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CONTROLLED BENDI NG 5 The present invention relates generally to

m cr o- mecty@y2@alezdevi ces, and nore particularly, to a m gam@er7alzed
vertical thermal actuator with controlled bending that is capable of
repeat abl e and rapid novenent of a mcroneter-sized device off the surface
of a substrate. 10 Fabricating conplex mcro-el ectro-nmechanical systens
(MEMS) and mcro-optical-el ectro-nechanical systens (MOEMS) devices
represents a significant advance in m cro-nmechanical device technol ogy.
Presently, mcroneter-sized anal ogs of many nmacro-scal e devi ces have been
made, such as for RERPCT ACHING VERTICAIsTHERMAI, ACFUATOR switches,

pol ari zi ng devices, and actyat e ices can be fabricated, for 15
exanpl e, using Ml ti-user MEEHICONTROLLEDINENDING,; | apl e from Cronos
Integrated M crosystens |ocated at Research Triangle Park, North Carolina.
Applications of MEMS " and MOEMS devi ces include, for exanple, data storage
devi ces, | aser Thegnesents inveniion e¢lateh @anaallyragmatiosmbetadial devices, and more

m cro-spectroneters, accel eroneters, scanning-probe mcr oscoges,
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out of the plane of the substrate. Various types of actuators, including

el ect r ost H13N¥ MacH-geAlefievitesihave bpwy made. sHeh Aw N cemplrabiasese shitigsedetsen t hi s
pur pose. S g i e i y > RPN S i gal
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pp. 1B37- 46x4m88 A)singIValtaaden MIBNS processing (MUMPs) available from Cronos Integrated

Microsystems located at Research Triangle Park, North Carolina. Applications of MEMS

and MOEMS devices include, for example, data storage devices, laser scanners, printer

heads, magnetic heads, micro-spectrometers, accelerometers, scanning-probe microscopes,

near-field optical microscopes, optical scanners, optical modulators, micro-lenses, optical
20 switches, and micro-robotics.

One method of forming a MEMS or MOEMS device involves patterning the
device in appropriate locations on a substrate. As patterned, the device lies flat on top of
the substrate. For example, the hinge plates of a hinge structure or a reflector device are
both formed generally coplanar with the surface of the substrate using the MUMPs

25 process. One challenge to making use of these devices is moving them out of the plane of
the substrate.

Coupling actuators with micro-mechanical devices allows for moving these devices
out of the plane of the substrate. Various types of actuators, including electrostatic,
piezoelectric, thermal and magnetic have been used for this purpose.

30 One such actuator is described by Cowan et al. in “Vertical Thermal Actuator for
Micro-Opto-Electro-Mechanical Systems”, v.3226, SPIE, pp. 137-46 (1997). The actuator
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resistive heating to induce thermal expansion. The hot arm 22 is higher

t han t he want2d4evyer arm 24, so that thermal expansion drPeEEStRI1ECt Uat or
tip 26 toward the surface of the substrate 28. At sufficiently high
current, the downward deflection of the actuator tip 26 is stopped by
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Hilton Head Island, South Carolina 2000, at 255-258 discl ose vari ous
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chi plprocess). Hirgh etedy)'FAp Chifeseeblyfur ShrBasecRAMENET Fedhmeeml Digeshef the
polysilicon substrate, is a capacitor in which the top plate of th
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substrate because stray capacita a polysilicon |ayer would at
a Realization and Design Considerations of a Flip-Chip Integrated MEMS Tunable

Capacitor” 80 Sensors and Actuators 108-118 (2000); and Feng et al., “MEMS-Based

20 Variable Capacitor for Millimeter-Wave Applications” Solid-State Sensor and Actuator
Workshop, Hilton Head Island, South Carolina 2000, at 255-258 disclose various vertical
actuators based upon a flip-chip design. During the normal release etching step, the base
oxide layer is partially dissolved and the remaining MEMS components are released. A
ceramic substrate is then bonded to the exposed surface of the MEMS device and the base

25 polysilicon layer is removed by completing the etch of the base oxide layer (that is, a flip
chip process). The resultant device, which is completely free of the polysilicon substrate,
is a capacitor in which the top plate of the capacitor is controllably moved in a downward
fashion toward an opposing plate on the ceramic substrate. The device is removed from
the polysilicon substrate because stray capacitance effects of a polysilicon layer would at a

30 minimum interfere with the operation of the device.
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PCT/ US01/ 27144 Lift angles substantially greater than forty-five degrees
are achi avabt/z2494 t h a dual - stage actuator system A dual peT/age/zct4uat or
systemtypically consists of a vertical actuator and a notor. The vertica
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the sur f acReafmd peitfomirsd @;ﬂleau&ﬂgnt roll ed bendi ng maxi m zes the
di spl acenent of the Fresent vertical thernmal actuator. The vertical thernmal
act Ut or is conherdyel-slage ActHater FYsiRs HE campis decieasingarelinbidist andipcrsagng ot

arm has a g (51 £0d enchored {AaEs SUIORLA A0dA. fAesandloral faaboye
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end. The GRknMER sised hegrbE theadaV actuler Rath a@mdll%ﬁalbdn‘dﬁtgt that he capuiaee. A
flexure is forned in the cold armnear the first end thereof adapted to
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the free en?sst f the hot and cold arnms such that the actuator bends 25
general ly "a & flexure so that the menber noves away fromthe substrate
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at | east one of a recess, depression, cut-out, hole, |ocation of
with controlled bendmg capable of repeatable and raptd movement of a micrometer-sized
optical device off the surface of the substrate. Controlled bending maximizes the
displacement of the present vertical thermal actuator.
The vertical thermal actuator is constructed on a surface of a substrate. At least
20 one hot arm has a first end anchored to the surface and a free end located above the
surface. A cold arm has a first end anchored to the surface and a free end. The cold arm is
located above the hot arm relative to the surface. A flexure is formed in the cold arm near
the first end thereof adapted to provide controlled bending. A member mechanically and
electrically couples the free ends of the hot and cold arms such that the actuator bends
25 generally at the flexure so that the member moves away from the substrate when current is
applied to the at least the hot arm.
The flexure comprises at least one of a recess, depression, cut-out, hole, location of
narrqwed, thinned or weakened material, alternate material or other structural features or
material change that decreases resistance to bending in that location. In one embodiment,

30 the hot arm and the cold arm comprise a circuit through which electric current is passed.

In another embodiment, a grounding tab electrically couples the hot arm to the substrate.
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structural features or material change that decreases resistance to
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the reinforcing nber is adapted to provide controlled bending of the
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cold arm. A second portion of the cold beam without the reinforcing member is adapted to
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provide controlled bending of the vertical thermal actuator. A member mechanically and

20 electrically couples the free ends of the hot and cold arms such that the member moves
away from the substrate when current is applied to at least the hot arm.

In another embodiment, the vertical thermal actuator has a first beam with a first

end anchored to the surface and a free end located above the surface. A second beam has a

first end anchored to the surface and a free end located above the surface. A member

25 electrically and mechanically couples the free end of the first beam to the free end of the

second beam. A third beam has a first end anchored to the surface and a free end

mechanically coupled to the member. The third beam is located above the first and second

beams relative to the surface. A flexure is formed in the third beam near the first end

thereof adapted to provide controlled bending. First and second electrical contacts are

30 electrically coupled to the first ends of the first and second beams, respectively, such that



25 electrically and nechanically couples the free end of the first beamto
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the first and second contacts causes the first and
beams relative to the surface. A reinforcing member is formed along a first portion of the

third beam. A second portion of the third beam without the reinforcing member is adapted

20 to provide controlled bending of the vertical thermal actuator. First and second electrical
contacts are electrically coupled to the first ends of the first and second beams,
respectively, such that current supplied to the first and second contacts causes the first and
second beams to thermally expand and the member to move in an arc away from the
substrate.

25 A plurality of vertical thermal actuators can be formed on a single substrate. At
least one optical device can be mechanically coupled to the vertical thermal actuator. The
optical device comprises one of a reflector, a lens, a polarizer, a wave-guide, a shutter, or
an occluding structure. The optical device can be part of an optical communication
system.

30 Figure 1 is a side view of a vertical thermal actuator prior to backbending.



second beans to thernmally expand and the nenber to nove in an are away from
the substrate. 25 A plurality of vertical thernmal actuators can be forned
on a singeoszeasirate. At | east one optical device can berCEsShzaTIHGal |y
coupled to the vertical thermal actuator. The optical device conprises one
of areflector, alens, a polarizer, a wave-guide, a shutter, or an

occluding str “C%}%fe 2T'}§c? P_,deC@ euzd%¥' g %%gcﬁeth%%él Qi Ot F%ﬂ{ehl after

comuni cati on of “a ver t1 cal

act uat or pbackbeddingackbendi ng. -5 V\D 02/ 22493 PCT/ USO1/ 27144 Figure 2 is

a side view of the vertical thernmal actuator of Figure 1 after o

backbendi ng. Fi figuee 3 < wprdpwaievertical vlérrtlalc&tuagcnewwhwoa@@l@t banding in
ance.with the present invention. 5 Figure 4 is

|l ed_b
goglt Eig v?e%cgféjaflﬁ‘gw\lit@rt??erﬁen[ Hgfﬂﬁ?n actuator of Figure 3. Figure 5is a

sectignal view, Fl;gu}@lhsvz%lﬂé GRky $MBE VEticAGhaRIPhct@toF bE@®e3. Figure 6 is a
sectional view of the vertical thermal actuator of Figure 3. Figure 7 is a

