;ithsiefieencehe FIG. 3 and
l'i'quid netal does not bridge the gap between the
gheck . contacts. In this enbodi nent, the
rmgeag%sg lve '112 is acted upon by pi ezoel ectric

o oo, 310 TR BRI S  oe moves
I th I t h of the b t t
S0 S AR G A0 s e e

wi |l cause the beamto bend such that the free end of

eheobdabpamsdppdits the swistle fingesi 11éh Fhepryelements\aeas positiened within
10 direction indicated by the arrow 134. The

pieegiehant cdvity dllémeftescomeyt h20 issathchbdmm a oon-wettable pad 124 to
concert. Control signals to the piezoelectric elenents

HcLsubkoMt d6d. ViR SR &fiftact RECSInLREG. B) 6 atfichéd datDfon-wettable
view of a relay with the cap layer 102 renoved. The

Elf%to t?le ShQStI%.t Ciﬁl 'flge él%&h?%lcéB?Fngeﬁ%glaOH&PWRﬁﬁ% recess in

actron | ezoe nts 15 13
SWItChfI 114.to t

g&i%a%mg;%%;stgﬂ &gp@ﬁgshave a \xr/]ech.eali)le surface that l“sllcl:ll)qpotdg a volume of

conducting liquid 126. The volume of the conducting liquid is chosen such that,
without the presence of the wettable finger, the liquid forms a separate droplet on
each contact. The contacts are electrically conneéted to the connectors 108.that allow
a signal to be routed through the relay. The beam 112 is moved 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.

FIG. 4 is a sectional view through the section 4-4 in FIG. 2. The switch
finger 114 is attached to the free end of the moveable beam 112 and is positioned in
proximity to the electrical contacts and the supported liquid droplets 126. The

conducting liquid 126 does not wet the non-wettable pad 124. In this embodiment,
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126. The conducting liquid 126 wets the surface of the
wettabl e finger and forns a conducting bridge between

wo b@49xa83 | xed el ectrical contacts. This conpl BCEES100€000972

el ectrical connection between the two el ectrica
contacts and closes the circuit. The swtch finger
may be non-conductive, but a conductive switch finger
reduces the 20 electrical resistance through the
connection. FIG 7 is sectional view through the

vﬁrgegbteig%nl &JZ rﬂqqrgg Igg‘ac‘gm% Ilhf {éE&ﬁe&H gﬁﬁe‘h@ €30 ?c?z]%ﬁédltjozthe side of

een di sp vertrecarly int gure relative :
to its positi in Fl 4. 11 WD 2004/ 095483
W%Z%@ﬂpﬁﬁ%&@%e?ﬂg%kﬁ%h finger 114 has been

inserted into the conducting |iquid volune 126, .
causi W&Gk Rds a¥ep Vishefesrelay wishthese@g layr 108 rpmayed. ( Hie switch is
el ectrical connection. FIG 8 is a top view of a rel ay
ima@opdosed, sinck thatliguadinstatdecswmatibridge tieagap bgteeen ttgZlectrical
removed. Once the switch finger has conpleted the

condust mNthid ERYbEimeRt, GROBREEANN bedhd 1RIied@ed apdit by piezoelectric
el enents 130 and 132 are de-energi zed and the beam 112

& ﬁ#@h&s 1?8 éﬁcfs 138N3 E@ %e%epgﬁiiegi (ﬁ‘_"the!'%\‘é%gr 'Extension of the

surtace tension’in the conducting i qui

mai ntains the |iqyjd.bridge bet ' :
FRURLEE %l 1Bk 98 RRLASSP Ak R itheion of o
el ect,ri cal connection between the t{\gvo el eﬁt rical

orpalestsiciclementilag Alongythglengthof dhg beam vall|capsenibg bepm to bend

the closed state. 10 In order to open the switch, the

wettt ghak ehes fitee cimdf ofhther béasn,nandethef attached swiiely finebmeyss in the
el ectrical contacts. This is shown in FIG 9, which is
AireOforvindwael @ theladow 034.alThe panbelgetsit ai@ments matytve used alone
cap layer 102 renpoved. Referring to FIG 9, the

