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WD 2004/ 095085 PCT/ US2004/ 002520 PRESSURE ACTUATED
SOLI D SLUG OPTI CAL LATCHI NG RELAY CROSS REFERENCE TO

WORBMADEIDSAPPLI CATIONS 5 This application is rePel/@s2000002520

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

Act.uat, Ui i . y

PR R n b Sy e PR Al g R LA Y
10010529-1, "Bendi ng Mbde Latching Rel ay", and having

the sanme filing date as the present application;
Application 10010531-1, "H gh Frequency Bendi ng Mdde

Lat fﬂ' ng BRIGSS REHEREN(J’JEW&(H REII_LAI‘[BEBa{TEPL'ICAm‘gOBiﬂ e
as [ e | 0-1,
2301 adniLappll ?t?o[?f“ °3 tg@ i Pl 8‘1&6\91 L US. Patent

RiblicHicney beiBs (91 SRl Ck ?@@%W'fg@%%'s%g fachieets s amanged in
"H gh-frequency, Liquid Metal, Latching Relay with
Fd@h@um@emcabprdelaw@chém gt ﬂﬂ@es‘a‘ﬁ’@erﬁlﬂlplﬁﬁgjh@ afeseg eippHeation and
present application; 20 Application 10010572-1,
tdihguededvbtralglatedtic Itﬁm;g-emt appliviatibn Ead evh@dnara @bt'e,by ingrdporated
having the sanme filing date as the present

: g?péfg&ﬁgé on; Application 10010573 1, "Insertion Type

Liquid Met al Lat chi ng Rel ay", and having the sane
fili ”%fgg ?‘b(g'; é?g?o&fseﬁe'ﬁhe&‘P‘R%éf&'ié&%u‘ﬁ%%%%&%%@ Metal -

PCT/ U
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 date as the present application;

Apphcatlon 10010531-1, “High Frequency Bending Mode Latching Relay”,
and having the same filing date as the present apphcatlon

Application 10010570-1, titled “Piezoelectrically Actuated Liquid Metal
Switch”, filed May 2, 2002 and identified 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 applicaﬁon;

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

having the same filing date as the present application;
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2 Application 10010617-1, "High-frequency, Liquid
Metal, Latching Relay Array", and having the sane

wo pdodogsodmt e as the present application; Appl i BeEl/usmmo4/002520

10010618-1, "lInsertion Type Liquid Metal Latching
Relay Array", and having the sanme filing date as the
present application; 5 Application 10010634-1, "Liquid
Metal Optical Relay", and having the same filing date

as th ent i.cati.gn; lication 1 - .

1 onoBicEERo! Rifla pipndRBel S, TRp AR e Retey
Rel ay", filed October 31, 2001 and identified by

s@“ﬁy alanfiaras tosrguiitendate aheiniaten bapPHsaTE43- 1,

"Shear Mpde Liquid Metal Switch", and having the 10

same Appﬁicmgiociatlé()l%el&lhe“bﬁ@ﬁentTam)IILiqa'tdi é\g@tﬁl Latching Relay

Application 10010644-1, "Bendi ng Mode Liquid Metal

Swhi’chnd havidehiaviang filhedsaneteigresegt galeathsn;t he

present application; Appl i cation 10010656-1, titled "A

Longi Aﬁ@h&%‘on'\@fé@o@.ﬁ i calighiatiBiaD @priRel Ray”, aRE HAditicNBe same
the sa ling date as the pr esent appl i catl on; 15

@Elggh%accgtﬁ,%%@ p]r‘%oe%p§ 1orI1I,NEt hod and Structure for a

cally Actuated Liquid Metal

Swetsggép%%gﬂ%@mfg@%ﬁfﬁﬁ’?' o B og ot misH Latching

and St ructure for a Pusher-Mde Piezoelectricall
Releyiatfder Octpbien3 MEO0AI aupideatifieshy Seral NumberV9955° I he

same filing 20 date as the present application;

Appl i applicatiohDDATESEB-1,, “Shett Bibde JuiijvidiMatadl SWTQU’O(ﬂnﬁdmving the
Thereof', filed Decenber 12, 2002 and identified by

sehd @linNuED 8§ thbQirsskhi fblication;

Application 10010644-1, “Bending Mode Liquid Metal Switch”, and haviﬁg
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,

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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WO 2004/ 095085 PCT/ US2004/ 002520 3 Application
10011055-1, "Hi gh Frequency Latching Relay with

w@eondiopgyss Swi t ch Bar", and having the sanme filPOyUS20€002520

as the present application;3 Application 10011056- 1,
"Latching Relay with Switch Bar", and having the sane
filing date as the present application; 5 Applicati on
10011064-1, "H gh Frequency Push-nobde Latchi ng Rel ay"

and DR S0SAIRSTY.| iy R8LARof REBES Moy winn Bending

appl i I on I'catidn
date as

atc havi he sane [

Rih B8, e Bpne R 0k b dte e PE PSR

" osed Loop Pi ezoel ectri c Punp and having the 10

same BiPPipylcaat®1d85¢-He’ b@té@éﬁtReé@le@aﬁVﬁﬁh Bar”, and having the
Application 10011329-1, titled "Solid Slug

tongfiting datalas Eieqzromlneapplicatiomat ching Relay", filed May

2, 2002 and identified by Serial Nunmber 10/137, 692;

Appl i egliientichObI3444-1, “Hiet heduans Bishuabdd BafcBingdRelay”, and
Sl ug gﬁigher- Mode Pi ezo;el ect I‘I%% 'y Actuated Liqui d v

| d
ﬁ%tf@@afrﬁ W lincB%k AwL Bge&pﬂfapéﬁﬁﬁl dutling date as 15

resent application ation’ 10011345-1,

RS e PR e oo o

tical Switch", and having the sane filing date as

filine Prie s e RIBWSIE aRRLCEHO™AppI i cation 10011397- 1,
"Met hod and Structure for a Slug Assisted Pusher- 20
Mode Pipgzeosionct(G0ldaR1-y, ACtoged &dop iPigriodiemeicalPurapt,iangdl having the
Swi tch", and having the same filing date as the

Qarr@@ﬁhﬁg applai dtpresent application;

Applic:ation 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;

Applicétion 100i1345—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 Piezoeléctrically Actuateci Liquid Metal Optical Switch”, and having the same
filing date as the presént application;

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

same filing date as the present application;
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Application 10011398-1, "Polyneric Liquid Metal
Swtch", and having the sane filing date as the

w@e@geoiosappl i cati on; WD 2004/ 095085 PCT/ US200B¢ 02520002520

4 Application 10011410-1, "4ol yneric Liquid Metal
Optical Switch”, and having the sanme filing date as
the present application; Application 10011436-1,

" Longi tudi nal El ectronmagnetic Latching Optical

Rel ay hcaﬁon Y(}g;lgéd(y'? S%[TF Ll d I j‘%c}ﬂ?t E/Lel%_ongl I ugr §§V%_JEB” and

appllc icatio i na
"El ect ormgn?iil c Latc Rel ay and having the sane
Favined§e gape s dpe aﬁf ﬁfe“éﬁbﬁ’lF‘@Hf’P’on Appli cation

10011458-1, "Danped Longitudi nal Mde Optical Latching

Rel ayApplmaohawmg%@Té s depeitidinplg Erstrenwsgnetife IgidamhtOptical
application; Application 10011459-1, "Danped

Relagl, bnd hﬁ]‘ahg Medamedtlnly due Rethayteseairmbplidfidmavi ng t he

same filing date as the present application;

Appl | £8bliQRoA 0080033-11 “Lbhh't&ﬁina'l%dtfbﬁl@ﬂ@tld\@ht’ﬁﬁﬂwf%lay and
Produci'ng the Sane" filed Decenber 12, 2002 and

b et e e e, oo oo
]:I.IOll i(d)@p [C!}or_%fgo OA[%%%%&Z? S%aﬁnﬁol 5 eg cﬁXaltS?\{[ﬁ) CB\EI)LHEQLF rLatching

"Electrically Isolated Liquid Metal Mcro-. S\M t ches
Redpy')l arégrung (hespms|flog date poEr PEGSERISAPPLEIBY Oct ober

8, 2002 and identified by Serial Nunber 10/266, 872;
Appl i Applicatioh 1002BG?3L, IDatxmpdderorrgmuémbn\mrLaicl@pg iReddy”,