side view of t hElngmﬁllscaﬁecuhwd Iyeew aﬁﬁllaemcahﬁeﬁm@@cteam DﬁFlgnrea&t uat ed
position. 10 Figure sa.t%@ vi e % slebernteflex Cg a vertical
t her mal act uat ot ‘&§'° éscac%eigﬂ 316\70{? ?Pf%r“ﬁ Al pyaRE PoRE S Jure 9 is a
sectional view pfoudn73d b eIdRa}i8w df eHd Vet A therYR kv of Fesreal lﬁcahtt@hpdrted n
accordance with the present invention. Figure 10 is a sectional view of

anot her al pesitheit.e fl exure for a vertical thernal 15 actuator in accordance

wi th the presen ntlo ure 11.is a vi.ew of a | ternate flexure
for bvert| cal # ’l‘gélferrgllsa?c a‘t”S% fean E@B?tﬁaéﬁ?‘g'r‘?mf‘frha Vﬁ‘émglr @‘Qgﬂiﬂ FHRALRH Mon.
Figure 12 5&Oﬁlahg@wyth@m§19[feséltqﬂwn@&gm vertical thermal actuator in
accordance with the present invention. 20 Figure 13 is a side view of the

vertical thernaFigant Y& osecobndtivipw ef diRalternate flexure for a vertical thermal actuator in
accordance with the present invention.
Figure 10 is a sectional view of another alternate flexure for a vertical thermal
15 . actuator in accordance with the present invention.
Figure 11 is a top view of an alternate flexure for a vertical thermal actuator in
accordance with the present invention. |
Figure 12 is a top view of a two-beam vertical thermal actuator in accordance with
the present invention.
20 Figure 13 is a side view of the vertical thermal actuator of Figure 12.
Figure 14 is a sectional view of the vertical thermal actuator of Figure 12.
Figure 15 is a side view of a two-beam vertical thermal actuator in accordance with
the present invention.
Figure 16 is a top view of vertical thermal actuator with multiple reinforcing
25 members in accordance with the present invention.
Figure 17 is a section view of the vertical thermal actuator of Figure 16.
Figure 18 is a top view of an alternate vertical thermal actuator in accordance with
the present invention.
Figure 19 is a top view of an alternate vertical thermal actuator in accordance with

30 the present invention.



Figure 14 is a sectional view of the vertical thernmal actuator of Figure
12. Figure 15 is a side view of a two-beamvertical thermal actuator in
accor danoeowt/2d393 t he present invention. Figure 16 is a topCviuse/i4d4verti cal
thermal actuator with nmultiple reinforcing 25 menbers in accordance w t-h
the present invention. Figure 17 is a section view of the vertical thermnal
actuator of Figure 16. Figure 18 is a top view of an alternate vertical
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the presen hei%g%sgﬂ{‘i%éé%“%‘g’e WO 02/ 22493 PCT/ US01/ 27144 Figure 20 is a top
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present invention. Figure 21 is a schematic illustration of an optical
switch in POt daNeoEON th the present invention. 5 The present invention
relatgs to a single-stage, vertic t he tor .w,t ng I, :
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refers to bganmblRE Hehding F6E HliSroRhddMBAIChlY ddices. dAS Giedl IRerdiACBddn@Blled BEMEA't han
being distributed along the beans of the vertical thermal actuator. The

m cr omet er ref¢rs éel bording ¢hat ocdves primaribcatradisereieslogativabrashes thanchring distrébuded
rapi d nove ou 10, As used "m cro-nmechanical . devi ce"
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for fabricating m cro-nechanical devices is available using the Multi-User

MEMVS 1Pr ocesses AWMU hereing im@romeshamead gesicedreafgs to sygvmnerisved meaghanical,
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m cr omachi ni ng adapts pl anar fabrication process steps known, to the

i nt egr at edMBEMSE URroceshes) VMHMRS) riyonn Cronerufrdegrated Miccosysteine doeatedratc Rasdacdl  or

mero- Triangle Park, North Carolina. One description of the assembly procedure is described in

15 “MUMPs Design Handbook,” revision 5.0 (2000) available from Cronos Integrated
Microsystems.

Polysilicon surface micromachining adapts planar fabrication process steps known.
to the integrated circuit (IC) industry to manufacture micro-electro-mechanical or micro-
mechanical devices. The standard building-block processes for polysilicon surface

20 micromachining are deposition and photolithographic patterning of alternate layers of low-
stress polycrystalline silicon (also referred to as polysilicon) and a sacrificial material (for
example silicon dioxide or a silicate glass). Vias etched through the sacrificial layers at
predetermined locations provide anchor points to a substrate and mechanical and electrical
interconnections between the polysilicon layers. Functional elements of the device are

25 built up layer by layer using a series of deposition and patterning process steps. After the
device structure is completed, it can be released for movement by removing the sacrificial
material using a selective etchant such as hydrofluoric acid (HF) which does not
substantially attack the polysilicon layers.

The result is a construction system generally consisting of a first layer of

30 polysilicon which provides electrical interconnections and/or a voltage reference plane,

and additional layers of mechanical polysilicon which can be used to form functional
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mechani cal devi ces. The standard buil di ng-bl ock processes for polysilicon
surface 20 m cronmachi ni ng are deposition and photolithographic patterning
of altermwadextayers of | ow stress polycrystalline silicorCl/akei7n4f erred
to as polysilicon) and a sacrificial material (for exanple silicon dioxide
or a silicate glass). Vias etched through the sacrificial |ayers at

predeterm Qﬁﬂieln%pr%%%irgg gro%{ gf\é‘lp?eeca%@g%%;edp@éa ts%% %ﬁryg}eﬁ.Lél?escwo%gchgﬁﬂa%%ﬁy cal

and el ectrica in nnect rons ween the icon layers. onal

el enent s offhé Ratigeythetiri€lodfed in-blant BvitlaiRr subytrdt@y @ls wssd Mgretn, I8¢ ket ah-
deposition and patterning process steps. After the device structure is

conpl et ed, plane’t sfetsdo reet@digurhtipa reeneradmarallsl to Beovirfaee ohtheswbpirate @nd|the

mat eri al using. el ecti,ve .et chant such..as hydrofluoric.acid (HE ich
does ot etid: BEPEPRY R R E Ren BETRT i apk Phlo"9REt S ol font By
const Kuct i @BgredSbRIVE BN@E 3hificeCANigd SibsiigteOf a first layer of 30

pol ysilicon which provides electrical interconnections and/or a voltage

ref erence pl aneTypigaldinaplaie fatsral|ditngysiors of thadanssinhdalempeity sin fange gl eke can
be used to _form function 1, VWO 02/ 22493 PCT/ US01/ 27144 el enent.s rangi ng
From s mpl NGRS 0 S ERT buadrbd {ORTaBiesr e lcdie FRCHL TR e e R PR o0 o
entire struyct yhigrdnferd8CatRREasB- theaBfirdl pldctdieiss UReH! 84 Sstarfrd/I€d rHR1cRiidh
the term"in- plane" refers to a configuration generally parallel to the

surface of techeoleghsitlagemuambdr ohfully tesembledbdevices cph b d4tch-ditgicated e a silicon
configuratiqn greater than ro .degrees to, about ninety 5 degrees relative
to thl_ surf‘gﬁsgg@fwéh?é]t§%’§‘ieé§?‘épleelegﬁr&§ﬁse?’hg'pl ane | ateral dinensions of the
functional el emep$esCRMERINE ilfdsBARON Birst Rhibo@IFRInE lof hQeRRUE &{%kmfanuagsa;z@& 50

m cronmeters, while the |layer thicknesses are typically abou 1-
m cr onet er withBeargdled t teadmngt ir ecqurdanes swith thagwekseon isteatidar dAk Qised bhéreiat i on

t echnol o al m - full bl ed , devi . b
oonCt 00 it SR TRk LA to B RS e A S Rl of rppeatipar
assenbl y. Eiogﬂ{g%S%thclaf QUG Rervbdiisd {@f)ﬁgéﬁégiﬁ&{ afTRO GhiE0 R pAitY&L. t Tl

t hermal act uat or wi th controll ed bending in accordance wth the present

i nvedbi on. vésicalstbernivd ragiuator SOvie rdispoatd iiplan@ion aicswftoof arsbsrae 53 tgpically
m cr o- nechani cal, devi.ce ca eat ab

bet ween an“RPBTIAHAE SHEOR Y ﬁpg%d‘%ghgg cr -chgﬁgg%@g%qagwggﬁﬁlﬁe%%ﬁﬁ% al
: CS{ gg: | 3%&@&8{ 5Gcliiedh PR$H-: b0 oPhaRS1IES Rciil bRt AlerbrSHRBh Ak e 36.
As best seen in Figure 6, the first layer 60 comprises a bump that forms the reinforcing
member 85 in the cold beam 84. A second layer of polysilicon 62 is configured to have
20 first and second anchors 64, 66 and a pair of beams 68, 70 arranged in a cantilever fashion
from the anchors 64, 66 respectively.
In the embodiment illustrated in Figure 3, the anchors 64, 66 include electrical
contacts 76, 78 formed on the substrate 52 adapted to carry electric current to the beams
68, 70. The traces 76, 78 typically extend to the edge of the substrate 52. Alternatively, a
25 wide variety of electric contact devices and/or packaging methods such as a ball grid array
(BGA), land grid array (LGA), plastic leaded chip carrier (PLCC), pin grid array (PGA),
edge card, small outline integrated circuit (SOIC), dual in-line package (DIP), quad flat
package (QFP), leadless chip carrier (LCC), chip scale package (CSP) can be used to
deliver electric current to the beams 68, 70.

