;e3ebx, bu(()$*F+ b,6, T,OZ:-1- -2 NOV 2004 "I MPROVED THERVAL BEND ACTUATOR!
FI ELD OF THE | NVENTI ON The present invention relates to the field of mcro
el ectronecha Iu W such as ink jet printers. The present invention
will be desc H"wm l” ﬂm"m with reference to Mcro Electro Mechanical 1nkjet
technol ogy. Howevgl.it will be appreciated that the mvenMpquyogthave

br oader applicati ons to other micro el ectlo-mechanical devices, 'e’g. mcro
el ectro-nechani cal punps or mcro el ectro-nmechani cal novers. BACKGROUND OF
THE | NVENTI ON M cr &l c y VicC ' [ gasingly
popul ar and 10 nor dﬁﬂﬁ%@hﬁfﬁﬁm@ﬁ!ﬁ@@&iﬁ%ﬁ 'm (m cron)
scale utilising sem conductor fabrication techniques. For a recent review
on i cro-nec ' ' ence is made to the article "The Broad
Sweep of Int E@Lﬁ%FmgﬁM% by S. Tom Pi craux and Paul J. MWhorter
publi shed Decenber 1998 in | EEE Spectrum at pages 24 to 33. 15 One form of
m cro el ectro- MeCaRbRAént HOMLESS rdldlePBREE AEd6F RridbRldcmcBlianiial dvied

devices in which ink is ejected froman ink ejection nozzle chanber. Many
forms of i nk squéltanvaecpsntarseTkmmmnt Ma/nytl@i Wi‘l bedrscribadherejuedtharferenke fo et
printing ted devic have ihvent ed. F r a sur of . t he
field, re er Oﬁgaﬁ%dﬁa&“ﬁﬁﬁ% g teé’hﬁng%y J‘P FRItwW @Brﬁcwg thatghe e ng:
Introductlonm bl 4R PUE &oGa I fSoes,Edi tors
R Dubeck and1 %er réﬁpggﬁrogﬂr%pﬁ%gg%w% Reré)é'?é 3(/), géhr?ea\?vxf%r%m f)f i nk

j et printingelgamidre electiensdchmrchl pymipher mlic&eelet:tra-mdchmawl momeisch is referred
to as Mcro El ectro Mechanical Inkjet (MEMIET) technology. In one form of
the MEMIET technal o s _ejected froman ink 25 ejection nozzle

chanber uti| BAGKG A%QN@CQFJWJHQ?E%HOEN uator connected to a paddle or

pl unger whi ch noves towards the ejection nozzle of the chanber for ejection
of drops of ink f{AglNRHBlREhhPBalesZbEart BaEhGhe mcreagmlé'l)%o\ﬁu?aggﬁd 2 1n

previous designs of actuator a lower armis deposited as a generally planar
10 normally involve the creation of devices on the pm (micron) scale utilising semi-

conductor fabrication techniques. For a recent review on micro-mechanical devices,
reference is made to the article “The Broad Sweep of Integrated Micro Systems” by S.
Tom Picraux and Paul J. McWhorter published December 1998 in IEEE Spectrum at
pages 24 to 33.

15 One form of micro electro-mechanical devices in popular use are ink jet
printing devices in which ink is ejected from an ink ejection nozzle chamber. Many

forms of ink jet devices are known.

Many different techniques on ink jet printing and associated devices have been
invented. For a survey of the field, reference is made to an article by J Moore, “Non-
20  Impact Printing: Introduction and Historical Perspective”, Output Hard Copy Devices,
Editors R Dubeck and S Sherr, pages 207 - 220 (1988).

Recently, a new form of ink jet printing has been developed by the present
applicant, which is referred to as Micro Electro Mechanical Inkjet (MEMIET)
technology. In one form of the MEMJET technology, ink is ejected from an ink

25  ejection nozzle chamber utilising an electro mechanical actuator connected to a paddle
or plunger which moves towards the ejection nozzle of the chamber for ejection of

drops of ink from the ejection nozzle chamber.
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single layer, a sacrificial spacing |layer is fornmed and then an upper arm
is deposited as a generally planar |layer. A major portion of the cost of a
manuf act ured wi ng sem conduct or manufacturing techni ques devi ce depends on
t he nunber of separate |ayers required to be deposited duyring fabrication.
Reduci ng the nunber of separate |ayers that need to be deposi 0da 20Mduces
the cost of the device. The efficiency of2the thermal actuator is roughly
inversely proportional to the mass of the actuator naterial. The actuator
arnms need to have lapreriouaidesigtsi dffaptwgtor a ldwartaemis depositéd avesgenefally ipbanar ns can