"Dermul tiplexing Switch", filed April 10, 2002 and

HaSed the is@de BYinSakicak ttNu;sf’e@ernt 1Pp1ack8oB03;

Application 10020013-1, titled “Switch and Method for i’roducing the Same”,

" filed December 12, 2002 and identified by Serial Number 10/317,963;

Application 10020027-1, titled “Piezoelectric Optical Relay”, filed March 23,
2002 and identified by Serial Number 10/109,309;

Application 10020071-1, t1tled “Electrically Isolated L1qu1d 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 Metilod

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

wWQ@0o®d2/095085 | dentified by Serial Nunber 10/ 317, 2BG1/U¥ID04/002520

2004/ 095085 PCT/ US2004/ 002520 5 Application

10020241-1, "Method and Apparatus for Mintaining a

Liquid Metal Switch in a Ready-to-Switch Condition",

and having the sanme filing date as the present

appl i catj on; icafion 10020242- titled

Congi el P ABUUEE d MEBaCHt] Adparaiis, &Y MARgining 2 Liguid

Rel ay",, and having the sane f|||ng date as the

Igletsd Smtitchpp hiReaty-6orS witap Slandgiang nantoiopdzrge same ifilingdlate as the
"Refl ecting Wedge Optical . Wavel ength

abeint ppgicatiobenul ti pl exer”, and having the sane filing

date as the present application; Application

100208481 dion Meddzadaand «gka Ued l{f‘(ﬁlofltﬁﬂm@l 0bded S§1l§|9§1u0 Optical
Caterpiflar 10 Piezoelectric Relay", and having t

I e B Pzt
Rg{ ayAPP ??gloﬁ;tja@%ﬁelp 1%%%%%5? e.éi%etoﬁé)ticz?l Wavelength

present application; App I |cat| on 10030438- 1,

Mufiidexer qlﬁgléxerh cﬁaﬁd hyeing| el sayne, THimg ate g the present
the sane filing date as the present application;

dyppicateat i on 10030440-1, "Wetting Finger Liquid Metal
Latching Relay", and having the sane filing date as

the pAggEditioaPIRORCSH0- O MERPH Iagat3tartkeF80e3biill, Slug Caterpillar
"Pressure Actuated Optical Latching Relay", and

app?e?@é:g%?%gﬁ?@nﬁ'ﬂdwﬂ% R FnPB1ihH8arl" ?ﬁﬁ‘s‘Hresent 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 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;

Appli-cation' 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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20 Application .10030546-1, "Method and Structure for
a Slug Caterpillar Piezoelectric Reflective Optica

wedoapysosand having the sane filing date as theCPUSReHN02520

application. W 2004/ 09508% PCT/ US2004/ 002520 6 FI ELD
OF THE | NVENTI ON The invention relates to the field of
optical swtching relays, and in particular to a
pressure actuated optical relay that |atches by neans

of a liquid netal. cations

systens using opti@Eﬁfi{§§§1@5¥@£§ES@HE¥§ use of

optical switches and routers. An early approach to

opt i c@he &wichtbih ngatemso the foadd vépptitdiewitopingcallaysiagdan particular
to an electrical signal, use an electrical switch or
toQuibrefsudsethited of@daY edliy thaglRkcht@bameaps bitaliqsit giadl,

More recently, optical relays have been used in which

an electrical control signal is used to control the
switching or routing of pacrpiRGeNFi gnal . 10 OQoti cal

relays typically switch optical signals by using

nmovabl e solid mrrors or hy wusing the creation of )
bubb| €8TIRIN¢AIPNY  SYTRES B BRHAPECAT pieBrls Iﬁag}maége use of optical
el ectrostatic |atching nmechani snms, whereas bubbl e
svitthehesddoutes. |t chrly Rpprogelh detanticall swidthiing wasebagasivert the
ei ther use residual charges in the piezoelectric

omicar dighaltto ah atechicabsighdl] watan elsonidat Bwitcinbastuser and then convert
cont-ai ning a | atching mechanism WO 2004/ 095085

bk (HSR00H Q0220 MoRUMYARY, obRits ﬂem;yﬁ RbiOBedrehRE8E which an

to a pressure actuated optical relay fhat uses a

elzlie&Hicg control signal is used to control the switching or routing of an optical signal.
Optical relays typicélly switch optical signals by using movable solid mirrors or by
using the creation of bubbles in liquid. The moveable mirrors may use'electrostatic
latching mechanisms, whereas bubble switches d;) not latch. Piezoelectric latching

relays either use residual charges in the piezoelectric material to latch, or actuate

switch contacts containing a latching mechanism.



metal , such as nmercury, as a sw tching nmechani sm and
as a latching nechanism The relay contains a

wo c@asgmsEnt nmirror housing, |located at the  PCT/US2004/002520
intersection of two optical?5 paths.. A solid slug is
noved within a channel passing through the transparent
mrror housing by the action of pressure in an
actuation fluid. A surface of the solid slug is
wetted by a liquid netal to forma reflective surface.
The solid slug is noved i of the transparent
mrror housing to select %&ﬂ%‘éﬁhe opti cal paths.
When the solid slug is within the optical path, an
i ncorThig inpmitical rekiggnal a pesswt laettagd dptoal tdley Hnt uses a hqmd
reflective surface of the liquid netal, otherw se the

agthi, gadh & mB@lulyoa@ s&wilchingugéchahiem éﬂdadg&plaroﬁmo mechanism. The
housi ng. Wettable netal surfaces within the channel

r@fégvdogﬁg%é %%g@sg&t BONA0I 3 1(\(@&99{%9%@1@@@1% % g optical

3RI EF DESCRI PTI ON OF THE
f th ti
B SN SRt mialfe MRRF cRgmrth bRk eant *’relaspngen? mitror

The invention itself however, both_as to aqrganjzati
heNEingDYHBE 26HOTHPEPRETER N i gt (ith 4 BéEOldhe solid slug is
advant ages thereof, 5 nmay be best understood by

wetfedrisne &iquisl mhel tofdrowe meflagéivaisiidaced eBley $9id gng of moed in or
i aventi on, which describes certain exenplary
cﬁm@@(ﬂhenﬁﬁﬁ@a@ht hhigot hveditig anseléca@kenvéen the @pjivaiciatlan When the
Wi th the acconpanying drawings in which: FIG 1 is a

s%hg%hﬂ:' BWekin QHe @Eﬁézﬁ 3att, @h Qﬁc&ﬁﬁgo@h@ﬂt sigial s ggleb@idrom the-
enbodlnents present invention 100FIG 2is a

r%ﬁgctﬁ)e%\ﬁlr e gfth%ﬁﬁ]égﬁglmgtﬁl PR i ﬁ%eay\@ﬁgﬁalcﬁ{sge%' tHrough the-

resen |nvent

transparent housing. Wettable metal surfaces within the channel provide a latching

" mechanism.
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FIG 3 is a sectional view through an optical |ayer of
an optical relay consistent with certain enbodi nents

wobkoologsops esent invention. FIG 4 is a secti onpCTNEENA/002520

through an optical relay ar$ay consistent with 15

certain enbodi mrents of the present invention. FIG 5

is atop viewof a seal belt |ayer of an optical relay
consistent with certain enbodi nents of the present
invention. FIG 6 is a sectional view through an

optical |ayer_of Lcal _relay array  consistent

Wlpt h cert aiyn W%Qﬁﬁ@fﬁ?léﬂé)%ﬂ"&%mﬁﬁw{%%n. " 20

FIG 7 is a.top view of a | ower chanber |ayer of an

opt i calher Baayec afisitst énientivd thelieesd abnberdndl ot &t oforth with
the present invention utilizing a heater. FIG 8 is a

eelcuRA®) ¥ @W Liyeauah doMer et HRLLOMN liRYRT & n
gpti cal 65tél ay WD 2004/ 095085 PCT?%%%%‘%}Z/I%ozsz%‘%Vg& both as to

i st ' i i pents..of . the present
PERA G e Eb B RIE ROV FiuBbplelE BiUGRG Mgy thoreor
| owe ctuatjon |layers_of an optical relay consijstent

0% DR e aRsa Pianteense tonpegolewing AR idspeription of the
utilizing piezoelectric elenents operating in a

BeEBIeTY Woete desstippsarertpdn pxeraplewcarhieathiments el the iryggtion, taken in
| ower actuation |layers of an optical relay consistent

oot hnatientvaiinthe mboonpeeryirg dhwines ipmés@nt i nventi on

utilizing piezoelectric elenents operating in a

bendi FIGIDAdea sfdeGiedk bfiad cbticOPrelby@nsikichPWeth Rehiddh®Himents
| ayers of an optical relay consistent wth certain

enbodpRRSes8h: ih igRmesent invention utilizing
pi ezoel ectric 10 elenents operating in an extensional

rode. FIG. 2 is a top view of an optical relay consistent with certain embodiments of
the prese;lt invention.
FIG. 3 is a sectioﬁal view through cm optical layer of an optical relay
consistent with certain embodiments of the-:- present invention.
FIG. 4 is a sectional view through an optical relay array consistent with
certain erhbodiments of the present invention. |
FIG. 5 is a top view of a seal belt layer of an optical relay consistent with
certain embodiments of the present invention. |
FIG. 6 is a 'sectional view through an optical layer of an optical relay array
consistént wifh certain embodiments of thé present invention. ‘
FIG. 7 is a top view of a lower chamber layer of an optical relay consistent
with certaiﬁ embodiments of the present invention utilizin g a heater.