30 The beams 68, 70 are electrically and mechanically coupled at their respective free

ends 71, 73 by member 72 to form an electric circuit. In an alternate embodiment, beams
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conprising a silicon wafer 54 with a layer of silicon nitride 56 deposited
thereon. The actuator 50 includes a first layer 60 of polysilicon |ocated
on the | ayen2/zf49%ilicon nitride 56. As best seen in Fi guP€T/BSotATes4f i r st
| ayer 60 conprises a bunp that forns the reinforcing nenber 85 in the cold
beam 84. A second | ayer of polysilicon 62 is configured to have 20 first

and secondg (?:91{'63 el ncgﬁy g&fbl@d E(%' gouglgln%etgﬁr?gg g’glétf] %V(ﬁ{ndﬂﬂg]g&g 1" el@%mall Yrent

canti | ever fon° Fromt Re Tanc n'the e
illustrat edouplesFttgub&n& 68.,h20 aocdumtst 64, o Ghe Rabsnche: sizemt bottathe waotiaadds
76, 78 fornmed on the substrate 52 adapted to_carry electric_current to t he

beams 68, comigurationt(peeddgurpa!) and thepqtivater ForiguEP™ Gee Higueige Tor arpnding
substrate Ea% 77%&1166{‘%%1 Xﬁdlé/ ehier oM dﬁ%Fﬁég e‘éﬁ Ber Phat8l %‘1@@&%& t?CB{& Jﬁ%. fitaLes

and/ or packagi ng ne S suc 1T8B array grid-array

(LGA) 5 pl asdithaht easded 79Ni A gEaamding tab RO nsddl Witly anyd oftheamiddimnts dBOBeed
card, small outline integrated circuit (SO C), dual in-line package (DIP),

quad flat hegrgikage (QFP), |eadless chip carrier (LCC), chip scale packagﬁ
CSP b t t T
boant 66, 70 ar 4 USIBALY i) b BB HE AR Eurry ESnEd R BRooP Polpbl ve

free endsméinber32 byloaﬁe@eboJeZthb Qubdifare §1) eheei fofe ainIi?@eH Y4 nla ploAdllyEBeat e
enbodi ment, beans -8 WO 02/22493 PCT/ US01/ 27144 68 O are electrically

coupl ed tofcgrr@drmuthg mfamberﬂ %eu@oemmu bﬁgmtSaﬁa‘% 7P havetthe cubstzate é&upﬂne@ t he

b bot.h
cont 1ur at Ao fle S8R HenL S Bihtle; REBERDT VS pifiod BriR retfF siPRELSE] i,
7). The gr Qﬁﬁé@lvﬁlgd chufticiaiNubeatad fd BXLR! £ thevdaals 6%, 70 afPEdReINARALk] that

is adapted to maintain contact 5 with the contact 79. A grounding tab can
be used wi the sanfpcadl thesubstisedidreds gSflsﬁ fsﬁmftll)sted “utpstigatnd cTindguyatimd r68rs MR ar e
physically s paratedf thef rst 60 s hat . the .nmenher 72 i

ovat ed apBUEtitiorsahich apsegualsia RS PedhEs eribrasyegpdroned by e
formed in pden @@@heﬁ%e%%%@%@ea&% beans 68, 70 above the substrate 52.
In an 10 alternate enbodi ment, the dinples or bunps 74 can be forned on the
substipate 52. | A tird layercd0 @étp@dfﬁ@nﬁug&%iﬁgmtd withust raactkm 82natﬁtcged ¢o dhe t he

o, 09, FBHE SSRELRH BT ELHR. ghe bl BRSSP LIRI S R S
from the anchor 82 with a free end 83 mechanically coupled to the member 72 above the
beams 68, 70. In the illustrated embodiment, reinforcing member 85 is formed in the
upper beam 84 along at least a portion of its length and flexure 87 is formed in the upper

20 beam 84 near the anchor 82. In one embodiment, a metal layer is optionally applied to the
upper beam 84.

As used herein, “reinforcing member” refers to one or more ridges, bumps, grooves
or other structural features that increase resistance to bending. The reinforcing members
are preferably formed during the MUMPs process so that it is integrally formed with the

25 upper beam 84. In the illustrated embodiment, the reinforcing member 85 is a curvilinear
ridge (see Figure 6) extending along a portion of the upper beam 84, although it could be
rectangular, square, triangular or a variety of other shapes. Additionally, the reinforcing
member 85 can be located in the center of the upper beam 84 or along the edges thereof.
Multiple reinforcing members (see Figure 16) may also be used.

30 As used herein, “flexure” refers to a recess, depression, hole, slot, cut-out, location

of narrowed, thinned or weakened material, alternate material or other structural features
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condition in which substantially no current is passed through the circuit
formed by the beam 68, the nenber 72 and the beam 70. 15 A third | ayer 80
of pol ysiwdewe4ps configured with an anchor 82 attached tPCTH801/Sudast rat e
52 near the anchor 64, 66. The third |layer 80 forns upper beam 84
cantilevered fromthe anchor 82 wth a free end 83 nechanically coupled to
t he nenber 72 above the beans 68, 70. In the illustrated enbodi nent,

rei nforci gg niRedarch8Red tat ?fd%s' ddntidfed %Qﬂﬁﬁg t?@%”%ﬁﬁcﬂﬁxoﬂﬂa@én.l 2Rknate
portion of its length and flexure 87 is forned he upper 20 beam 84 near

t he anchomagZiald sniwhle ferbssdis raélﬁxyreamnhldalpdyayeon irgetelpdri mﬂbahctr;c mpietinledAs o
used,he

the uppe egm 84. r el rei nforcin refer to one or .
more 11 GoRest IR BTAETES3 261 SolidAGe SotA BrePast (P c) aHBage
resi stancend geReRfiddgon Uiehd 'ﬁhﬁér%&hﬂ@l”ﬁ@ﬁé&e S0l fgeﬂha@ kel ¥dTBEhd

during the MJUWPs process so t It is integrally forne t he 25 upper

beam584. Idnring]elctdatimstqfahed/eetmabdherrmat actuher rii. nfAdeciang cnessdsectiodS fos tiae
ili ext.endi ng al ong a portion of the upper -

|
Eg;\r/r: 8I4,neglrﬁ‘ gtf‘?‘? ﬁlfu@gﬁpﬁ%guw)@&agﬂgl& ar, square, triangular or a variéty
f oth h ) : b di
of other s ape%eﬁﬁl uft FnkYapgel beafil B OFIAY dtgggl%?ﬁ@gggf&a%ﬁte%@ggéﬁ in

the center of the u beam along t
rei nf or ci determimberts z( mge Ekigur ¢hel BjagnBydeallscative askedire@dnfof whedohaoked,

" " d hol | f
o T T AT 00 SR G
struet urags f1§%§é{f ﬁﬁcomﬁn%no%tg%ﬂg:ﬁe?ﬁ;y Msoixf 2ok A& éfﬁbdqﬁfngﬁt' e LNABAGTJ hat

provides controlled bending in a particular ocatl on ternate rrater al s
sui tabl e frembes 85axtands laboagreepomioh udehp obyai béaoo8d, bretnal flowurgdd ysedr i The

material. As, best illustrated in Figures 3 and 5, the flexure 87 is a
recess 89POFRA ?fZEf@SEPE?@ Qf’é’ﬁ’pgi"s‘@’é O@h@evﬁmglﬂlgs@élﬁlp%rn Sofistthe logasion Pleam

84, and h@ follehMRnlingats 9/%[ O;I}R)E?er Lkl doREREnD t}fébﬁéfﬁ?eor %#Potrfng{l] iPtnd he

verti cal ermal actuat or ternate cross-section exure 87
are ill usbezam@d withdit ghe esin®rang nidnbeTt8S suchi thatt he dfextike8 Tppeie loesionSdf

rel %%rﬁve to the rigidity of the flexure 87 determnes to a |arge extent

t he 'agni (A leA Be2dingn” and direction) of the controlled bending of the

vertical thermaly;agkyafhe®d thh hediter S3RRGPERE end 881 Fll RGP Lo RIBRT

free end 83 of the upper beam 84 to the member 72. . Other structures may be used to
mechanically couple the upper beam 84 to the member 72. The upper beam 84 is
generally parallel to surface of the substrate 52 in the unactivated configuration.

20 Figure 7 is a side sectional view of the vertical thermal actuator 50 of Figures 3-6
in an out-of-plane or activated configuration. The “activated configuration” refers to
applying electrical current to one or more of the beams. Inr the illustrated embodiment,
electric current is applied to the circuit formed by the beam 68, the member 72, and the
beam 70 (see Figure 3). The beams 68, 70 are the “hot arms” and the beam 84 is the cold

25 arm. As used herein, “hot arm” or “hot arms” refer to beams or members that have a
higher current density than the cold arm(s) when a voltage is applied. “Cold arm” or “cold
arms” refer to beams or members that have a lower current density than the hot arm(s)
when a voltage is applied. In some embodiments, the cold afm(s) has a current density of
zero. Consequently, the hot arms have greater thermal expansion than the cold arms.