be mai nt ai ned. whi | st decr.easj ng mass, the efficiency of the actuator, can be
Cror oved . ThamBReagte® S0 BRE| SRCME IsF br BT A ghAn UHReE St P Ed 281 £ her
or both of thesgehisHES MVARY OF THE | NVENTION 15 In one aspect of the
i nvention the;%e% ?sﬁygyov?rc@g a thermal actuator which may be manufactured

with material for upper and | ower arm sets being deposited in a single
step. This is achifemepbr pyrtivawi tg dokteofarmandactaad edng sensicoralucover | appi ng
manner. Accordingly,.in one aspect fhe jnvention praqvides t her mal

actuat or for “?ﬁnb‘%(‘iy‘“\‘}’é‘&ﬁ%fﬁf’@é?s VIGE; GCPEN Ioé‘cf{‘]"r Burp@gwgﬁq:nggqte g"é(ﬂscré‘é‘}’reflﬁ%
actuat or i nchydbpGited Quidng> bR oh et ith@hEnbd bs Rl

portion, at Ieasﬁ&éﬁe lfli rgzt arn% att%chg% at a fi rs'?g%ﬁét glr%go t%@{bh%e
substrat e andepdsitad slocesdhecmst bbthe deviext ensi on portion, the first arm being

arranged, in use, to be conductively heatabl e, - zZ ~o0vVv 200 -3 at |east

one second arm attached.at a.fi rﬁt end to the sg&zorti r]% substra}e nd at a
second end to the 'O EHILTIGH opiethemal gqfuaterds songhly iy grssin graposional 9dhé ¢ £ r om

the first armact Bt iabRhtofRteRal. Tle 3thABPShs deld Wave At eHAC &t #edsh B AR

expansi on,
10 stiffness of the arms can be maintained whilst decreasing mass, the efficiency of the

actuator can be improved.

The present invention, in preferred forms, aims to address either or both of

these issues.
SUMMARY OF THE INVENTION

15 In one aspect of the invention there is provided a thermal actuator which may
be manufactured with material for upper and lower arm sets being deposited in a single

step. This is achieved by having the arms arranged in a non-overlapping manner.

Accordingly, in one aspect the invention provides a thermal actuator for micro

mechanical or micro electro-mechanical devices, the actuator including:
20 a supporting substrate,
an actuator extension portion,

at least one first arm attached at a first end thereof to the substrate and at
a second end to the extension portion, the first arm being arranged, in use, to

be conductively heatable,



t hereby causing the actuator to apply a force to the extension portion, and
wherein, in plan view, said at |least one first armand said at | east one
second arm do not overlap. In a second aspect of the invention there is
provi ded a thermal actuator having at | east one of the upper and | ower arns
i ncluding stiffening nmeans. 1 o Accordingly a second aspect N8V t2084

i nvention provides a thermal actuator for3micro nechanical or micro

el ectro-nechani cal devices, the actuator including: a supporting substrate,
an actuator extension @dedst ong seabnd @asattaohe! dtiarfsst eadno dietsappatngsubatriter st
end thereof to the substrate and at 15 a second end to .the extensiqgn
portion, the first? %%F%%ﬂﬁ%ﬂlj&d}enﬁlﬁn@%{ow CSECRG I EINEPY Hleat abl e,
at | east one secon dﬂﬁ%{ﬁﬁéﬁgﬁgn?t a first end to the supporting substrate
and at a second end to the extension portion, the second arm bei ng spaced
apart fromthe first arm 20 the first armbeing arranged, in use, to
under go t her mal expanstheffirsttanarbeing armugédy(n wdectoantiengb dhermal eqpahsiom force to
t he extension portion, and wherein, in transyerse cross-sectiogn, at | east
one of the first atiefeiNd@atsiee GeaBHAORRAPRNG: 655 101 hneniensiqn RATors FBY se
cross-section both the first and second arnms may be non-pl anar. 2 ~0V
zoos - 4- ' The act yhtein, M FhRVRAY Yaillaf |t Sho FKR afth b4 s HPIoRl AL LdcbAd | ¥

i nterconnected at the secohd end and preferably includes three second arns.
However, ot hem dombi sv&tlapns of upper and |lower arns are within the scope of
the invention. The at |east one first armand at | east one second arm nay

be spaced transversely relativ 0. each ot her and. preferab in plan view
do ot over | ap. - Thos stgEdedectdfahd i Eitontire Rl RUHEg! fmiattsdar g | o'
common pl ane y, MALGRe SAHE Bphlr o) foldrlziths AALGRRCMInAEIReAL e | Ocated Tn @
common plane the first armpreferably has a centre of inertia |located to

one side of the commn plane and .
10 Accordingly a second aspect of the invention provides a thermal actuator for

micro mechanical or micro electro-mechanical devices, the actuator including:
a supporting substrate,

an actuator extension portion,

at least one first arm attached at a first end thereof to the substrate and at
15 a second end to the extension portion, the first arm being arranged, in use, to

be conductively heatable,

at least one second arm attached at a first end to the supporting substrate
and at a second end to the extension portion, the second arm being spaced

apart from the first arm,

20 the first arm being arranged, in use, to undergo thermal expansion,

thereby causing the actuator to apply a force to the extension portion, and

wherein, in transverse cross-section, at least one of the first arm and the

second arm are non-planar.