R &7 e&hRH réi?rgt?dl ENRISO1BE pAdYdelbdZicaleneis hl Fodidet tvia contact

a reverse polarity so that = elenment 130 contracts and

el Snf%g[ 132 is extended to bend the beam and noves its
PE% t%% end 112 in a direction indicated by the arrow

134. 'Ii:ti% S6V¥|s tachp fv{en g{ a Ire?ayng/}/tﬁ(;[’he cap layer 102 removed. The switch is

in a closing state. The beam 112 has been bent by action of the piezoelectric elements
130 ar;d 132, causing the switch finger 114 to touch the conducting liquid volumes
126. The conducting liquid 126 wets the surface of the wettable finger and forms a
conducting bridge between the two fixed electrical contacts. This completes the
electrical connection between the two electrical contacts and closes the circuit. The
switch finger may be non—qonductive, but a conductive switch finger reduces the
electrical resistance through the connection.

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

beam 112 has been displaced vertically in the figure relative to its position in FIG. 4.
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away fromthe electrical connections and the surface
tensi on bond maintaining the 1liquid bridge is broken.

wab@4mosadzict i ng |iquid breaks into two vol unmespadRESzNH000972

the electrical circuit is broken. Surface tension in
the liquid retains the liquid on the two contacts,
even in the presence of body forces such as those due
to notion of the whole 20 relay. Thus, the relay is

| at ched in the open position. FIG 10 is a top view of
a substrate layer 106 of a relay. Two el ectrical. ‘
dbptsHEIcE HAgera i%%a% ineREd 109 %ngwéﬂlf%g ilqgi&hgolume 126,
that are in turn fixed to the substrate 106. _

Ehwstitg the Vo yaliunes 28 cpalesce dad epmplets dalelestinié sonnsation.o

the piezoelectric 12 WO 2004/095483 PCT/ US2004/ 000972

el ened 6. §Thea tpadievacta exdnt mcd slosmyarbldafcbedredteowith ke cap layer
substrate using known mcro- machining techniques. A
SpslerefidaOf ORR Ghd CiifchS YRS 3hg ¢&n§l€f&ﬂﬂ the dohéacting liquid
11. The electrical contacts 118 and 120 are fixed to

non- wet t abl e_. 2 LV i

SO s HPRER o RRCagE, AEREER Srtnestlel ind ipe beam
contacts 118 and, 120 are .el ectyi call oupled to .
d3A FeeTs € s BT SIF IR Rt EP R oGy P SBTEHE Ffion T the conducting
substrate. Alternatively, the electrical connectors ‘
hayidok2 6o pinteinseide lignid bmfé@é@t\mntth% elesfsicat cquigets and the wettable
substrate, to connectors on the edge of the substrate.
Fivitcle! fidgder.i c@he pdetsridA Scqmnestice betsteent the ctafo electrical contacts is
connections to the piezoelectric elenents and are

ehBehined ahdl YheCMwhad 1diéhetihe theldlogzannget ors 110 on the
external surface of the substrate. FIG 12 is a top

vi ew gf o?ﬁﬂg;lé ?’%?[‘83‘5‘4 %@it&f’?{éd@w%ﬂle oWitthenE& @M Farther away

the cap renmoved. The swtch is in an open

TePh fesuiel) oo sR O end O E R i P b B  etay in

to a side of the swtching channel 6. t ensi on .qf he -
2R eOPATEND 8162 tWitle 1BE e5APN12YEN 00N TRV et aePiBFIghER G. 9, the

piezoelectric elements 130 and 132 are energized with a reverse polarity so that
element 130 contracts and element 132 is extended to bend the beam and moves its
free end 112 in a direction indicated by the arrow 134. The switch finger is moved
away from the electrical connections and the surface tension bond maintaining the
liquid bridge is broken. The conducting liquid breaks into two volumes 126 and the
electrical circuit is broken. Surface tension in the liquid retains the liquid on the two
contacts, even in the presence of body forces such as those due to motion of the whole
relay. Thus, the relay is latched in the open position.