30 The electric current heats the hot arms 68, 70 and causes them to increase in length

in the direction 90. Expansion of the beams 68, 70 causes the free ends 71, 73 of the

-10-



10 85 is used in conbination with the flexure 87. In another enbodi nent,
the reinforcing nenber 85 extends along a portion of the upper beam 84,
but no fveaorz4ps used. The portion of the upper beam 84P@fwkaia7i44he
reinforcing nmenber 85 is the |ocation of controlled bending. In yet
anot her alternate enbodinent, the flexure 87 is formed in the beam 84

i t hout t i nf.ar g t | i
B O el A DR, AySH biPh RC0S RXUEBRT s it boAY | OF
end 83 t o digpldtamenads.y Thoupld atmh 84, hoeevenit Bdedofit thbentip@es2 bedsleBdichlly t he

menber 72.. Qther structures may be used to mechanically couple the upper
beam 84 t dsalped pefisbthe porrentieatirpdy e substapiigly passes diquglathecifsyit dpmmed byghe

surface of S r 0. the unactivated configuration. 20 Figure 7
is a side h@‘e%‘?ﬁlsoérlkgl%\??%\jﬂ\}egﬁmj? eeﬂl\?érti cal thermul actuator 50 of Figures

3-6 3 n an out -fe ol the @eipht Aifferatttdtwenf the Gbrlt AreNs4 The theakhdti arak &8, 70, a

configuration" refers to applying electrical current to one or nore of the

beans. | n De¢rBent|is exsried on dheemddimmddtnear e aaehor 82c dibe enld drm Sppinds dearghe he
see .Fi

circuit forned by the beam 63. .the nmenber 7 and beam 70 ure
3" “The bllsgiees rogfind Fsaer glsphcPRgnieay e AREpL AT e POd RebiGgiosE
arm As usgdiBigigy. ‘Thetholafths @8, 7004sAbER esstllye bithQnd GRS r&iscdiRENS Ithe t hat
have a higher current density than the cold arms) when a voltage is

appl i ed. 'nggiog Brofithe coldgsnB4. aFhe reinfefang memben b resistnegriéngsalohgthelple a

| ower, current, density than the hot arpis a voltage. is applied. In
soneiCenbodf i Go v hlaa Ly fedf el M hepPane Sasip o ydRGn 1 e
Consequentchy 83t Ng tRofilug4Bd BRBBAiEHRALBE disPRESBEN DSPARYeORoh A nlifSnfefird
arnms. 30 The electric current heats the hot arns 68, 70 and causes themto

i ncrease itg4neigtpnieters.n Whes the cereritas tegminagody thesveoticabtherinel fteater BBetros
causes th? free .egldsﬁ%g. 7@ off.the. -iI:hO \g/é) 2122493 PCT/ US01/ 27144
vertical HEY REE P 1_8?“” GOE AR FiHs e F°arc 92, generating
lifting force 94 a@andierditsS BBSEIRAL, Be-andie $Ohsh et dd arROReRS elel:t?i_c!cll'l}xed

at the anchor 82 and electrically 1solated so that the current entiréely or
subslbant i abliplep asthe snanhiren (7gh Athleast iarpoufien ébtheedrrényt fidvang himbugly the 1®8 arigO and

(e ol gin Sl e ekl 8L L Shetcs el veen e gpl o4, and
anchor 82¢uthf folifly al-Budhb @0Hareas, 70N&its the vertical thermal actuator 50 through
the cold arm 84. The material and/or geometry of the cold arm 84 is adapted to have a
lower current density than the hot arms 68, 70, even when the same voltage is applied. In
20 one embodiment, the cold arm 84 is formed from a material with a coefficient of linear
thermal expansion less than the coefficient of linear thermal expansion of the hot arms 68,
70. In yet another embodiment, the cold arm 84 is provided with a lower electrical
resistivity by having a larger cross sectional area. In another embodiment, a conductive
layer is provided on the cold arm 84. Suitable conductive materials include metals such as
25 aluminum, copper, tungsten, gold, or silver, semiconductors, and doped organic
conductive polymers such as polyacetylene, polyaniline, polypyrrole, polythiophene,
polyEDOT and derivatives or combinations thereof. Consequently, the net expansion of
the hot arms 68, 70 is greater than the expansion of the cold arm 84.
In another alternate embodiment, all or a portion of the current flowing through the
30 hot arms 68, 70 flows through grounding tab 77 to the contact 79 on the substrate 52. The

grounding tab 77 maintains electrical and physical contact with the contact 79 as the
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flexure 87, resulting in greater displacenent near the free end 83 than
woul d occur without the flexure 87. The hot arnms 68, 70 al so bend easily,
of feri ngwon2/tm93 esi stance to the notion 92 of the col d pe™USH/27TdIe

rei nforcing nmenber 85 resists bending along the cold 10 arm 84 that woul d
normal |y occur near the nmenber 72 when a load is placed at the free end
83. In the | ' , ' : e ;

m or omet eng el GBI B jRe ebitneLARISRENDON Ty ¢ B RE LB, oo
ther mal adlluwatagyd ibFiget Arns to its original, unactivated configuration
illustrated in Figure 4. In an alternate enbodi ment, the anchor 82 and the
cold arm 84 ar &igiredtisiaciapyew pb acwsitinab hermak adiamt with angltematesflexure
portion of I i 1 he t flo lnang t he
cold arm A?tzp g at%ggerdgﬁrggh‘yrﬂ?wg ﬁe%a{tg a ggp'pgfshgi %%gpéf fl]g??%ﬁh?&gfcb? ﬁ@saigglra‘r’ ent

fl owsg t hoaBghattdagoahe a6MiBarfiBor bEAMENE ia thhegioar Bdtwedn thbesinfurciag imeatber 50
through the cold arm84. The material and/or geonetry of the cold arm 84
i s adapt edOBoansaike anchossndd Oc dd2enflheetpdionts ﬂ@fg‘h L BEB hday densyme@etriggl Ogyen

wh h I ' | i dj I [
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than the caatiitf@nirePbr Ihhﬂéﬁalc&h?és@écl&é@@&%irﬁﬂhapcﬂectéh@e Reaistame et Bhiding/ 0.
I n yet another enbodiment, the cold arm84 is provided with a | ower

el ect ri calinclpdisg Sarjexpmpleypcasacs, hglen sldy glepressieonss thimned;asgakened anatesiplanot her
enbogi nent, a nduet.i v r.i Vi . { 3 j e
condgdct ive matér %%?g 7 ﬁcflllﬁéngt%né:tr {')ﬂ%s‘q’ Q‘Estﬁo@hoqgge g%ué{lﬁfr#%&%a&%%bg? O‘Sf’fé%‘g‘% en,

gol d, or shlwiféh theaates®8dUktends complbidlppatug! grniold aﬁl@@@lupﬁér\f@aﬂpﬂiéy NEhs
such as pol yacetyl ene, polyaniline, polypyrrole, polythiophene, polyEDOT
and deri vaeiaiagvigih andreivmetiyoshe resess 3P camyayavitiethelappli¢aiennet  expansi on of

the hot arns G?tl%u;gr}@zlal rﬂg tgralé%rrﬁgtn CtI'CI;]S% S%)&FOaﬁng. t P \%%tégaggl}egﬁlﬁfaﬁ%sg% O% n

anot her altern ra po? Ton 0O re

through t hgeurd8 iRAhidd the r&Bss T9isf duevel. tHege @fn%éf‘#?’hﬁﬂet_ﬁaﬂ of &syiréméthical,
contact 79 on the substrate 52. The grounding tab 77 maintains electrical

and Physi cedulgontimegulati t h t he contact 79 as the -11 WO 02/22493

P U002 B0 S TR e BB LTS TGl B,
top view ab2an ieddrdfRt wileheBireR6t RtMion] OPhaMidthr@m2 Rl QideatRo fpafXlel eut-
outs 124A, 124B in the cold arm or beam 126 in the region between the reinforcing
member 128 and the anchors 130, 132. The length, width, spacing and other features of
20 the cut-outs 124A, 124B can vary with the application. The cut-outs 124A, 124B can also
be combined with any of the other structural features or material changes disclosed herein
that decrease resistance to bending, including for example recesses, holes, slots,
depressions, cut-outs, locations of narrowed, thinned or weakened material.
Figures 12 through 14 illustrate a vertical thermal actuator 150 with two beams
25 152, 154 in accordance with the present invention. The cold arm or beam 152 extends
from anchor 156 in a cantilever fashion above the hot arm or beam 154 and the substrate
158. The hot arm 154 optionally extends from the anchor 156 or from a separate anchor
(see Figure 15). Free ends 160, 162 of the beams 152, 154, respectively, are mechanically
and electrically coupled at member 164. Reinforcing member 166 extends along the cold
30 arm 152 from distal end 168 to flexure 170. Any of the flexures and reinforcing members

disclosed herein can be used in the vertical thermal actuator 150. As best seen in Figure
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102 in accordance with the present invention. The flexure 102 incl udes
cut-outs 104A, 5 104B that narrow the cold armor beam 106 in the region
bet ween twWe@o2/29403 or ci ng nenber 108 and the anchors 110, 1RCT/USHE27¢44t - out s
104A, 104B nay be symmetrical or asymmetrical. The cut-outs 104A and 104B
can al so be conbined with any of the ot her structural features or materi al

h d h ' h d bendi di
For oxanpl ' 1800 ads 130y [88leaRBRCER ol CRTLRO0 SptRantRC b MpsnieE s

mat eri al . ;34 15hgur e 9is an alternate cross section of the vertical thermal
actuator 50 of Figure 3 in which the recess 89 extends conpletely through
t he col d ar m orln oppembbdiamng4he Toid ardigi the nwnmehléﬁdn@ﬁmimt aym @64 fdren a

recess 89 can, v wth.the l'ication anot her.. al t er.nat
Crocs” seotionter Tha andyihidt; SO eedinan” 4t it 201 a8mok2 B Gomeolsd i WREGE ¢ ne
recess 89 Jdy ex‘féﬁf:é’seglov@?%u%ﬁﬁ/@engﬁ‘f' (A8 Ry BB £ wﬁén a3 1t§ 'ﬁlg@ n?gl tokRe

regular or Trregular. Figure is atop view of a vertica
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i nvention. The flexure 122 inc¢ludes two parallel , 4B in
the cold dRHEEH Wilhinceoicist o émF%fg‘ih%”H“%éf‘H\?é’éW“tlﬁ%s ?Lhéprﬁ ‘“oF%‘? ﬁ&emn%l,‘ﬁﬂlﬁﬂr 128

and the a t of
20 t o cotianrLossiol 18 md Bt wERGED. Ll hoERAEINGLGA], B waRluRTE