FI1G. 8 is a sectional view through lower actuation layers of an optical relay
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FIG 12 is a sectional view through |ower actuation
| ayers of an optical relay consistent with certain

weniwadpiveht s of the present invention utilizi NBCT/US2004/002520

pi ezoel ectric el ements oper@ating in an extensional
node. FIG 13 is a top view of |ower actuation |ayers
of an optical relay consistent 15 with certain
enbodi ments of the present invention utilizing

pi ezoel ectric . el ement rati in a shearin : )
Bl & o S RO A BF R AP bGP T oA A e B @ heater
| ayers_of an optical relay consistent with certain

embodFHen? 4s aftop fréevpPEdaHEr doiuasioni layersiof [ap ApHgal relay consistent

pi ezoel ectric elenments operating in a shearing node.
20 FQuith5cdrsim einbotheents off theepresént| imwenticac titilizingnpiezoelectric
| ayers of an optical relay consistent with certain

enbodéleBehis optratile s Beithg hdddent i on utilizing
pi ezoel ectric el ement s operatlng in a shearing node.

FI G I
e 101 0 Sl T St g et s

PCT/ US2004/ O 0 con t en th certai.n.
enbod?%ﬁf&gl O*Vlﬁ %el ZP%S%’H {,?t:l\% ﬁ]‘]ﬁt ﬂesent énventlon l.l’[thlIlor

°Zin
pi ezoel ectric elenents 0 eratln I.n a shearing node.

WO 20087 GUEsES-IPETP PO AT B LS o s MOBTAl LED
DESCRI PTION While this invention is susceptible of
embodFHentl isma tapnyiewi diflewenactiigranslayers tdi emeoptisalsigtpnconsistent
in the drawings and will herein be described in detai
one owithoeeetairs patiolligerrsraddihee pilesent Winlvéntidie utilizing piezoelectric
understandi ng that the present disclosure is to be
- elements operating in an extensional mode.
FIG. 12 is a sectional view through lower actuation layers of an optical relay
consistent with certain embodiments of the present invention utilizing
piezoelectric elements operating in an extensional mode.
FIG. 13 is a top view of lower actuation layers of an optical relay consistent
with certain embodiments of the present invention utilizing piezoelectric
elements operating in a shearing mode.
FIG. 14 is a sectional view through lower actuation layers of an optical relay
consistent with certain enibodiments of the present invention utilizing
piezoelectric elements operating in a shearing mode.
FiG. 15 is a further top view of lower actuation layers of an optical relay
consistent with certain embodiments of the present invention utilizing

piezoelectric elements operating in a shearing mode.

FIG. 16 is a still further top view of lower actuation layers of an optical relay



5 considered as exenplary of the principles of the
invention and not intended to limt the invention to
wo b@4mpes fi ¢ enbodi nents shown and descri bed. P€TIUS1064/002520
description below, |ike rdberence nunerals are used
to describe the same, simlar or corresponding parts
in the several views of the drawi ngs. The present
invention relates to an optical relay that |atches by
means of .a 10 liquid nmetal, The liquid netal %
mer cUiaRsisienanWER | W”lllha?m@&?ﬁ’tnﬁpﬁs Oéa‘ihlel BFRSSOOWARYY Hon utilizing
smal |l volunme of liquid netal wets a surface, the
sur f agezdedassiiosiementsiogeiating et shearisgdgodeo hol d t he
liquid netal to the surface. In an optical relay of
the present invention, a solid slug is used to sel ect
between 'two or nore optical paths. The surface of
the solid slug is wetted by liquid netal and surface
tension is used as a 15 latching nmechanismto
mai ntain the position of the slug. The rel ay operates
by neans of a pressure actuator displacing the solid
slug within a switching channel. The solid slug is
wettable by a liquid netal and wets between contact
pads to bl ock an optical path and reflect an optica
signal into an alternate path. The slug is solid,
rather than liquid, but may be hollow. |n operation,
20 pressure is applied to the ends of the sw tching
channel to break the surface tension bond between the
slug and the contact pads and nove the slug out of the
optical path. The surface tension bond provides a
| at chi ng nmechanism The liquid netal can wet to WO
2004/ 095085 PCT/ US2004/ 002520 12 wettabl e netal
el emrents in the optical path cavity, thereby creating
a mrror effect that can be used to redirect the
optical signal in a different direction. In one
enbodi nent, the switch is nmade using m cro-machi ni ng
t echni ques for
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smal|l size. The m cro-machi ned optical relay of the
present invention is nmade up of a 5 nunber of |ayers.

Wo-b@B4/093085 si de view of an optical relay 100 of PONES2004/002520

enbodi nent of the present ithvention. Referring to FIG

1, the relay conprises a top cap layer 102, an upper
chanber | ayer 104, an upper duct |ayer 106, an upper

seal belt or spacer layer 108, an upper optical |ayer

110, a mddle seal belt or spacer l|layer 112, a | ower

optical Ilayer 114 . spacer | ayer

116, a | ower duct ngghﬂxﬁéDf§§QQ$i§{' chgnber Iazer

120 and a bottom cap |layer 122. The upper optica

| ayer WHIB thoninakmson ansusoquiibleopf emdbdipanh iomamvéiffarede forms,.
and two output optical paths or wavegui des. One of

thBe RUHBWL MaNRIULAEEs208 WONEEctubeSe@ibedah @tdil 684 or more
reflected path throudﬁ the relay.. Layer 114 may

Elffanéhiaydlﬁl%msa'wm}?% E}.‘l&'? h ARt 'tﬁz?c I8RO is to be
it flndfl o, pUe

nction as a fower optlca ayer. 124
constitutes part of ti ona 15.re ct ..
e L R R L ! gff%nd%g to limit
seal belt netal contacts  that provide the_latchi
e ARELSM P dhe shreiiieempodimRenf $lloveanefescribgdy dn é%e flgpeription
upper, mddle and |ower seal belt |ayers
redopeltita refdrgnceRu@eradlsias wetl dpdedcabe dfe sameopiniilpabr eatesyonding
in accordance with one enbodi nent of the invention.

Jdi8 ibtiakenedal nRsvsiofdhcabh@idgsdden structure that
I ncludes a first input 20 wavegui de 202, a second

| nput TNRYRGHAIRvEREHN ?elzftéi £ aﬁ)lbkﬁbﬁl NBYeGHi Qﬁch%@%yaﬂgans of a

a second” out put wavegui d triangular mrror

Ry AR A 00 0 s s
reseL gl pia sy BeHISGIEE 0 B PABAR B S
P tents 2 hold ihe Tiguid et mveiggelz dIe e%r?g tical relay of the prese
metal tends to hold the liquid meta to the surfa n p y present
invention, a solid slug is used to select between two or more optical péths. The
surface of the solid slug is wetted by liquid metal and surface tension is used as a
latching mechanism to ﬁaintain the position of the slug.

Thhe relay operates by means of a pressure actuator displacing the solid slug
within a switching Cﬁannel. The solid slug is wettable by a liquid metal and wets
between contact pads to block an optical pa‘th and reflect an optical signal into an
alternate path. The slug is solid, rather than li(jL1id, but may be hollow. In.operation,
pressure is applied to the ends of the switching channel to break the surface tension

bond between the slug and the contact pads and move the slug out of the optical path.