FIG. 10 is a top view of a substrate layer 106 of a relay. Two electrical
contacts 118 and 120 are fixed to non-wettable pads that are in turn fixed to the

substrate 106. Electrical pads 128 provide electrical connections to the piezoelectric

12
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15 | ayer and perpendi cular to the beam noves the beam
in the direction indicated by the arrow 134. In this

weniwodbsent , the piezoel ectric actuator i s posPCT/ORBU4/000972

closer to the fixed end of the beamthan to the free
end so that the beam anplifies the notion of the
pi ezoel ectric el enent, thereby producing a | arger
di spl acenment of the switch finger 114. O her forns of
mechani cal anplification my be used. Cbntrol signals

lied to the | ez0e ectric ele t he
ety SHEDRR it Spiads P TR 45 4% EfREHe tifte iiBwn micro-
pi ezoel ectric actuator 140 may conprlse a single
plashipenSeehnigues enent or a stack of piezoelectric
el ements. 13 WD 2004/ 095483 PCT/ US2004/ 000972 FIG 13
i s a secideomalv vf ¢he chedughbdhte seshtdvonin I3 1In AhG, electrical
13. The piezoelectric elenent 140 is coupled via the

¢contas 18434120 thefigsetbetdoat wetlBfe paRd 22iadd 1hereepurtiacly, which
144 to the beam 112. When a voltage is applied across

np'tl?&loﬁ}(@&tt@t sEh&MRNt k! gé QIdBridal c%ﬁtactﬁ 118 and 120 are

extenS|ona nnde the verti cal Irectron In

and .5 cts | a on,the .be .
elpbicatty "Rt PR mnfdn e gBr s 15 OERE detfes TF ufe yostrate
V|ewofthe rela in FIG 12 show ng SWItChIn
Aissnatiyelys tha dectiing GONBSHUP é‘&yrt?eccoé’lnéﬁéﬁit“i%‘:??a‘g‘ e np of the
energi zed and di spl aces the beam 112 |aterally. This )
lsalsstratey dol cotmeectom D ithef ¢dpgaif thel snbswateoJdis elesitignd pads 128 provide
conducting fluid 126, causing it to wet between the
shictitdal Eomgetiodsld e ficzbdedtito ekhenty amtiadre etrotranatly .coufdled to the
This conpletes the electrical circuit between the

a‘;‘cloﬁﬁéc'idrg 3o %ﬁ@ﬁ@&@t&naﬁu@acééf the sabdi@Re. vi ew of a rel ay

in a closed and | atched state with the cap |ayer 102

r emoy Ingg%% A {05 L8l ait&%‘?{ﬁ}/tﬂ%bl;&mgnﬁneﬁ\etljaﬁdy with the cap

conduct I quli nect Ion I ezoel ectr

Ienen 140 e-enerqgi zed and the . S

oror 102 rersvssor Tt o1 6 G Sirees Shodieht IR moveable
tension in the conducting liquid 126

beam 112 is acted upon by a piezoelectric actuator. 140 attached to a side of the

switching channel 116. Extension of the piezoelectric element 140 in the plane of the

+ layer and perpendicular to the beam moves the beam in the difection indicated by the

arrow 134. In this embodiment, the piezoelectric actuator is positioned closer to the
fixed end of the beam than to the free end so that the beam amplifies the motion of the
piezoelectric element, thereby producing a larger displacement of the switch finger
114. Other forms of mechanical amplification may be used. Control signals are
supplied to the piezoelectric element via the pads 128 and the contacts 142 and 144.
The piezoelectric actuator 140 may comprise a single piezoelectric element or a stack

of piezoelectric elements.
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15 maintains the liquid bridge between the electrica
contacts and the wettable switch finger. The

web@ani4enl connecti on between the two el ectri P@l/US2004/000972

contacts is maintained and the switch is latched in

the closed state. In order to open the switch, the

wettable switch finger is noved farther away fromthe

el ectrical contacts. This is shown in FIG 16, which

is atop viewof arelay 20 in an opening state with

the c er 102 [ enp ved. Referring to Fl 16, e

pi. ezogfgcﬁ B 256 i’w it rogﬁé tb? %S%tl%} tlﬁ‘lg gi&Sels The
polarity so that the elenent contracts and pul

picaealecina clemeat A0 & sapladona thenfantars lés to He ?Wbéféat% r484 and via
of the beam 112 in the direction indicated by the

thercomtat 8444 Théheshatrc h13.i Wgen 4 soltagedsl applied/Oross the piezoelectric
2004/ 095483 PCT/ US2004/ 000972 away fromthe

glegeht itcRforeninest basssiend nidie Gy Vagieal difsiion ihahe figure) and
mai ntaining the liquid bridge is broken. The