124A, 124Bproddedawib a lbwecantirinaldesistivitydnyyhaving hiargdrvesss steticnbliared addat air es

or material changes discl osed her ein that dec e resistance to bend| ng,
i ncl Hli ng crBiucEXe fayee f-oroyently: fhy ot expansion of fﬁ%%ﬁbé@dﬁé s gightep g the

locat i ons QE arf S d i col% 'Zth’l Whe‘?ﬁ%ﬁ%ii‘tgg %Ee%rtb"ﬁlxe Eu@c%ﬁé%d]’g%%g 'b%gﬁ' 14

illustrate vertica errra act uat or htvvo eans

accor dancesey tbd,t el pliee Ssmhber ni@Ntthe rvertidak tiehd]l acmatr aouls? upwhehds
fromanchor 156 in a cantil ever fashi on above the hot armor beam 154 and
t he subst rdieetion g an‘ﬁkgén%fesé‘rf%‘gl@&c%% onal |y extends fromthe anchor 156

or froma Sepaﬁﬁ%ﬁotﬁmodl&§&eﬁ hﬂlﬂﬁﬁ%g 1) 167 016&1EQ co%?%s tHeSHfot QI Y g% peans

152, 154, respectively, are nethanica and el ect coupl e

menbes  164he Reitad dlssimgthmmbaratél_ﬁss e>2[thergﬂ6urainoglg1bt e mqtrdfe&(bl;aﬂamﬂz&Zorf aom
distal end 168 to flexure 170. Any of the f|exures and relnforclng nenbers
di scl osed SA@R&EMSTO5H S%éhqsé@oelﬁqsrl@a%écov@m& wih the, gibstiptea XS igtBRintpEgd indhgest

seen in Fi gl fed stde MR alerdl RgheH) O sédikAly, less current (or no current) flows

through the cold arm 152, thereby increasing the total displacement of the vertical thermal
actuator 150.

20 Figure 15 is a side view of a vertical thermal actuator 180 with cold arm or beam
182 located generally above hot arm or beam 184, such as illustrated in Figure 14. The
cold arm- 182 is attached to substrate 186 by anchor 188. Reinforcing member 192 is
located on the cold arm 182. A flexure 194 is located on the cold arm 182 near the anchor
188. Any of the reinforcing structures or flexures disclosed herein may be used in the

25 embodiment of Figure 15.

The hot arm 184 is attached to substrate 186 by anchor 190. In one embodiment,
the beams 182, 184 are electrically and mechanically coupled at member 193. By locating
the anchor 188 further from the member 193 than the anchor 190, the vertical thermal
actuator 180 of Figure 15 is capable of greater displacement in the direction 194, but

30 generates a lower lifting force. In an alternate embodiment, the hot arm 184 can be
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14, the hot arm 154 is |ocated under the cold arm 152 to i ncrease the
stiffness of the cold arm 152. In one enbodi nent, the cold arm 152, the
nmenber 16MO0anek4bhe hot arm 154 forma circuit. The nat erPal/vanidy7o44
geonetry of the cold arm 152 is controlled so that it 5 experiences a

| ower current density than the hot arm 154 when a voltage is applied to the

circuit, afe di scusse bove. In on&1 en}‘g)odi nent, th .col@g arm 152 is fornmed
froma meteFicaly GRuRlediiosp SpPRiags Whihe SHOSHaIRRY a 2 g @R UL PHHISFEE Phan
the coeff iGhRptiofith FigARE 13t hermal expansion of the hot arm 154. In yet

anot her enbodi nent, the cold arm 152 is provided with a |lower electrical
resi stivity byFpavisntp and difgdlusicate ssvatcdli theralal aceatanzllowith al€old gmiguet | ve

| ayer. Consequent | t he net. expansi on of e t. arm 154 is greater than
the  expaNBPODam 4R 60| tHoah%h 555 otrafs it 2 linsacgafﬂaf%_wtﬁg PRETEERo Ul
formed by irg\%ﬁtigﬁaﬁe cc'hﬁ?arg}[?c?]z eﬂ[i@ﬁist HEmBRBERG 20860 2 LRRIMRE szlis‘ﬁ 1o36L R

act uat or curves upwar rection 172 and generates lifting force
174. | n ahot frars 204hA06 medtaboee greowbstirang 21 @ljset Fgwkeelt)r i el hot acnsiBDes20the

hot arm 154 t 15 the contact 155 on the substra 158. The grounding tab
163 is pré%‘@?‘gfﬁ’?‘ RS O08 B AP ¥, e i 25, 2061y GBeE ssgi
coupling w h at i j it A | IV Stiat see
general | y%%b%e@?&%%%se%ﬁ%%ﬁ 11%/?1?{22518'1 gfu{rhr%(ej%(%tna(%{rgezrl%@?g?’r gér??%u?%lg\’/\gre(
t hrough t hechoalichligaml tk2iridaligceipled maneanalsdrg6t he total di spl acement of the

vertical thermal actuator 150. 20 Fi gure 15 is a side view of a vertical
t herl®al act uat rPaBRY sRinfprcy Bempers gl S yeddrxtengalorg desolharesd frgmghigdle hot

arm or be i t { i qur 4 l,d S
attached tg {(ga é%%;sot ﬁ%@ge ?@‘é gllf/ “genlélﬁ%tfﬂi%%pggg%ﬁﬁﬁ%hﬁ Iﬁ%;m?f%nrsfb(\z@rd' ’ %@;ﬂlleslg&l&gc at ed
on the colffe@lymint82 theArefihfordiie nkMbelss2 18 @aveditiughhte ¢edatioarontdS8 Bongdis t he

anchor 188. Ara/ of the reinforcing structures or flexures disclosed herein
may be usé@hi 6 rlativestoeths ol g gl 140y THethp dlexgren andareindorgingached

to substr ﬁfeﬁlb%%%ﬁ%‘feosﬁg%gl%ﬁ %?nobe Méfi?ﬁ‘%e%ﬁ?c%l)gir%ﬂ[ﬁlic%gor??@mrh%%@an{l %@i are

el ectrica chanical I'y coupled at ne cating

ancher 18306 uhd hie rhémbert Des member cikat. t Harvdehembodifent, 1180, coldarid 62021 xal
thermal actuator 180 of Figure 15 is capable of greater displacenent in
t he di r eceleginicalyy isokied Smnydhe magreler 22 Ioowétemativelyg spwecar. all of dhe girenthat e

enbodi nen%ass}n%%hr%géh ﬁ{er?lo]tSalrlmg %64,13 506 exits the vertical thermal actuator through the cold
arm 202 or a grounding tab, as discussed herein.

Figure 18 illustrates an alternate vertical thermal actuator 230 having first and

20 second anchors 232, 234 for the hot arms or beams 236, 238 located closer to the member
240 than the anchor 242 for the cold arm or beam 244. Flexure 246 can be located in front
of, behind, or between the anchors 232, 234 relative to the member 240. In some
embodiments, reinforcing member 248 may extend to between or behind the anchors 232,
234 relative to the member 240. The vertical thermal actuator 230 of Figure 18 provides a

25 greater displacement, with a reduction in total lifting force.

Figure 19 illustrates an alternate vertical thermal actuator 250 having first and
second anchors 252, 254 for the hot arms or beams 256, 258 located further from the
member 260 than the anchor 262 for the cold arm or beam 264. The flexure 266 can be
located between or in front of the anchors 252, 254 relative to the member 260.

30 Reinforcing member 268 typically extends from the free end 270 to the flexure 266. In the
embodiment of Figure 19, the free end 270 does not extend past the member 260. This
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-13 WD 02/ 22493 PCT/ US01/ 27144 electrically coupled to a contact on the
substrate by a grounding tab such as discussed in connection with Figure
13. Figumve@odged4and 17 illustrate a vertical thermal actuaPOT/USQ@R7M4t h a
cold armor upper beam 202 and two hot arms or beans 204, 206 in
accordance with the present 5 invention. The cold arm 202 extends from

The substr BB R this et oo RRRL AnEH Ry pATilths BERymad KB 2 TH0Y

anchors 2Qf he2dd: lofdid. ernatively, the hot arns 204, 206 rmay optionally
extend fromthe anchor 208. Free ends 212, 214 of the hot arns 204, 206,
respectivel y, Hieare 3@ dhustates anyaltsrateey@bealitherma) astyaior 880 Javing Abrangheyr. 10

A pair of knf i S 0 rom
i Sral R SR B BN e Sl R 380 dE chCun S Ml O
204, 5206 aslg drecat®dm d00.eqhksetvndednchte30eforfthe tongmieiibesns 3048s 1a2d

al though the location of the hot arns 204, 206 relative to the cold arm

202 can veloger tarthe srenpbes 290k e anshor 9% Bledirig30Grearnbe docgied dn dEWE Ser ei n
R PP AR BodE el S5 P £

t he nenbe (N n’°ong€ e arm

el ect ri capsy ah&l 30gd Ih lo@Fehibed iR §infokbing AhdrabdreB08\ah ¥x teh B & afthoa b2 of
the current passing through the hot arns 204, 206 exits the vertical

t her mal adhe dreonaliaxpengen {dabe bptdrma 29 283 isrstill greasemibipmgny expansien @f Seussed

navi o 11 P a0 5o il el Flineas \oABR S i Ethert AHPPRe R BhEimE 206,
238 | ocat gsly doas AsstiiddhaBRR&pans?AOpdriai [Eheh 39 efeodan4r bR hdt hemeobal arm

or beam 244. Fl exure 246 can be located in front of, behind, or between
t he anchod@?, 2Eonet egaansisingafi thehotqrmid4vekithersroue. thum the sapanséambdherkoftasm

i nf orci 24 : b behi h 2,
05"t ol at PO ERneRuTIEnIBY vEe Fry dr RS RoBvaie e e SN0 w o e
18 provi degisthg M6tie, @ahfhg 81186k PES entVof theandBB-IOE QR aidirebt@inad 10l ITHe! N

force. Figure 19 illustrates an alternate vertical thermal actuator 250
havildg fi degreeapittwisierorit madified Sy 2bangins thef istativh detrgth obtheshaprre s 3096,

gffn I()(r)cg'te%(a/(%%hg I%r‘%g El}%re%%&lgy %tgggﬁg%ur%g{g&t han the anchor 262 f or' the cold