The surface tension bond provides a latching mechanism. The liquid metal can wet to
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is optically aligned with the first input wavegui de
202 to forma first direct optical path through the

wo ay08/09508he second out put wavegui de 206 may bePCT/US2004/002520

optically aligned 5 with an2opti onal second i nput

wavegui de 208 to forma second direct optical path

through the | ayer. The second optical output path or

wavegui de 206 intersects the direct optical path. In
operation, an optical signal enters path 202 (fromthe
wettablp metH slemindguingfic apdcd pehanviiadbersbyl creatng ¢ mirror effect that
through the relay via path 204 or is deflected to exit

tdrebea wled yo telivughe patitel 23621 iA adiffaspadieattionhol | ow t ube

210 is located at the 10 intersection of the paths 202

and 2@fonel&@bddiaReNARE B itcNRIhQW tstemi ddndchi@h$ &chniques for
referred to as a transparent mrror ousing I n the

S S SO m e el Y BE bR tnvengiop gy made up of a
thap tri.anqul clfoss-,_sectipnal sh S e _used,

hoaBver AR ek &7 Sn SRS bR A RerivERy TP saprbagibodiment of
angl ed so that the normal to the face bisects the
Hhegrescpenyreion: Hefpang to §3Gahdhe peay somarsps206p cpmlayer 102, an
FIG 3, the paths are at right angles, so the face is

vpRs etamberdgyerGideen vpnel és°t haypr BEO,Umedpper tséad Uielt or spacer layer
departing fromthe present invention. A solid slug 302

163, apapbtd @itied! lageal DM treidiRGest@nesphdratiajRradsesa lower optical
t hrough the transparent tube 210, and is free to

phbdeiaxi ader @pngittRespamid GhENG1ChanRel: adi8apdruis, S lower
wetted by a liquid netal” 304” Where the transparent

) 9 e ex=1 PN [P COk R .
ARS8 O PRl BTy 500 TG 190 coin
netal 112. The liquid netal 304 is dramq cross the
F7h R Ub PPHARE PP A SPRCEIIAS tTIE W By UG OB T el st g gRuides. One
attracting the liquid netal to the wettable netal 306
phtheheutper Wayaguitest 1 eupEtutorspagt pégufirst refircted pathiciérough the
of the liquid metal is planar and highly reflective.
“iheyaptayeall 14 ingnabptemtady icogtairhad ditiarah ebtivdD w0e401085 886 function
PCT/ US2004/ 002520 14
as a lower optical layer. Waveguide 124 constitutes part of a’second (optional)
reflected path. The Spacer layers 108, 112, and 116 contain seal belt metal contacts
that provide the latching mechanism for the relay and will be referred to as the upper,
middle and lower seal belt layers respectively.

FIG. 2 is a top view of an optical relay in accordance with one embodiment of
the invention. The broken lines indicate hidden structure that includes a first input
Waveguide 202, a second input waveguide 208, a first output waveguide 204 and a

second output waveguide 206. A triangular mirror housing 210 extends vertically

through the optical paths.
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202 is reflected fromthe surface of the liquid netal
and exits the relay through channel 206. When the

W@ el@I®BLg i s noved out of the path of the opPCT/EE2004/002520

signal, the optical signali3passes through the

transparent tube and exits the relay through channe

204. In operation, the solid slug noves . axially

al ong the channel through the 5 transparent tube. A

snall- jameter pressure equalization pa e 308

al | om§ F s eotogabEey BRPYEhetG aSIeFti%TbI% EFaRin thdIG. 1. The
solid slug This is discussed further below w th

pastion én trken SupPugh the, upPPCopticad hayiws 1 80.sdbe ifistialutputevaveguide 204
along the section 4-4 in FIG 2. The optical relay
ikOgbticallpatienadpwirh the Mirsrbieputofal apybdes20Zhat foraya Best direct optical
formed by mcro-machining. 10 A pressure equalization

paasALMBAR oBNeEhs sehmbtfiput Mawkhite 0aTagy béﬂeéucmyeah gned

passage has a smal| cross- sectlonaf area relative t

M&u 8%&01141%‘60%@8 1%%&%&6%?&&60.@0§E%§&{§ 35 &_fd dg%c%tsopgﬁal path

Ions In ac

st ins T O e oBRCA st Eépagﬁ;‘lﬂé% AR intersects the

relieved slowy through the passage 308 so that
figsct autier) Pethe Ipw@g@ulpé, 41 QRttC@rg%lg@?ﬁ catsas Pafb 202 Kfremibe left in the
the slug 302 to be "sucked back"” to its origina
Posie) aodh eith&ay)essss G8ctlylthPowghdhe 1di6y earpath A04€ ontsaddflected to exit
pads or seal belts 406. Theses contact pads are

et b ehdoMok hath logui oy refmaparedin@olibANSARY €10 i1 oEQEd at the
housi ng 210 ext ends between t he upper seal belt |ayer

used, one I n eac

H8s@ndntdiemk 562lanR®ds. | A¥EMtr Eareﬂ LRI te! %10 is also
3¥E$ e h

housi ngs “may
| ayers_ 110 d 114,

two separ ate

.reﬁ%aaqe i C%@%Pe %ﬂtemf% ‘eﬁﬂaadwn hyeregugingfhsn%lifi tube is

eneral a | e ] ayer —could be used, mul tipl-e
hyepgaly %%P@tharstpm 2Er +He aweé HaY1BB Offer daggfriansular cross-
other. Liquid netal 304, coating solid slug 302, wets
ipetioearsheprs mawlbe biskd.shapeyernonehtace @b ke tubsegloubkbe planar and
| ayer 108 and the mddle seal belt layer 112. In this
prdéd sothat tHeenonetat edthe face bisects the angle between the path 202 and the

path 206. In FIG. 3, the paths are at right angles, so the face is angled at 45°. Other

angles may be used without departing from the present invention. A solid slug 302 is
positioned in a switching channel that passes through the transparent tube 210, and is
free to slide axially aloﬁg the switching channel. The slug is wetted by a liquid metal
304. Where the transparent tube passes through the optical layer, the corners of the
transparent tube are filled with a wettable metal 112. The liquid metal 304 is drawn
across the face of the transparent tube by the surface tension attracting the liquid
metal to the wettable metal 306 in the comers of the tube. As a result, the surface of

the liquid metal is planar and highly reflective. An optical signal entering the channel



15 WO 2004/ 095085 PCT/ US2004/ 002520 15 surface of the

solid slug reflects |ight out of the relay al ong
woawegesose 206. The slug nay be noved by i ncree®mURLH04/002520

the pressure of an inert adt#uation fluid in chanber

412 in the upper chanber |ayer 104. The increased

pressure noves actuation fluid along the duct 414 in

the Li pper duct layer 106 into the sw tching channe

400 TR Aassr sl b JGR RRACR D EInHR, KIS, weoven
Spaea 00 R thees R L fsi%é'vq‘dow‘g'ﬂoef ti'%gpmiéfl S opitel siggal, the
| ayers 112 and 116 respectively). 8ht entering the

apsicalysigmaltriaeses tippagh Gisttianaparktelyiebe 210 cxiantheorlagaliough channel
through the transparent mirror housing and exit the

208, ayin abgngidnheheisoldt sipatovesi ghitllenie@rg tg themneekfapugh the
the | ower optical layer 114 10 al ong path 408 is

5 tfa‘?lf hﬁ@ﬁﬁﬁbQYAtﬁﬁaﬂ biGlHefbr 'ﬁ?és@t'tre 20 MaliANbh %aisﬁee g @Yows pressure
g path 124. A correspondi ng chanber 41% in the

P%%%lo%? I?Jhtze(?)é& 0831 ﬁ Skcﬁbcf: gﬁp € C'flﬁg id/ d?sgg%ga tfﬁrék‘cx;er Be‘i‘ow with

ayer g | ower
tchin hannel 404 in the mrror housing 210.

rF%%@E@é?ﬂE&%ge pressure of an inert actuatign fluid in

this chanber noves the slu%_back up the swtching

channBlG. 4 shewgz ssctionah viewp Wé\libfbﬁecflﬁ@ %ﬂap@ﬂ@e&l The optical
belt |layer 108 of a relay array. The mddle and | ower

skl 100ek tmddaypr of hrawvebei afilhyrs gtat netyureeformdd bgmgafcamachining.
holes in the layer support the transparent mrror