{29 %‘éﬂl? ? n kieBlagh Pre atlﬁs iff ttlﬁ)mt MR VOB RRBcl A8 @ndat he

ectrical circuit 1s oken. Surface tension_in the

l'i qui ..ns . the nth N e

i n B AR S R eyl e aeci%ségn Brentagih %ééﬁ%awﬁ% fl a closing
notion of the whole 5re|a hus, the | a

Faico ni PiRZadR g ERmsBb L1 B beEpceiecand diggiicpsalp bpam 112
a substrate layer 106 of the relay shown in FIGs. 10 - ,
Iegeraltyvo Thisdwsrmeveld thoswiieh &ingasl Je%@ tppch yplangej of@neecting fluid
non-wettable pads that are in turn fixed to the

sphistansib g ifl6wetthawten thel swirtisfid28 1p4 emildee eveelkecirical contacts.
connections to the two ends of the piezoelectric

?hf%'@%ﬁ{ 1etéfme%@&1c@n@hr&ﬁme%%§1 e Y]deeidaEdmacton 10
t he substrate usi ng known m cro- machi ni ng techni ques.

Wi | e F‘I&e 1? e {bg) n“gQ‘V nag r@ﬁ? fh ?%ﬁ)@éd BEdialdhed QﬂdtéJ\Qﬁﬁ 't}%rbap layer

with Speci I'S evident that

ernati nodi ficatj ermutati gns .a
T et i ofoe e e p ey Y rbagedr oy &P%da%cyng liquid
skill in the art in light of the

connection, the piezoelectric element 140 is de-energized and the beam 112 returns to

its non-deflected position. However, surface tension in the conducting liquid 126

.maintains the liquid bridge between the electrical contacts and the wettable switch

finger. The electrical connection between the two electrical contacts is maintained
and the switch is latched in the closed state.

In order to open the switch, the wettable switch finger is moved farther away
from the electrical contacts. This is shown in FIG. 16, which is a top view of a relay
in an opening state with the cap layer 102 removed. Referring to FIG. 16, the
piezoelectric element 140 is energized with a reverse polarity so that the element
contracts and pulls the beam in a lateral direction. This moves the free end of the

beam 112 in the direction indicated by the arrow 134. The switch finger is moved

14
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foregoi ng description. Accordingly, the present
invention is intended to enbrace all 15 such

wa@bkdaensags ves, nodificati ons and vari ati ons asP€BE2004/000972

within the scope of the appended clains. 15 WO

2004/ 095483 PCT/ US2004/ 000972 What is clained is: 1.
An electrical relay conprising: a relay housing
enclosing a switching cavity (116); 5 a first

el ectrical contact (118) in the switching cavity

(116) a.wettable sur e second el ectri.cal .

A o o GYecfict T ioe iy MRS (R DPE aUpiniining the
fron1the first electrical contact (118) and having a
Wisuidabitideesisrimraless. Tl epnelapfinecliawig breaksilato(tipeyolpmes 126 and the
wetted contact with the first (118) and second (120)
eleeaidal catuic onfrakérs ; Safdoe aens{dnlid) thb digiringretrids the digenstdon the two
attached to the relay housing within the 15 sw tching

GaMiab, éveha) tdshedenteé BEb&Iforces WaEH abihBseSavel t6 indtidhdsfrthe whole
(114) attached to the free end of the beam (112) and

?a%fi ttt? feﬁ’ 1'31 t&?ed‘if?%hﬂ%g mHU' d (126); and 20

ezoe uat or or 140) operable to

t he Smﬁﬁﬁé %? %‘(}N ({}131%333?%3 :L&y\%?% Bﬁfhgoglgx Sh&PH BEFIGS. 10 -

deflected p03|t|on to a flrst position, where t
déndbweiskstrial woatacts ) andk 520 Bt Hssinor m- ‘F"F‘F%bcle Rhds that are in

second contacts and the switch finger and conpl etes an
ahmchixddctal the isnlosiate bt wBlkentrichlepddsr I8 prwids edastreral connections to
contacts, and to a second

the two ends of the piezoelectric element. The pads and contacts may be formed on

the substrate using known micro-machining techniques.