Figure 21 is schematic illustration of an optical switch 350 utilizing a 4 x 4 array of

optical devices 352. As used herein, “optical device” refers to reflectors, lenses, polarizing
devices, wave guides, shutters, or occlusion devices. Each of the optical devices 352 is

20 mechanically coupled to one or more vertical thermal actuators illustrated herein. In the
in-plane position, the optical devices 352 do not extend into the optical path of input

optical fibers 354a-354d. In the out-of-plane configuration the optical devices 352 extend

into the optical path of the input optical fibers 354a-354d. The array of vertical mirrors

352 are arranged to permit an optical signal from any of the input fibers 354a-354d to be

25 optically coupled with any of the output fibers 356a-356d through selective actuation of
the vertical thermal actuators. The optical switch 350 illustrated in Figure 21 is for
illustration purposes only. The present vertical thermal actuators may be used in any of a

variety of optical switch architectures, such as an on/off switch (optical gate), 2x2 switch,

one X n switch, or a variety of other architectures. The optical device can be part of an

30 optical communication system.
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| ocated between or in front of the anchors 252, 254 relative to the nenber
260. 30 Reinforcing nenber 268 typically extends fromthe free end 270 to
the fl exweo28893 I n the enbodinment of Figure 19, the frerCENM012744d0es not
extend past the menber 260. This -14 WO 02/ 22493 PCT/ US01/ 27144
configuration mnimzes bending at the tip and permts the vertical thernmal
actuator 250 to |ift heavier |oads ure 20 illustrates an alternate
vertical thermal actuator 290 havi n@KAl\%BLE%Chor 292 for the hot armor
beam 294 %urtger1 fromthe nenber 296 than the anchor 298 for the 5 cold
armor b The second anchor 302 for the hot armor beam 304 is

| ocated cl oser AhOachiiorBRiNERAtiABOast NRRLrABE IRTFERGE 326 8vas Fhiridaied &0 siladbnbe
| ocated in front of, behind or between the anchors 292, 302. Reinforcing

menber 308afcahy é?mmdntmrat@l Mncroqya@msaﬁ &eseargpFriangle Berks, Netsh Giarading using

308 he th f
the Rot s MEBRY s dRBertien T AP PRl ERGsobarsrainor? EREOS0 cora
arm 300 so thaTh@b@@rhs bBS 70 Ravd RhE@s 0F aBEMeI A BikYRERCAT £0Fosk Sectoml dfed to

the hot arnms 294, 304. Assum ng that the expansion per unit length is the
sanme for dboat Iﬁomlca{onmsteﬁsgn 3 nB@dmetehe dbe U@x)plahsarmriéélolﬁastm@nlgdt ofinlpeu@ 95w | |
be greater.than the xpansi on of .t he t _arm nsequent | t.he
vertical PiRLPREE! ‘ﬁ%{f”ﬁ’ﬁs sHoRiof Iag‘?‘?tgg PRERCE 4@0%2@? tWtﬁ"hﬁ ﬂ%f‘b\f ®sting
motion, cgugd ms@até@tlﬁppguré% 3P Ia@@&ﬂ%r&ial Bbld AHUIBIRGE AR b a‘ﬁHr 86t 9N

310. The 15 degree of tw st can be modified by changing the relative | ength
of tlAe homicaomsteide3 e uppel/ twamnigidials i lemgth Herwardyditht ylepfiretSieof fabewuk® 306.
Figure 21 is schematic illustration of an optical svvitch 350 utilizing a 4
X 4 array™8FOmgEtS; cal devi ces 352. As used herein, "optical device" refers
to reflectors, loeRRgp icda8! b Zifdbhed IR ke enip "G gl LaentS BUNY 815 aplicd

occl usi on deV|ces Eaé% the optical devices 352 1s 20 nechanically

coupl ed tthrough ohe nmteatuermmrsalusmgerand%odﬁit A00r prabel wtioat edailwbteei fioml n
the in-plane posi t he op tlcal I(iiaewc s 352 do not extend |nto t he

opti cal p%.‘“rfo@ﬁmipﬁ % CSH’tP?%I i BEGr0saGIus XY, PhichrEas gpeiged phépe an
confisgur SRR LEA! af AP ESMBRIE bR | bthBubineqRpbdeC thunPRIJvieh, the
i nput opf%dclzlgplfiﬁgrs §54aa354gp élﬁg arr avert crlnﬁ%ors 52 alre
arranged doftwaes rantl H@Iﬁpﬂiﬁ:ahulsﬁgmabnﬂf@nbmy hm‘rd\t/hre avyplablef frbmr NaBbdd- 354d
to be 25 ogtl cally coupllle]dxvm h .a t he out put fibers 356a- 35?‘d t hr ough

sel ectiv eIn [ELRERts 8 ertlca? def?ectlon of the actuator tip as a function of current
was determined using a Model FS-60 microscope available from Mitutoyo America
Corporation of City of Industry, CA. The deflection for nine different activation currents

20 is set forth in Table 1.

Examples 10 -12

Opposing force measurements were carried out using a series of actuator devices in
which a cantilever spring had been fabricated into the vertical thermal actuator described
in Example 1. Deflection of the actuator caused the cantilever spring to be bent. Using

25 spring constants of the cantilever spring opposing force values were calculated.

The results of samples 10-12 are set forth in Table 1. Under measurement

conditions, no backbending of the actuator was observed. At current flows above about

4.5 mA backbending of the actuator was observed.
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the vertical thermal actuators. The optical switch 350 illustrated in
Figure 21 is for illustration purposes only. The present vertical thernal
act uat or womy243e3 used in any of a variety of optical sw pPChvussi¢ttiddect ures,
such as an on/off switch (optical gate), 2x2 switch, one x n switch, or a
variety of other architectures. The optical device can be part of an 30
opti cal communi cation system -15 WO 02/22493 PCT/ US01/ 27144 EXAMPLES
Exanple 1 An actuator substantially as illustrated in Figure 3-6 was
fabricated on a silicopap¥efl £LufYr FlpDGTectibh S8 AN RddMitleasyst ems of _
Research Triangle Park, North Carolina using 5 the MIVPS process descri bed
in "MJUWs Design Handbook," revision 5.0 (2000) Avélage beans 68, 70 have

| engt hs of Fbgle 161 Oingnenet er OpBing Fof@ss Sdvdfledfiordf abogt Dav
mcroneters xgo3 m gﬁf?ﬂﬁh 1S5 ) Th&ni?fbgﬂéwgﬁ'@fn 8 dmltdSmétets§ NIt (inifonQYy 175

m crometers and a cross section of ahout 11 micropeters by 2 nicroneters.
The flexure 87 as illdftrated in Fi gure 9, is a féctangul ar Hol e about 20
m croneters I®dng and ahpsit 7 10 micrOneters w de. 3The upper b&din 84 has a

| ength forwarg of the flexure 87 of about 155 m gponeters. Elgetrical

| eads were attached to the chip such that current ‘could be applled through
the actuator 4rns usi ng’a Mbdel 60000probe statiof’avail abl e f&om

M cromani pul asor Conpagy, Inc. of Cafson City, NV7.0owhich was dperated using
an 15 anplifigd signal;ftoman | BM cgnpatible perggnal conputqry equi pped
with LabView ~software ‘and PCl-6025E mul tifunction UO board har dware

avai |l abl e from NationaB-3 I nstrunentsQof Austin, ™0 Vertical &flection of
the actuator gip as a §umction of cuprent was dapgr m ned usi g a Model
FS-60 mcr oscope avai | Zlbl e fromM tuéoyo Aner i ca Cgor poration Oog Cty of

I ndustry, CA.” The defléction for nine different agtlvation currents 20 is
set forth inlPable 1. B¥danples 10 - 8270pposi ng f dBe nmeasurenBfBs were
carried out ygi ng a senises of actuap@®y devices imggwich a caplipl ever
spring had beﬁn fabri cg%ed into thel}ée_;’rti cal therz% act uat oro.%gscri bed
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in Exanple 1. Deflection of the actuator caused the cantilever spring to be
bent. Using 25 spring constants of the cantil ever spring opposing force
val ues wave ozzd4eiil at ed. The results of sanples 10-12 are Ber/UBawr27iM4i n Tabl e
1. Under neasurenent conditions, no backbendi ng of the actuator was
observed. At current flows above about 4.5 mA backbendi ng of the actuator
was obser V\%) 02/ 22493 PCT/ US01/ 27144 Table 1. Actuator Tip

Def l ecti o iﬁd &d Current Average Exanple Current Opposing Force
Def |l ection St Dev No. (mllianperes) (mcro-Newtons) (mcroneters)
(mcroneters) 1 2.002.31.0 22.25030.0 32.504.40.5 42750
5.5 0.7 5 3.01.0 7.4 veficals tier@nl CacBiaforl cdnstificBd500 4 1suffage 70of 8 SibpBa®@ 12. 0
0.0 9400 16.50.6 10 3.5 0.17 4.75 0.03 11 3.5 0.87 2.86 0.16 12 3.5
1.33 2. 25°BNPPINE 17 WO 02/ 22493 PCT/ US01/ 27144 \hat is clai rred is: 1. A

vertscal thermal aC&tLié‘és%n&ﬁ&sa%‘{ﬁt«ﬁ% OftsBeritnbAGEd 8 e sﬁfﬁ‘ taefree end
conprising: 5 at |east one t armhaving a first end anc ore
sur f ace aodatad hv®e thashirfdcocat ed above the surf ace;

a cold arm having a first end anchored to the surface and a free end, the

cold arm being located above the hot arm relative to the surface;
a flexure formed in the cold arm near the first end thereof adapted to
10 provide controlled bending; and
a member mechanically and electrically coupling the free ends of the hot

and cold arms such that the actuator bends generally at the flexure so that the member

moves away from the substrate when current is applied to at least the hot arm.