10 ANHSshe LA1i2Hdnt R8sa38B0shRhhe st BhaEber4N8. witRyai8bdrlRl6. The
and 116 have simlar structures. In a further

ﬁ C é?t eg? ahlz?osrs rafrdhal ﬁ%% %Ihﬁ\'/reotro thd ANSE B 3@4185 Creat1on of

in the optlca ayers, and the sea
bt @g%ta?téonéﬁﬁ% 0D pet e de T Rl e hsro('%@y fes02t0
r}mr)]ve it. After the slucr has moved to its new position, the pressure change is relieved
slowly through the passage 308 so that releasing the pressure fluctuation does not
15 caﬁse the slug 302 to be “sucked back™ to its original position. Layers 108, 112 and
116 contain contact pads or seal belts 406. Theses contact pads are wettable by the
liquid metal. The transparent mirror housing 210 extends between the upper seal belt
layer 108 and the lower seal belt layer 116. Alternatively, two separate mirror
housings may be used, one in each of the optical layers 110 and 114. In this
20 embodiment, there are two optical layers, 110 and 114. In geﬁeral, a single layer
could be used, or multiple Iayfzrs created by stacking relays on top of each other.
Liquid metal 304, coating solid slug 302, wets between the seal belts 406 in the upper

seal belt layer 108 and the middle seal belt layer 112. In this position, the wetted

15
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| ayer 108 to connect the upper and | ower pressure
chanbers. As illustrated in FIG 6, multiple relays

woray4loesosht egrated to forma switching array. PEN/GS2084/002520

is a sectional view throughSan upper optical |ayer 110

of a relay array. 16 W 2004/095085 PCT/ US2004/ 002520

16 An optical signal entering the relay array al ong

any of the three input wavegui des 202 rmay be smﬁtched

to any one of the three outputs 206 or allowed to

girfaee vf the sphid slighreflbes tightayut g theeselay alpregy avemide 2 6. The slug
correspondi ng wavegui de 204. Wettable netal 306 fills

. thebe afoved $ydficrediend thapsgauire nf aniingroscthaiosi fgd i chantzew4 12 in

the liquid nmetal across 5 the face of the housing and

hoLph& Jh%frib@ﬁay&el@ﬂr’fﬁ’@ﬁcrep § ERrE LS ZALAHIA fluid along the
passages 308 pass through the 1ayer 110 to connect

%L}cg 4YPRC R I%%:g%& Iﬁkg%s rlrcfto%é ?wn&%ﬁfr %ﬁQl?{é? 1498 TAWIreaks the

i ﬁgure Chdi he | ower
chanpber |ayer 120 and otto ca rd
Jai SomeecalbsHm Mo ﬁ\?e%%?* E‘%‘ ?§§§ﬁ 2 fown the

| oner pressure 10 chanber 416 is |ncreased

writthifiez¢hagnel. phes sesull, Betslig Bis ﬂ@.zspaqm‘éetrvégrmhe. rﬂlgidle and lower
pressur.e difference across the solid slug noves it up
dehebslv {inhhedayelanbizland 1146 trhdpectiesthpdilngritentaring the relay in the
pressure actuator 702 is a heater resistor. Wen the

Lﬁﬁi@% §f)tlc7a@ 2a3jc$ 11€08f dbwashss thhcudlr ©i8 Srahep@éntaninion@blisig@and exit
the chartber 416 is increased. This in turn creates

@? REGS W ﬁ%{a%%%?ﬁétha'llg@ﬁtr &ﬁaﬁﬁﬁ&e dydthéllb'@er S%&bil Ner 114

svv|t0|°hgcanne IS a

ST S A R

be deposited on the upper surface f bq

- corresponding chamber 416 in the lower chamber layer IIZE) 1s connected via duct 418

in the lower duct layer 118 to the lower end of the swi’éching channel 404 in the mirror
housing 210. Increasing the pressure of an inert actuation fluid in this chamber moves
the slug back up the switching channel.

FIG. 5 is a top view of the upper seal belt layer 108 of a relay array. The
middle and lower seal belt layérs have similar structures. Triangular holes in the layer
support the transparent mirror housing 210 and the seal belt contact 406. Layers 112
and 116 have similar structures. In a further embodiment, the transparént mirror
housing 210 is located only in-the optical layers, and the seal belt contact 406 lines the
triangular hole in tl:le Iayér. The pressure equalization passage 308 passes through the
layer lOé to connect the upper and lower pressure chambers.

As illustrated in FIG. 6, multiple relays may be integrated to form a switching

array. FIG. 6 is a sectional view through an upper optical layer 110 of a relay array.

16
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cap layer 122. A second heater resistor is positioned
Wi thin the upper chanber pressure and is used to nove

wo b@4med088 sl ug down the switching channel. 20P¢TIUS2004/002520

further enbodi ment of the psfesent invention, a

phase-change liquid 804 is in wetted contact with the
heater resistor 702. Wen heated, the liquid changes

from a liquid phase to a gas phase and in so doing

i ncreases in volume. This volunme change increases the

AR eBYcH s1gnal eHering thgaeiag ARy alodSame CAdts (PEte0aDY paveguides 202
switch. Wien 17 WO 2004/095085 PCT/ US2004/ 002520 17

mhe beewtitnhe@ 0 amgobss of e Phies eutivengeod |ar qliogred to pass directly
condenses on the heater. A second phase-change |iquid
thgough thetéled agonrkacilond the dopesierligy waneduide P@WweWettable metal
pressure chanber and operates in a sim/lar manner.

?d@fﬂ@g‘@l% %oﬁté?sngiethle't&lﬂbﬁialé@)fm%r ABudiferth de4WI @Y I6quid metal across
|qU| such as a OMIVISCOSIty Fl uorinert manufactured

t%g £ cs of%g pgusuQ AR fc?m?gg CF%HL/% %éﬂﬂf&e@r@%@ﬁ?evé(ﬂﬁ%h%ﬁﬁ)tnﬁﬁassaces

as comnpare

reduces ner g sintot esubstrate FIG 9
%@ gafsoglrwéwg it 190a8° colietenng aper: Bo6ogRachambers with
bottom cap |ayer in accordance with one enbodlnent of
eiespondeng ogier pTseupcéambete: i n | ower pressure chamber
416 is increased by energizing a nunber of pressure
act uaFGs7 702 tof mietvhoisthd Qoeerhddinrbeniayet h20 pnébsitwme cap layer in
actuators 702 are piezoelectric elenents acting on a

ichfﬂaB&eewuﬁ' GHeh&RBeRiRRA: bhade hHoEMFOnONEhS ipeRs@t ih Newer pressure
| ower pressure chanber 416. The piezoelectric

%ﬁ{ﬁptﬁ63fs in% @d '% d 19fn'3 é}@é‘shrec Qi hihr 999 :'Fh@ resultmo

sectiona ou@h ction 10 10 in FIG
essure in . ch

i %fwszas&rsg&tl? | @r@el&némve'%ﬁp 3 PriBlpPnddn 1o wis

embodiment, the pressure actuator 702 is a heater resistor. When the heater 702 is
energized, the pressure of an inert gas in the chamber 416 is increased. This in turn

creates a pressure differential across the solid slug, causing it to move along the

- switching channel.

FIG.8 is a.sectional view through the section 8-8 in FIG. 7. The pressure
actuator 702 and associated circuitry may be deposited on the upper surface of bottom
cap layer 122. A second heater resistor is positioned within the upper chamber .
pressure and is used to move the solid slug down the switching channel.