In transverse cross-section both the first and second arms may be non-planar.



t he second arm preferably has a centre of inertia |ocated to the other side
of the 10 common plane. In transverse cross-section the at |east one first
arm and/or the at | east one second arm may include an edge portion
extending away fromthe other arm The edge portion may extend inwardly. In
transverse cross-section the at |east one first armor the)3igy 9pg§ one
second ~ 5 arm or both, may have a U, \,4C or Wprofilé. In a third aspect
of the invention there is provided a nmethod of nmanufacturing a thernal '
actuator in which irht ectusbr preferabbypimeludeditwoofiat ararsrebectricatie patsicomebcted aa
single step. Accordingly. a third aspect of the invention provides a nethod
of forning at%ew@rq@anw%@w inghedes dhragsecprd amspElopeverg9thgbposi ting a
first |ayer 1 fi Gl al: bt second | ayer
of sacrifici gémgrlglﬁ tré(l?rlIsﬁ? ughera% éﬁ‘g%taga?%rg%&g? h%asriag%ea%t}th?ﬂ‘g’te???ns‘t | ayer; c)
depositing an actuator formng |layer of material over the first and 25
second | ayers of s@h¢ afflesst ahe iRy aibandodideast oneNefond a20Ghay bdsparedel ectivel y
renoving portions of the actuator formng material to format |east one
first arm depaRsvesalygplativitorgagk pthepand prefgeablt injpdapsviewse nokewsitipar m
deposited on at |east part of the second |layer. Step b) may include

depositing one or ki I Liicial | al
sel ected parts of ?ﬁ%@%@ggggfeﬁggéw h@ﬁéﬁg%? @ghg;dcﬁggg} ggél%ﬁe@é)rlgs}{%hay be
deposited on only part of the second |layer. The at | east one first armso

formed may be pl an@hess edpenofthafiast and Becond AsNEArs docatedss a sosimonpladeahat
| east one first armor the at |east one second arm or_ both, may have a U,
V, C or W pr &fstpan proierablyyias a cepdie of dneyddlospted tp ars sideef thepemmop hiang and he

transverse eqﬁ%ﬁco% atr&epreferably has a centre of inertia located to the other side of the

10  common plane.

In transverse cross-section the at least one first arm and/or the at least one
second arm may include an edge portion extending away from the other arm. The edge

portion may extend inwardly.

In transverse cross-section the at least one first arm or the at least one second

15 arm, or both, may have a U, V, C or W profile.

In a third aspect of the invention there is provided a method of manufacturing a
thermal actuator in which material for upper and lower arms is deposited in a single

step.

Accordingly a third aspect of the invention provides a method of forming a

20 thermal actuator including the steps of:
a) depositing a first layer of sacrificial material,

b) depositing at least a second layer of sacrificial material on a selected part

or parts of the first layer;

c) depositing an actuator forming layer of material over the first and

25 second layers of sacrificial layers; and



at least one first armlie in a first plane and the transverse edges of the
at |l east one second armlie in a second plane. The first and second pl anes
may lie in a conmmon plane. 15 In plan view the at | east one first arm and
the at | east one second armnmay overlap or nay be spaced transversely to
each other. In plan view when there are at |east two fi r’stzw \ﬁ?ﬁﬁ’Pd ar s
the arns alternate. In the preferred enbodli nrents, an irrp‘roveaothermal bend
actuator is formed 20 through the depositing and etching of a nunber of

| ayers with the ad}uat stleaivaly rebvigg iportiohe of the mcimbtoa fareringigategid] wrformat

pl anar structure so as . to pr?_vi de for increase stiffngss in the bending
direction. The corrugal®d anedusiamdapesited an g farst layeriand af lcast/pge serond
actuator is defined utilislng: i i ps and in a nunber
of enbodi ments is of sh@aﬁgﬁjﬂg%ﬁ%b%i%g%ahgl%ges occur on the sane
pl anar | ayer 25 such that all edges will be simultaneously within the depth
of field of a stepfep if)mayasdudd depositingpne dambdretddditionhhldlagersef ekcrificianct uat or
have sufficient stiffness to avoid buckling. For a given stiffness the
ef ficiency ofMmafsial pmeslaeied partsdthsrsepandlayghiy - 2N 0 Vv 2004 -6-
inversely proportional to the mass of the actuator material. The
utilization of a c : : g&ﬁg I or... hproved
stiffness charact e??é??@é&%égygpg{laeﬁ t r"J ﬁgfﬁ&ngésusgn %Ig\ﬂgg%?ltj%ea%ef%ﬁr?s)
achi eve a hiddyer. stiffness wi thout increasing the thickness and thereby
i ncreasing the mass of the actuator. This provides an overall 5 increase in
efficiency. Cenera ions indicate effi fi ency increases of around
ﬁ&rgwbe