15 2. The apparatus of claim 1 wherein the flexure comprises at least one of a
recess, depression, cut-out, hole, location of narrowed, thinned or weakened material,
alternate material or other structural features or material change that decreases resistance

to bending in that location.

20 3. The apparatus of claim 1 comprising a grounding tab electrically coupling

the hot arm to the substrate.

4. The apparatus of claim 3 wherein the cold arm is electrically isolated from
the hot arm.
25
5. The apparatus of claim 1 wherein the hot arm and the cold arm comprise a
circuit through which electric current is passed.
6. The apparatus of claim 1 comprising a reinforcing member formed in the
30 cold arm.
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a cold armhaving a first end anchored to the surface and a free end, the
cold arm being | ocated above the hot armrelative to the surface; a flexure
formed i wohm2ed d arm near the first end thereof adaptedP€DUSMR7p440vi de
control |l ed bendi ng; and a nenber nechanically and electrically coupling the
free ends of the hot and cold arnms such that the actuator bends generally
at the flexure so that the nenber noves away fromthe substrate when
current is appVied The appdratas tof tdh&nh 6t wizarem thé r@inforhiag appabert erdersls feomi m 1
wherein the flexyre conprises at least one of .a recess, depression,

cut - out , Pl@?‘gr,lat?ﬂ‘@aqqx&}ﬁ %fpr%WEﬁ/\ﬁlQa,reFﬁf‘aﬁﬁtFo& weakened nmateri al ,
alternate material or other structural features or material change that
decreases resistance to bending in that |ocation. 20 3. The apparatus of
claim 1 conpri8i ng dhgrppareiusgft cbinelte gheictn they raimlopling gnentiee ikdhtegrablyt o -

t he ubst{ate.,4 The apparatus of claim3 wherein the cold armis

el ectri caqr?‘e‘iié[bqhﬁl‘:@](ﬁlalr m the hot arm 25 5. The apparatus of claim1l
wherein the hot armand the cold armconprise a circuit through which

el ectric current is passed. 6. The apparatus of claim1l conprising a

rei nforcing nestber The mpgatatust b€ cl3in c®dl ehaem thel SeMdroidg2 2ader extends

PCT/ US01/ 27144 7. The agpar atus of claim6 wherein the reinforcing nenber
ext ends floagitudipally; slensdhe RRldfr@xure to proxi mate the free end thereof. 8.
The apparatus of claim6 wherein the reinforcing nenber is integrally 5
formed in the cold arm 9. The apparatus of claim®6 wherein the reinforcing
men@r extendsl10.l onghd yshareahd §f dhiang wheeic tledeiafarcing@ncifiber ompaiggsaomatars of

claim6 wherein the reinforcing nenber conprises one or nore ridges
ext endi ngMPEHEAges 8 isadipg lopsagndinathp alepg gheold arm.

11.  The apparatus of claim 6 wherein the reinforcing member is located directly

above the hot arm.

15
12.  The apparatus of claim 1 wherein the cold arm is located directly over the
hot arm.
13.  The apparatus of claim 1 wherein the first end of the hot arm is attached to
20 the substrate adjacent to the first end of the cold arm.
14.  The apparatus of claim 1 wherein the first end of the hot arm is attached to
the substrate offset to the first end of the cold arm.
25 15.  The apparatus of claim 1 comprising a metal layer extending along the cold
arm.
16.  The apparatus of claim ! wherein at least one hot arm comprises two hot
arms each having a first end anchored to the surface and free ends located above the
30 surface.
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11. The apparatus of claim6 wherein the reinforcing nenber is |ocated
directly above the hot arm 15 12. The apparatus of claim 1l wherein the
cold armwa@otzmet ed directly over the hot arm 13. The appaUstuesigef claim
1 wherein the first end of the hot armis attached to 20 the substrate
adjacent to the first end of the cold arm 14. The apparatus of claim1

wherein the first end of the hot armis attached to the substrate offset
to the first edd: of 1 eamacﬁu%rq#\c25“115.C°1“H’é155‘;$p&rB]tu&gl%f"fcl"ﬁ’it‘ﬁgllthermal

conprisingC@:Q$g5HH&§M¢%EE%tending along the cold arm 16. The apparatus
of claiml wherein at least one hot arm conprises two hot arns each having

a first end anchored to the surface and free ends | ocated above the 30
surface. -19 WO 02/22493 PCT/ US01/ 27144 17. The apparatus of claim1 .
conprising a plidral ity 8ppajaips i el claifer hefompyisingatasr ieagh ange opligid ¢ Aeiee 18,

The 3ppar g, ALl Aed o BUREHRLIGeRhal ERRlorone optical device

mechani cal'Ty coup e ver ermal actuator. 19. The apparatus of
claim 18 wherein the optical device conprises one of a reflector, a |ens,

a polarizer, a wave guide, a shutter, or an occluding structure. 10 20. The
apparat us of cllfi m T@ecpprpriusidlaim dpihergin élmmrrﬁabgw%cngwoniemflmdi ng

at | east ghe aptl 6al BV6E: AhveAu @ hififle I5HIRLLAGEALhconSt T uct ed on

a surface a su canpri sitg 1'east one arm having a
first end anchored to the surface and a free end |ocated above the
surface; a cold armhaving a first end anchored to the surface and a free
end, 10t he col d28r m Béprigraebnt daclameé eomprisiig ar wphedl fommBuRigAtioneSYsigRf ace;

including at least one optical device.

21. A vertical thermal actuator constructed on a surface of a substrate
comprising:
15 at least one hot arm having a first end anchored to the surface and a free end
located above the surface;
a cold arm having a first end anchored to the surface and a free end, the
cold arm being located above the hot arm relative to the surface;
a reinforcing member formed along a first portion of the cold arm, a second
20 portion of the cold arm without the reinforcing member adapted to provide controlled
bending; and
a member mechanically and electrically coupling the free ends of the hot

and cold arms such that the member moves away from the substrate when current is

applied to the hot arm.
25
22. = The apparatus of claim 21 comprising a flexure formed in the second
portion of the cold beam without the reinforcing member.
23.  The apparatus of claim 21 comprising a grounding tab electrically coupling
30 the hot arm to the substrate.
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a reinforcing nenber fornmed along a first portion of the cold arm a second
20 portion of the cold armw thout the reinforcing nenber adapted to

provi de ovev2/zdsbed bending; and a nenber mechanical |y anBCEUse27isal |y
coupling the free er}ds of the hot and cold arns such that the nenber
noves away fromthe substrate when current is applied to the hot arm 25

22. 'The appar atg,_tsl gf”li)h%l @Pﬁ@aﬁﬁou;&@# 7| Wherfin titéa%(cﬁfl%rrfl% Eﬁ%&%ﬁthﬁtﬁ&a?eﬁcff’o@ﬁ

portion of the co e reinforcing arat us
of cl ai m Z2le ba@mpmi Si ng a grounding tab electrlcally coupllng 30 the hot
armto the substrate. -20 WO 02/ 22493 PCT/ US01/ 27144 24. The apparatus of
claim23 wherein the cold armis electrically isolated from the hot arm

25. The appar atyus of..cl ai rmand e d armco
2 s e reurt ¢ RougriHEReOh RS 2 b hEre the R ROl BEeSim RRFH T of
claim 21 wheugitiod hieh Rfeefrfd dilreRBRRRAEse@ONPY i ses one or nore ridges
extending longitudinally along the first portion of the cold arm 10 27. A

vertical thermal actuator construct ed on a surface of a substrate

Froe end Tocat - aldoenPha et 2F o BRoBPng moef s rafan ghe °

anchor ed t®nid¥€rid sfeﬁf&xdﬁ@qoﬁgttdd%@alﬁ%ngjtﬁe §120 ?bﬁ@n@ﬁ’ eecdidarmsur face; a
menber el ectrically and nechanically coupling the free end of the first

beamto the free end of the second beam a third beamhaving a first end
the fthi rd beam®Bei ndt 1 GaGTLaPaBbYE S0RRor| FEF AU o2 o5 SUAME BEam PUI fve
to the sukgﬁ@gmng
a first beam having a first end anchored to the surface and a free end located
above the surface;
a second beam having a first end anchored to the surface and a free end
15 located above the surface; .
a member electrically and mechanically coupling the free end of the first
beam to the free end of the second beam;
a third beam having a first end anchored to the surface and a free end
mechanically coupled to the member, the third beam being located above the first and
20 second beams relative to the surface;
a flexure formed in the third beam near the first end thereof adapted to
provide controlled bending; and
first and second electrical contacts electrically coupled to the first ends of
the first and second beams, respectively, such that current supplied to the first and second
25 contacts causes the first and second beams to thermally expand and the member to move in

an arc away from the substrate.
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a flexure formed in the third beamnear the first end thereof adapted to
provi de controlled bending; and first and second el ectrical contacts
electricavoy2eznmapl ed to the first ends of the first and BeTwRel/ITeans,
respectively, such that current supplied to the first and second 25
contacts causes the first and second beans to thermally expand and the
menber to nove in an arc away fromthe substrate. -21 WD 02/ 22493