In a further embodiment of the presént invention, a phase-change liquid 804 is
in wetted contact with the heater resistor 702. When Iaéated, the liquid changes from
a liquid phase to a gas phase and in so doing increases in volume. This volume

change increases the pressure in the actuation fluid and activates the switch.  When

17
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15 fl exi bl e di aphragm 902. The piezoel ectric el enents
702 are configured to deformin a bending node when a

woelosagwsi s applied across them The pol arity BET/URE04/002520

vol tage determ nes whethen7the vol une of the chanber

416 is increased or decreased, so the actuators may

i ncrease or decrease the pressure in the chanber. A
correspondi ng set of piezoelectric actuators contro

the pressure in the upper pressure chanber. The 20

dreueratray’ Becordvete upwat-gaancs ligved cardrmers By haapessi ay second
the pressure in lower chanber 416 and, optionally,

dease ehsh gegliquie ipmesstedeonacuwisk thecheateén theTlhwebpreksung chamber
chanber 904 may be formed as a cavity in the bottom

aP op@iek id 3Zim@br RdndracTigptaise-sh@tiengyui@yery BOB2 inert organic
bet ween the chanber |ayer 120 and the bottom cap | ayer

ég&g ShbE a %Ei W&%@ﬂ%@&%@nﬁ’%&éﬁ%&@%&;gg& phase-change

|ng C e created by m cro-machini ng

ues .
gGand Bfogf% et Sk B FoBlrel gL S ep G B uon, e
further embodi nent of the i nventl on. In this
Eif6eH SEFRY, lopsse nto Shesdsi@eact uat or 702 is a
pi ezoel ectric elenment that defornms in an extensional 5
(vert Fat P ismpdep wheon of thedpivag ehdrsbes payver dg0 06 Pogopy cap layer in
The actuator 702 is located within .a backing chanmber
b rddnde adtis omd embblexdnblof thk Ep}iena?qm gn2 presatiref ior osver pressure
one side of the |lower pressure chanber 416. FIG 12

hl%arﬁbe?eﬁ%' i9 n@reé’s‘eﬁ\ﬁ}l &fe@%ﬂﬁ'ﬂg tahesieetdf PResbdrel tidlo1702. In this
he piezoelectric element 702 is configured to

P L P e e o
902 16
daesery B2 PHE 0¥t 28 60 oL URcORAIT RESGBFL . The

- piezoelectric elements are contained within a back cavity 904.

FIG. 10 is a sectional view through section 10-10 in FIG. 9. The pressure in
chamber 416 is controlled by the action of piezoelectric elements 702 acting on a
flexible diaphragm 902. The piezoelectric elements 702 are configured to deform in a
bending rﬁode when a voltage is applied across them. The polarity of the voltage
determines whether the volume of the chamber 416 is increased or decreased, so the
actuators may increase or decrease the pressure in the chamber. A corresponding set
of piezoelectric actuators control the pressure in the upper pressure chamber. The
slug fnay be moved upwards in the channel by increasing the pressure in lower
chamber 416 and, optionally, decreasing the pressure in upper chamber. The backing
chamber 904 may be formed as a cavity in the bottom cap layer 122, or by placing a

spacing layer 1002 between the chamber layer 120 and the bottom cap layer 122. ‘The

18
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of the chanber 416 is increased or decreased, so the
actuator may increase or decrease the pressure in the

W@ b@niogioss A correspondi ng pi ezoel ectric. actuaP@r/US2004/002520

controls the pressure in tiBe upper chanber

El ectrical connections to the actuator 702 pass 15

through the cap layer 122 and facilitate the

connection of external control signals.

Al ternatively, the connections.may be traces fornmed on

bheking elomiher imaydre arbaied beritreanechining teshigislues: t he

| ayer. The slug may be noved upwards by increasing the

pressHIE. iLh is &haprbvew dflfie &ndr chpibenialykly ] 20mndelsbttom cap layer in

downwar ds by decreasing the pressure in chanber 416. .

20 oFldce WAith B AufHRP eMiRWnRint tdTarhk AWeintehaniethit @y®odiment, the

120 and bottom cap layer in accordance with a stil

%%ELE@ rac‘aggf&d LEgnt, of iéfb@le‘c&%ﬁe Qfeh%%t] tbﬂ hB¥oSms in an extensional
odr nent, P 0

t he ressure actuator conprises a

unmber. of piezoelectric el nts t.h deformin a -
OB GOADHE R4S BIoPRGE FEosb! FRUIciigs % fdpgated within
The polarity of the voltage 19 WO 2004/ 095085 .
pOTiis2 obamben8h and scigener Henbls dipritAg Hrethgioforme oge side of
the chanber 416 is increased or decreased, so the
detloaeopssymy chaobealdé. or decrease the pressure in the
chanber. A corresponding set of piezoelectric

act uatpgiGs 1200 b odectibignl pyies stirdghnthehectionel2- thamtG. 11. The
Qperation of the actuators is described below with

E?efzs&gflﬁ@ d10mELCR2 1P AR AR to! BEFORGT IO _@{teﬁeﬂl@mﬁ’ mode when a

I ezoelectric actuators 702 forces actuation fluid out

of ..t he. chapgber_ 416, ..thr h_th ck i .
Jhled s, BT et s RaS e Rentet e, pbtfe ! ot parsially
mrror housing. The_ piézoelectric. elenents are
BRENBAhBNERNTA1Ss Hs0R0lapy el difr KOLAFS A B fegher the volume
provided by a duct 1304 that couples the chanber 416 -
obthe dhrmber 4 KsisrivegkeasedIndecrpasedy 1oHee actuator may increase or decrease

the pressure in the chamber. A corresponding piezoelectric actuator controls the
pressure in the upper chamber. FElectrical connections to the actuator 702 pass
through .tkllle cap layer 122 and facilitate thfe connection of external control signals.
Alternatively, the connections may be traces formed on the circuit layer that terminate
the edge of the layer. The slug may be moved upwards by increasing the pressure in
‘chamber 416 and, optionally, moved downwards by decreasing the pressure in
chamber 416.

FIG. 13 is a top view of the lower chamber layer 120 and bottom cap layer in
accordance with a still further embodimeﬁt of the invention. In this embodiment, the
pressure actuator 702 comprises a number of piezoelectric elements that deform in a

shearing mode when a voltage is applied across them. The polarity of the voltage

19
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pressure equalization passage (not shown) couples the
lower fluid reservoir 1306 to 10 the upper reservoir

w@ ano4opi@sdt her end of the transparent mrror hPOBFURIHP4/002520

FIG 14 is a sectional viewdthrough the section 14-14

in FIG 13. The piezoelectric elenents 702 partially

bound the pressure chanber 416 and separate it from
backi ng chanbers 1302. Actuation fluid may fl ow

bet ween the pressure chanber 416 and the fluid

detsemine wheBts thdvolugte afghe ch@orer 4l 6 lsenareased| aydeereased, so the
1402. 15 The vent is sized to restrict fluid flow, so
tab@btothmapunpeng acleceascothe thesspiceinakd egdmbas. Aekemespbading set
is not inpaired. The reservoir may be fornmed in the

%@gielzééﬂgétﬁ%%gtu%forzg O6ARA thdYreRhBE I'Ge 80w BRGRMYLRY @?eration of the
1002 between the cap |ayer and the vent |ayer 1402. A ’

B PR 9L 80,0 (8Tl B gon o e

reservoir (at the other end of the trapgparent ni

R&FSFIRgYLC a%@laﬁqrea%?éoraﬁ%a%f@onl 1 ot S REEbShe 4 6, Frough the
operation of the piezoelectric actuators. Referring .
doctHEpche Iosver daehlapdr anddntadhe aviseing opanng! iwglhie mipophousing. The
two piezoelectric elenents coupled edge to edge and

péfzocloetdicieferaes h e@rbagketeby YheitessiBéar dttessurenvaudBzatas is provided
shown in FIG 15, the volume of chanber 416 is

%20,;{ gagerB04\han cMB 1084/ H9RM8H 4PETH WSARA/062612013080 A further
sheared outwards, as shown in FIG 16, the vol une of
SHATIST i B EESET NGy SROA Bl ubecqiner 1306 o
R e B GEA A B B RS ISR IR
TS 3 bl EE BB T Y 13 e
decrease in pressure is used to pull the solid slug in
oizodictectdlenend0p pattially hound Hee praskie chamber 416 and separate it
from backing chambers 1302. Actuation fluid may flow between the pressure
chamber 416 and the fluid reservoir 1306 through vent 1304 in the vent layer 1402.
The vent is sized to restrict fluid flow, so that the pumping action of the piezoelectric
elements is not impaired. The reservoir may be forméd in the cap layer 122 or formed
by placing a spacer layer 1002 between the cap layer and the vent layer 1402. A
further pressure equalization passage (not shown) couples the lower fluid reservoir
1306 to the uppelr reservoir (at the other end of the transparent mirror housing).