- While the invention has been described in conjunction with specific
embodiments, it ‘is evident that many alternatives, modifications, permutations and
variations will become apparent to those of ordinary skill in the art in light of the
foregoing description. Accordingly, the present invention is intended to embrace all
such 'alternativeﬂs, modifications and variations ‘as fall within the scope of the

appended claims.
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25 position where the conducting liquid (126) cannot
wet between first and second contacts and the switch
wo povgeps4and the el ectrical circuit between therPCT/UEBIN4/000972
and second contacts is broken. 2. An electrical relay
in_accordance with claim11, wherein the non-deflected
podY3tanclampedis: t he switch finger (114) and the vol ume
of the conducting liquid (126) are such that 16 WO
2004/ 095483 PCT/ US2004/ 000972 novenent of the switch
f i ngetn €1dcdtddal td1pmackdpeisihpr st position to the
non-defl ected position does not break the electrica
circuit conpleted by the conducting liquid (126). 3.
An el ectitigphods@lg@yclofings Soitdhacavie thegl ai m 1,
wher ei n the non-defl ect ed position 5 of the switch
finger (114) and the volune of the conducting liquid
5(126) ang; sl ridPont¥PMeBERL thebwitdhehSotvice (1 o), neeihg a wettable
(114) fromthe first position to the second first
posi ti ofurfaseeaks the electrical circuit conpleted by
the conducting liquid (126). 4. An electrical relay in
accordance with claim1, wherein the piezoelectric
act uat or sed@dctaspichlswestagt {2Q)dn thsi wrisbmeceyifc(léperaged from the

(130 or tfi%%%iecéfc%lacgﬁﬁgt (‘i ﬁg %n& hgﬁﬁ 2 lﬁgﬁab@é sutrﬁ@e; beam

(112), I'rst plezoelectric elenment (130 or 132)
10operable to deformin a |ongitudinal node parallel to

the beam (112). and th b .
el ectri & nghéﬁ)u% llqhnda@g@r %la\gggee%vé Otlgﬁdcgﬁgﬂﬁh% ,ﬁrs\(l}?/hqlelrggiar111 d second
t he pi ezoxl)ektirical cantactait or 15 conprises a

pi ezoel ectric elenment (140) acting between a wall of

the switching cavity (116) and a region of the beam

(112) bet ween(1ie hiviee aciddand draehdd coedie ealdy Hohseng within the
pi ezoel ectric elengﬂ%%§140% operable to deformin a

19 ongi t udPHaHREEYEY o3 188 ¥4 per pendi cul ar to the
beam (112) and thereby deflect the beam 20 6. An

el ectrical relay in accordance with claim 1,  wherein .
t he Cond!{j\{ﬁtfahlg Slwi“ﬁ}ﬂl iflagE(r:Qng)), atjaghed tPitIEﬁJ' o emlgltcg}lt\ge beam (112) and
moveable to touch the conducting liquid (126); and

20 a piezoelectric aotuajtor (130, 132 or 140) operable to move the beam (112) in
a lateral direction to cause the switching finger (114) to move from a non-
deflected position to a first position, where the conducﬁng liquid (126) wets
between the first and second contacts and the switch finger and completes an
electrical circuit between the first and second contacts, and to a second

25 position where the conducting liquid (126) cannot wet between first and
second contacts and the switch finger and the electrical circuit between the

first and second contacts is broken.