PCT/ US01/ 27144 238. The @ppmtl&tqisladm 20 veliemei Thenfierued pornprised aeheant enempm ses

at | east ope recess, ression, t - out o] | ocat,ion.of na

hi nned. oneREaREha b A1 ToeS Pt el e o Foienes Tasfiily e
features %m@i@&l%& 'oﬁier SHAN6EI ?e'&ﬁ}resd&%ﬁéﬁﬁ%hﬁl?g%' thhReRatQ (LEREHRGo bblﬁthh@at

| ocation. 5 29. The apparatus of claim 27 conprising a grounding tab

el ectri cal1hyha¢dnst|ahomg the first and second beans to the substrate. 30. The
apparatus of claim 27 wherein the first and second beans conprise a 10
circurt through which electric current is passed. 31. The apparatus of

cl aim 27 conpringi ng r ;ﬁﬁﬁo I 8A¢8up 32.
The appar at us 2? cl e??lr% glfamésrcdeflra%mt réﬁlr{%gﬁ?%gdﬁrl}yﬁ etarﬂ; Ee!%tg%%s fro%?g

pr oxi mat e thdfrst hreksecend begmisotoithasubstrite. free end thereof. 33. The apparat us
of claim28 wherein the reinforcing nenber is integrally forned in the
third beam 20 34. The apparatus of claim 28 wherein the reinforcing nenber
extends 1 ongi tadi napeya Bhofd SGait'a] dHBRAM ot THESRBRALRHS cGhpllh m 28
wherein the relnforC|n er conprises one or nore ridges exPendlng

| ongl@ udi ma’chlytlﬁbmgigwhlhh eldetricccubeanis paGed.The appar atus of claim28 wherein
the reinforcing nmenber is located directly above the first and second
beans.

31.  The apparatus of claim 27 comprising a reinforcing member formed in the
third beam.
15 32.  The apparatus of claim 28 wherein the reinforcing member extends from

proximate the flexure to proximate the free end thereof.

33. The apparatus of claim 28 wherein the reinforcing member is integrally

formed in the third beam.

20
34.  The apparatus of claim 28 wherein the reinforcing member extends
longitudinally along the third beam.
35.  The apparatus of claim 28 wherein the reinforcing member comprises one
25 or more ridges extending longitudinally along the third beam.
36.  The apparatus of claim 28 wherein the reinforcing member is located
directly above the first and second beams.
30 37.  The apparatus of claim 27 wherein the third beam is located generally over

the first and second beams.
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30 37. The apparatus of claim 27 wherein the third beamis |ocated
generally over the first and second beans. -22 WO 02/ 22493 PCT/ US01/ 27144
38. The apparzmezs of claim27 conprising a netal |ayer expengseoigR7addong the
second beam 5 39. The apparatus of claim 27 wherein the first ends of the
first, second and third beans are adjacent. 40. The apparatus of claim 27
wherein the first ends of the first and second beans are closer to the
menber than the first end of the third beam 10 41. The apparatus of claim

he momber 1 hant e T el BFcbirh o7, AMpRRECE fyynCRlE ABGA MORE DT

27 wher ei Reddnd tehmst end of the first beamis closer to 15 the nenber than
the first end of the third beamand the first end of the second beamis
farther fromthe nenber than the first end of the third beam 43. The

ol Bettioai 'y i <01 at clhe samahOL Tt P vuan Yo G, G0k o8 PERRY Spord apd, o7

wher ei n t higird béasiks AP ddpegand beans are generally parallel to the first
surface in an unactivated configuration. 45. The apparatus of claim 27
conprising electric current applied to the first 25 and second el ectric

contacts in an activated configurati so t.h the first. .and. second beans
curved upward é y f r’r?ptpr%at‘ésugﬁj‘&f’:’én 2? ‘Ylﬁeéelgﬁ%gtﬁrrétt gl.dsfg . tﬁﬁ'ﬁgsstaaﬁ@asreﬁ% of
claim45 WaghehR cddsel RAGE nfenRRF tHal Mhofirst ORI GURE &fd beand he first and second
beans passes through the third beam 30 -23 WD 02/ 22493 PCT/ USQ01/ 27144 47.

The Hpparatus of claim 27 wherein the first and second beans conprise

4]1.  The apparatus of claim 27 wherein the first ends of the first and second

beams are farther from the member than the first end of the third beam.

42.  The apparatus of claim 27 wherein the first end of the first beam is closer to
15 the member than the first end of the third beam and the first end of the second beam is

farther from the member than the first end of the third beam.

43.  The apparatus of claim 27 wherein the first end of the third beam is

electrically isolated from the substrate.

20
44. The apparatus of claim 27 wherein the first and second beams are generally
parallel to the first surface in an unactivated configuration.
45.  The apparatus of claim 27 comprising electric current applied to the first
25 and second electric contacts in an activated configuration so that the first and second
beams curved upward away from the surface of the substrate.
46.  The apparatus of claim 45 wherein at least a portion of the current in the
first and second beams passes through the third beam.
30
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pol ysilicon. 48. The apparatus of claim 27 conprising a netal |ayer
extending along at least 5 one of the first, second and third beans. 49.
The appamve®0x2213b3 cl ai m 27 wherein the first and second bep@BFUSIIER7844 an
acute angle with respect to the surface in an activated configuration. 10
50. The apparatus of claim 27 wherein the third beamis generally parallel
to the surface_in an unactivated confiqguration., 51. The apparatus of claim
27 conprising a’pl ultdeiappagus\f gy’ ¢ ‘F\‘Hltheaf’&tﬁ%%‘ggg%mm?@ﬂﬂ% t he
substrate dkéhé%L The apparatus of claim27 conprising at |east one optica
devi ce ngc anically coupled to the vertical thermal actuator. 53. The
apparatus of claim52 wherein the optical device conprises one of a 20
reflector, a lens, a polarizer, a wave guide, a shutter, or_an_occl udi ng

structure. 54. 4&ne dppapparaiss of claiva?hremprsing pimstaldayes esispiaglalong at least
conngnica%%g&nﬁ¥§ﬁ§n&m§&f&ﬂghﬂgbg&Pgeast one optical device. 25 55. A
or

vertical ermal "actua constructed on a surface of a substrate
conprising: a first beamhaving a first end anchored to the surface and a
free end | ocated above the surface; a second beam having a first end
anchored to th&Jsur fAe éppsdtvg of daimeAd Whsgein dbafisd adospeonchbeasuy frgedt;an 24

WO 02/ 224 USQ1/ 2714 er.electrically.and. mechani cally coupling
the free %C:ﬁgég i%gl? ﬁgt%frlgsrpiéft%%heegﬁl]%%é fnh?len q‘cﬁlé’ét%gﬁgé{ftlﬁmqhoen "second beam a third
beam having a first end anchored to the surface and a free end

mechani cally coupled to the nenber, the third beam being | ocated above the

firdd and 5 se@ondTheanparpas &f cladmt%y whereyuphedbid bgames rgeaerelln garsbiabier

formed iy Lkt inAR bRl dfifighalib beam a second

51 The apparatus of claim 27 comprising a plurality of vertical thermal
actuators constructed on the substrate.
15
52.  The apparatus of claim 27 comprising at least one optical device

mechanically coupled to the vertical thermal actuator.

53. The apparatus of claim 52 wherein the optical device comprises one of a

20 reflector, a lens, a polarizer, a wave guide, a shutter, or an occluding structure.

54.  The apparatus of claim 52 comprising an optical communication system

including at least one optical device.

25 55. A vertical thermal actuator constructed on a surface of a substrate
comprising:
a first beam having a first end anchored to the surface and a free end located
above the surface;
a second beam having a first end anchored to the surface and a free end

30 located above the surface;
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portion of the third beam w thout the reinforcing nmenber adapted to provide
the vertical thermal actuator with controlled bending; and first and
second elveabdr/2med contacts electrically coupled to the fiPrPer/usndyiaf 10
the first and second beans, respectively, such that current supplied to the
first and second contacts causes the first and second beans to thermally
expand and the menber to nove in_an are away fromthe substrate. 56. The
appar at us of cl ai m 83neabasrelesitigglly andareshenicallyreernlingtthe fisecoddd! the fisgr t i on

of the1J$#%bgﬁﬁnggéndgﬁﬁeggggﬁ%tus of claimb55 conprising a grounding tab

el ectrica ( _ gﬂﬁ;secpnd beans to the substrate. 20 58.
The apparatus of cl gitRr@ e Riny bBrst Bhd hREHIQD tdBIEDQIrfL R SR M@ OF

nore ridges extending longitudinally along the first portion of the third
beam - 25mechanically coupled to the member, the third beam being located above the first and
5 second beams relative to the surface;

a reinforcing member formed in a first portion of the third beam, a second
portion of the third beam without the reinforcing member adapted to provide the vertical
thermal actuator with controlled bending; and

first and second electrical contacts electrically coupled to the first ends of

10 the first and second beams, respectively, such that current supplied to the first and second

contacts causes the first and second beams to thermally expand and the member to move in

an arc away from the substrate.

56.  The apparatus of claim 55 comprising a flexure formed in the second

15 portion of the third beam.

57.  The apparatus of claim 55 comprising a grounding tab electrically coupling

the first and second beams to the substrate.

20 58.  The apparatus of claim 55 wherein the reinforcing member comprises one

or more ridges extending longitudinally along the first portion of the third beam.
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