FIG. 15 and FIG. 16 illustrate the operation of the piezoelectric actuators.
Referring to FIG. 15, each of the actuators 702 is made up of two piezoelectric

elements coupled edge to edge and deformed in a shear mode. When sheared

inwards, as shown in FIG. 15, the volume of chamber 416 is decreased. When
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Wil e the invention has been described in conjunction
W th specific enbodinents, it is evident that nmany

wa@bdogopsass ves, nodi fications, pernutations andPCT/US2004/002520

variations will becone appafent to those of ordinary

skill in the art in light of the 10 .. foregoing
description. Accordingly, it is intended that the

present invention enbrace all such alternatives,

nodi fications and variations as fall wthin the scope
shear¢rboutappisn aeshasiminiBlG. Weathe voluhea pheldmber 4pis increased. The
2004/ 095085 PCT/ US2004/ 002520 21 1. An optical relay
@otptorss innthe wppki padssird phimb@t nepbevapeeyed depl{dA02pposition to the
first output optical wavegui de (204), optically

%W&%ﬂm‘%r‘é b fnlaﬁ‘eagé IR prdBRildiPRehEPhcroR tHAYRAUIEE
(202) to forma first direct optical path; a second

out pUtIn %Fﬁlftﬁaj I}Q’Q&ﬁ%ﬁhtdﬁ SE@E %rek%g Cc‘tﬁ&ttok Bk tc!t‘r‘? bf)ﬂhrlﬁ&ease and

[ nput transparen

rror hou3|n 2 cated. at the |ntersect|on of
B i 29 pﬂ“f@a e JUPHES R PiRd Caiipe Solid stug in
out put optical waveguide; a solid slug (302) adapted
08¢ HEGE10R %nﬁlwshltslwtlﬁ%%h% channel (404) passing
through the transparent mrror housing (210), the
sol i d Whilg thavimgntomehdsalbeen déscsbed aoe,toajuhi:ti:pn dwith specific
nmetal volume (304) in wetted contact with the wettable
gibbageer®d, it Reevisloht thas higy (3@Hatiasd hedificghnd, permutations and
reflective surface; 20 a flrst pressure actuator (702)

QRELNs S LI hASraR ! th dnsdeUsr Erdfeky WMdiNINtHeNSt in light of the

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

‘What is claimed is:
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switching channel (404) so that it blocks the first
direct optical path and conpletes a first reflected

wepiogdospat h fromthe first input optical wavegUUS®04/a2520

the second output optical whveguide; and 25 a second
pressure actuator operable to nove the solid slug
(302) within the swtching channel (404) to renove it
fromthe first direct optical path. WO 2004/ 095085
PCT/ US2004/ 002520 22 2. An optical relay in

dlc con Bl ISARY POTEPRSiRg 1, further conprising a neta

coati rtion of the. interior
of th:ehgf rang)l%?pg%t% {Vggergglpdeﬁo ifng (210), the netal

coati ng (306) bei ng mettable by liquid netal and

tending_ to cause the liquid netal (304) form
refl ecatﬁlvbo%tapq%@al ga@guﬁﬁ E¥bi @}gpca}1§|aggn¢c}]w1th the flrst input optical

accord%p% I ing: a first

wet t ab get al %?gﬁr}? H%SEHHF%O 89 |a¥1hst he swi tching

channel (404) above t he flrst dlrect and first

reflected optical paths; e wettahle tal . .
Cont act SCR08) O B DBHCA HVEeeict e a0Ry HHGS CHABABE (b gput optica
bel Owwm%uﬂc@%jozjl rect and first reflected optical

pat hs; a third wettabl e netal contact (406)
| ocated in the switching channel (404) bel ow 15 t he

second vvettab net a

ccor daliRbRnmiRaT ho SR REDY, orRl of Phe Fepof Gifor e firt input
opt i captipdtwavepaisis @ad bRt eeaid dutgutidptisdl wagarieond

wettable netal contacts and further conprising: 20 a

second i nput optical wavegui de (408);
a solid slug (302) adapted to move within a switching channel (404) passing

through the transparent mirror housing (210), the solid slug having a wettable

surface;

a liquid metal volume (304) in wetted contact with the wettable surface of the

solid slug (302) and forming a reflective surface;

a first pressure actuator (702) operable to move the solid slug (302) within the
switching channel (404) so that it blocks the first direct optical path and
completes a first reflected optical path from the first input optical waveguide to

the second output optical waveguide; and

a second pressure actuator operable to move the solid slug (302) within the

switching channel (404) to remove it from the first direct optical path.
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a third output optical waveguide (410), optically
aligned with the first input optical waveguide to

wo eoorogsosecond direct optical path passing bet MeBDS100€002520

second and third wettable netal contacts; and 25 a
fourth output optical wavegui de (124) intersecting the
second i nput optical waveguide at the transparent
mrror housing to forma second reflected opti cal

pat h. WO 2004/ 095085 .PCT/ US2004/ 002520 23 5. An .

. GptAr aptieadirelpy im aqmmdawété ajimhl,clugthen compuisiiged metah goating (306)

a C ri.ses. a first ressu
phirca BY £5RM06h 30 P iREeior S BE) S5 posfod ity RAREREA0). the metal
febathtg B06) béihE8YetOPRBYEq A ridigl dridrishding &s sise tehRgie metal (304)
%416) and to a first end of the switchi ng channel

Q@%’)ﬂ, %C%$@f%et he second pressure actuator
conprises: a second pressure chanber (412) containing
an actuation fluid; and 10 a second duct (414)

Gpe oyidabrdldyeinsecomddndar veisis olaim dhfmther c¢dpRyingnd to a
second end of the switching channel (404). 6. An
optical relay in accordance with claim5, wherein the

first a@ﬁz‘é‘ﬁ%ft@ol@?ﬁéﬂﬁtc%ﬁtaf&{éﬁdg; ;iocaﬁe% iﬁc’ch "s{wﬁ@lﬁn@%hérﬁéﬁ@%) above

one of: a heater resistor | ocated wthin
first thyBssdirect@hd fibe refletts) opired! pasiper abl e to ral se
the tenperature of the actuation fluid in the first
pressure o

a second wettable metal contact (406) located in the switching channel (404)
below the first direct and first reflected optical paths; and

a third wettable metal contact (406) located in the switching channel (404) below

the second wettable metal contact.

4. An optical relay in accordance with claim 3, wherein the first direct optical path

passes between the first and second wettable metal contacts and further comprising:
a second input optical waveguide (408);

a third output optical waveguide (410), optically aligned with the first input
optical waveguide to form a second direct optical path passing between the

second and third wettable metal contacts; and

a fourth output optical waveguide (124) intersecting the second input optical
waveguide at the transparent mirror housing to form a second reflected optical

path.
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chanber; 20 a heater resistor (702) |located within the
first pressure chanber (416) and operable to

werapovsase a phase-change liquid (804) in wettEdr/us2004/002520

contact with the heater res8istor; 25 first and second

pairs of piezoelectric elements (702) partially

bounding the first pressure chanber (416) and

operable to deformin a shearing node to change the

vol une of the first pressure chanber. WO 2004/ 095085
BCT/AdS200ek! GBRY21 adrdancd sagt cleire i eheelnetter first pressure actuator
element (702) attached to a flexible diaphragm (902) '
FaPPIETf y bounding the first pressure chamber (416)

and o Qﬁﬁﬁpﬂ)t%s&l?e dehertd 1'6?1 BontRRRH Do IRARn 3N taRar eby
defl ect the flexible diaphragm (902) and alter the

volunme of the first pressure chanber (416); and 5 at

I east e Ri ectr.i c . .el.enen 702 ttac to .

1 oxi BIBSbR AR ComPere625 HRR PGS St g Drgeto a frst end of
first iy @sseHige ehaRbIgr04416) and operable to deformin

an extensional node and t her eby deflect the flexible

di aphragm (902) and alter the volune of the first

BRE ML BRADSIY [ Bhe achfudt: cofibrRBLi cal relay in
accordance W aim 1, turther conprising at |east
one addetémingssutpdhaghler (4Rayonthiné g0t dct@tion €luag, andd

the at | east one additional optical relay conprising:
a plurality of input optical paths (202);

a second duct (414) opening to the second pressure chamber (412) and to a second

end of the switching channel (404).