2. An electrical relay in accordance with claim 1, wherein the non-deflected position

30  of the switch finger (114) and the volume of the conducting liquid (126) are such that

16



7. An electrical relay in accordance with claim1,

wherein the wettable finger (114) is electrically
wa@oeondogissye. 25 8. An electrical relay in accordBOSE04/000972

with claiml1l, wherein the relay housing conprises: a

substrate | ayer (106) supporting electrica

connections (108) to the first (118) 30 and second

(120) electrical contacts and el ectrical connections

(110) to the piezoelectric actuator (130, 132 or

140 yovemenOoR o 405 48@ePGRAUSPOD BeolEb positicn toafie| pffaietlected

(1026180 ok nB%ﬁé&%h@glFJ&@al L BUE! cobnbiidda (RS &dn‘aﬁ&glg 11§1u1d (126).

bet ween the substrate [ayer (106) and the 5
(102) and having the smntchlng caV|ty (116) forned

thenei 0 el nq}éylg()dacgc%r an WV\IH%Q%{&% 2 Q/hglleﬁ)?t?lé ét&?-lieﬂected position

C|rCU| In an e rca el a wéen a
gontofidte sWittB fingerd1 Bl aed thed/ohmm cfahe c(oilﬂﬂ)tmg tliqeidf(i 2@ tare such that

and second nt act s .bei tte s
condUSErRG AR AR F3a kot B Ry PRkl Sy seqongfius posiion
Ci I Gaks ths eleotric kgt &ﬂnplelﬁ@by]tlﬁlcngilﬁm@Equi(laﬁ). (130,

132 or 140) to nove a wettable finger (114) to a

first position where the wettable finger (114) touches

t he 4. condieititd Gelhy (ﬂJ;ho@ox(dlﬁ?&) wﬁﬂ&aﬁrﬁu,&ﬁ}ser@h tﬁd)plmlectnc actuator
between the first (118) an 15 second (1 %%%con

18nd cpmerigasta Hist eleﬁ?qlﬁgg?c %lﬂlal}t (3h 192, HEck, Buf iy gide of the

i 0 %9&36@ 12)8 {&tﬁr st 'p{égoetl&%i@ﬁfeﬂl@ﬁto(ﬁo 16301324 3Zer@ble k4 Qeform in 2
O nove wett ab
longltudmal mode parallel to %he beam (112) and thereby bend the beam.

5. An electrical relay in accordance with claim 1, wherein the piezoelectric actuator
15  comprises a piezoelectiic element (140) acting between a wall of the switching cavity
(116) and a region of the beam (112) between the free end and the fixed end, the
piezoelectric element (140) operable to deform iri a longitudinal mode substantially

perpendicular to the beam (112) 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 wettable finger (114) is

electrically conductive.

25
8. An electrical relay in accordance with claim 1, wherein the relay housing
comprises:
a substrate layer (106) supporting electrical connections (108) to the first (118)
30 and second (120) electrical contacts and electrical connections (110) to the

piezoelectric actuator (130, 132 or 140);
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(114) to a second position where conducting |iquid
(126) cannot wet 20 between the first (118) and

W@ e@anos483120) contacts and the wettabl e fingePC(/U88)4/000972
10. A nmethod in accordance with claim9, further
conprising: 25 if the circuit is to conpleted:
de-energi zing the actuator (130, 132 or 140) '"after
the wettable finger (114) has noved to the first
position; and if the circuit is to broken: 30
de-energi zing the actuator (130, 132 or 140) after the
wet t abl e f%@ger(ug,%%h has noved to the second

position.

10

15

20

25

30

ac yer
a piezoelectric layer (104) positioned between the substrate layer (106) and the

cap layer (102) and having the switching cavity (116) formed therein.

9. A method for switching an electrical circuit in an electrical relay between a first
contact (118) and a second contact (120), the first and second contacts being wetted

by a first conducting liquid (126) method comprising:

if the circuit is to completed:
energizing an actuator (130, 132 or 140) to move a wettable finger
(114) to a first position where the wettable finger (114) touches the
conducting liquid (126) and causes it to wet between the first (118) and
second (120) contacts and the wettable finger (114); and

if the circuit is to broken:
energizing the actuator (130, 132 or 140) to move a wettable finger
(114) to a second position where conducting liquid (126) cannot wet

between the first (118) and second (120) contacts and the wettable
finger (140).

10. A method in accordance with claim 9, further comprising:
if the circuit is to completed:
de-energizing the actuator (130, 132 or 140) after the wettable finger
(114) has moved to the first position; and
* if the circuit is to broken:

de-energizing the actuator (130, 132 or 140) after the wettable finger

(114) has moved to the second position.
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