6. An optical relay in accordance with claim 5, wherein the first pressure actuator further

comprises at least one of:

a heater resistor (702) located within the first préssure chamber (416) and
operable to raise the temperature of the actuation fluid in the first pressure

chamber;

a heater resistor (702) located within the first pressure chamber (416) and
operable to evaporate a phase-change liquid (804) in wetted contact with the

heater resistor;

first and second pairs of piezoelectric elements (702) partially bounding the first
pressure chamber (416) and operable to deform in a shearing mode to change the

volume of the first pressure chamber.



15 a plurality of first output optical path (204),
optically aligned with the plurality of input optical

w@aiohm9toes forma plurality of direct optical pethE$2084/002520
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plurality of second out put 2¢pti cal paths (206)

intersecting the plurality of input 20 optical paths

(202) at a plurality of intersections; and at each of
intersection of the plurality of intersections: a

transparent mrror housing (210); 25 a solid slug

(302) nblkasibbye beeatledrivieldnent {7¢hHannehed &04)lepassiddphragm (902)
t hrough the transpar en%_ m rror hqusing, the solid_ slug )
(302) ﬁé’{?iaﬁa b&ﬂﬂ%@gﬁ% 155t PrePAEShagded (Hig) gud egsrable to deform in a
PCT/ US3 0 e 4)gf

et o Copr Aar et T ERE Mol ol oo arT he Tt AQUD, apd ateer the
sl ug ( Solmesgfdhofist atsssire ohdoben(4l6)efddct i ve surface;

a first pressure actuator operable to nove the solid

slug (302) within the 5 channel (404) so that it

bl ocks atledstr & piepddi&ctlic BRIAEO{ 70 bRl b ¥leRible diaphragm (902)
direct optical path and conpletes 'a reflected optical

pat h f P&kinln bowpsieg thepliist prespae khafiberhd 1@l andadieraplofo deform in an

et Sariaye B4 drd e 7 SReq b e riBragh a5 apa ater e

secondv@uﬁﬁ&iﬂﬂ&ﬁﬁtﬁ@bmte@mﬁml(ﬂa)p move the solid
slug (302) within the channel (404) to renove the
solid slug (302) froma direct .optical path of the

Py URA! dpki¥aitidd! ih GELor@Rck Shth 8RS ; further comprising at least one additional

optical relay, the optical relay and the at least one additional optical relay comprising:
a plurality of input optical paths (202);

a plurality of first output optical path (204), optically aligned with the plurality of
input optical paths to form a plurality of direct optical paths;

a plurality of second output optical paths (206) intersecting the plurality of input
optical paths (202) at a plurality of intersections; and

at each of intersection of the plurality of intersections:
a transparent mirror housing (210);
a solid slug (302) moveably located within a channel (404) passing

through the transparent mirror housing, the solid slug (302) having a

wettable surface;
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8. A nethod for selecting between a direct optica
path and a reflected optical path in an 15 opti cal

wo edoapodesyi ng a solid slug (302) noveabl e w t hPET/ES2004/002520

swi tching channel (404) in25response to the pressure

of an, actuation fluid, the nmethod conprising:

coupling an input optical signal to an input optical

wavegui de (202) of the optical relay, the input

opti cal wavegui de being optically aligned with a first

out put 20 adppictmktahvaolume G64) R0=sttedocontachivithethe iweeteble surface of

optical path; if the,divect optical. path st )
sel ect ed: él??eﬁpé;‘fifi%g(?’gi)f"} s‘ipegaﬁjl%&ﬁo Emzi“c:rf3 ﬂ%‘i“ovr% S? gfa?reﬁve
the solid slug (302) out of the direct optical path,

whereby the input optical waveguide (202) is_optical I¥ o

25 coupl ed atfissf pressureotgtpyer operblgl tovaeegiedelid zdug (302) within the
and if the refl ptical i 1 .
ener gi zi ng AL SHEY sBEbLER o8Bk e Brebf gBEed ey 5P dhe plusaly of
sol i d sl ugd3@2ptical pathhmd ebnigietes apiefleatd pptibal path from an input
whereby the input optical signal is reflected from .
WO 2004/ 09SBHSL peth/ 0D SHPUS DA Pakh @ gr et gptput optical

the solid ?gtggsf(ﬂ't?’é) )é%ahi 8 &cd gegtg?faéﬁgwpﬁﬂg;!aﬁa:

wavegui de ete t ted optica
path. 9. A nethod in accordance with claim 8, wherein

energi zing a pressure actuator of the 5 first.and .
second pr egéﬁ&éﬁd’é‘?sﬁ%&c@a&%ﬁ?ﬁ%&m ’E%‘é?n%‘? ﬁéhc} ?llé‘g (302) within the
pressure okpihiel @@hﬁ% FeRibvel tHe dolid sRgRBEDSHER LHiddBRdbtical path of
(416) coupled to the switching channel (404). 10 10.

A met hod i theqgentitiaeictireat eptical aaths.9, wherein

energi zing a pressure actuator of the first and

second pressure actuators further conprises at | east

8ne\ flkethod for selecting between a direct optical path and a reflected optical path in an

optical relay having a solid slug (302) moveable within a switching channel (404) in

response to the pressure of an actuation fluid, the method comprising:

coupling an input optical signal to an input optical waveguide (202) of the optical
relay, the input optical waveguide being optically aligned with a first output
optical waveguide (204)to form the direct optical path;

if the direct optical path is to be selected:
energizing a first pressure actuator to move the solid slug (302) out of the
direct optical path, whereby the input optical waveguide (202) is optically
coupled to first output optical waveguide (204); and

if the reflected optical path is to be selected:
energizing a second pressure actuator to move the solid slug (302) into the

direct optical path, whereby the input optical signal is reflected from a
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passing an -electrical current through a heater
resistor (702) in the pressure chanber (416) to

WO pane2®es t he tenperature of the actuation fl uPdr/usH04/002520

passing an electrical curremst. through a heater

resistor (702) in the pressure chanber (416) to
i ncrease the tenperature of a phase-change liquid
(804) in wetted contact with the heater resistor
(702) to cause the phase-change liquid (804) to

evapor ate; Reuéppufhsd oanthel eqidr sl (300) tiage aagdcosd @utput optical
pi ezoel ectric elenment (702) partially boundin the

pressure ch¥aweauid®as) @&0@%@@ thereflerterbPRiice pab

shearing node and thereby alter the vol une of the

pressure chanber (416); 25 applying an electrica

V| tragetiadrio sscardpicezoith etdimni & veleesin rhergiZ02y a prdsackedtuator of the
tp a i aph m (902) that partially bounds the
d%@%@ﬁf%”gwgwgﬁ¥“?ﬁﬁ%?oﬁdmggﬁ§%3the pi ezoel ectric

element (702) to deformin a bendi ng node, thereby

defl ecting the diaphragm (902) and altering the

vol uneclehgingehp pessuwre of dhaaderticndflé) in ampdess@e chamber (416) coupled
2004/ 095085 PCT/ US2004. 20 27 applying an

el ect rio¢ 8?'Wﬁq¥ Fé@gg pi ezoel ectric el ement

(702) attached to a diaphragm (902) that partially

bounds the pressure chanber (416) to cause the.

pizAanetbed i acsoednaae Withodyin 8, weereinranergizing a pressure actuator of the

‘(E%%E ang&&ad[ ﬁ%gs%re &{Eﬁ tSR Hﬁér c% pfmﬁgs at 106 SiARhr agm

pressure chamber
(416).

passing an -electrical current through a heater resistor (702) in the pressure

chamber (416) to increase the temperature of the actuation fluid;

passing an electrical current through a heater resistor (702) in the pressure
chamber (416) to increase the temperature of a phase-change liquid (804) in
wetted contact with the heater resistor (702) to cause the phase-change liquid

(804) tg' evaporate;

applying an electrical voltage across a. piezoelectric element (702) partially
bounding the pressure chamber (416) to cause it to deform in a shearing mode and

thereby alter the volume of the pressure chamber (416);

applying an electrical voltage across a piezoelectric element (702) attached to a
diaphragm (902) that partially bounds the pressure chamber (416) to cause the
piezoelectric element (702) to deform in a bending mode, thereby deflecting the

diaphragm (902) and altering the volume of the pressure chamber (416); and
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applying an electrical voltage across a piezoelectric element (702) attached to a
diaphragm (902) that partially bounds the pressure chamber (416) to cause the.
piezoelectric element (702) to deform in an extensional mode, thereby deflecting

the diaphragm (902) and altering the volume of the pressure chamber (416).