Lrhy, si mul aé
50% ar e possi bl e. [HE phlsashpag Hrst agn £ be plangeornan planay. Indransyesic | s

formed by the Jdepasiohifasfor ﬁ\;ﬁ a?wl (?ﬂcfé aQbast bx‘iéé&'gb‘ﬁﬁ Lot ok H6thS &a?ﬁ%fegne

r
f orm spaced- apart actuat or arns o not colncide 1n & vertica

The advant age (RfV,@ ot Wsprafllea single layer of t o out of plane actuator is
that the nunber of |ayers to be deposited and patterned in the structure
are substantially reduced. BRI EF DESCRI PTI ON OF THE DRAW NGS

Not wi t hst andi ng any e{ayers may hesdeppsiter spaliptrwhen farmed. the ansyerspedess of the

present | nve%l'e%?’onpgl%tgfrﬁﬁg iﬁ&’ﬁfg’égg e b tHe MR e'ré%rledg‘eé of tHOW lgé‘ségﬁéP“ bed,
by way of exanple t only, wth reference to the acConpanying draw ngs, in
whi ch: Fig. eceohdwanm lierin 8 sévendplane.fTrerfirst dned seqawlgilares nelfy 1 ihheommiorbend
actuator ink 1et printing device; Fig. 2 shows a plan view of thermal bend
actuat or of &9frst enbodi ment of the '

15 In plan view the at least one first arm and the at least one second arm may

overlap or may be spaced transversely to each other.

In plan view when there are at least two first or second arms the arms

alternate.

In the preferred embodiments, an improved thermal bend actuator is formed
20 through the depositing and etching of a number of layers with the actuator arms being
in the form of a corrugated or non planar structure so as to provide for increased
stiffness in the bending direction. The corrugated titanium nitride layer of the thermal
bend actuator is defined utilising standard lithographic steps and in a number of
embodiments is of such a nature that the masking edges occur on the same planar layer

25 such that all edges will be simultaneously within the depth of field of a stepper process.

It is important that the arms of an actuator have sufficient stiffness to avoid

buckling. For a given stiffness the efficiency of the thermal actuator is roughly



invention; 20 Fig. 3 shows a cross-section of a thernmal bend actuator of
the first enbodi nent of the invention; Fig. 4 shows a cross-section of a

t hermal bend actuator of a second enbodi nent of the invention; Fig. 5 shows
a cross-section of a thermal bend actuator according to the first 25

enbodi ment partway through the manufacturing process; Frg? MO0k a
cross-section of a thermal bend actuator-fccording to the second enbodi ment
partway through the nmanufacturing process; and ~ 2~ 0Y 20~~ Fig. 7

i | lustrates nvsech popdrtivhaw themoasg bf thepotupioo matdriah Theazilieatamaoflzer whi ch is

formed sinultaneous with the formation of the thernmal bend actuator.
DESCRI PTI ON & BrOARIST Esfygese EW&SISN/%\WS’“WFB Sb‘gng%? cHparErsERder 2
principl es ofivanhhhaPmagCiho j hiek - : ice
wi ||l be expl g} ngcti wth r%f er eﬁbcr}é@tag&ll:%%meg?gﬁﬁffsaﬁgﬂg%ewﬁ% e?lgk?%%gl gﬁﬁgt t he

t her mal act u#tickness artdrthereby Bwteasing thee mass off khwi acedtdroThis proivides anlovédatui d

ej ection devices. As shown in Fig. 1, there is provided, an ink ejectjon
arrangement FGEFEH ﬁ‘ﬁ?‘?ysg‘zen%faﬁbzgﬁ'élawf&dﬁ%‘mt? etoﬁrﬁ“’é‘ﬁy increasesefjarqund; | | eqg
with ink so ggotfehgdm@ meniscus 10 around an ink ejection nozzle 11

havi ng a rai sed rf% SThe' ink wwthin the nozzle chanber 2 is 10 resupplied
by means of ink supply channel 3. The ink is ejected froma nozzl e chanber
2 by means of a t hetheglrefactdiahbodimenta dierinsl bendiactuytor istfemeainetted to a

nozzl e paddl e 5..The thermal actuator 7 cqnprises two arpns 8, 9 with the
bott om arm QEB‘QSH@Wq?éf%ﬂ?@?t"é&l“%“’ﬁﬁ“@ﬁ%é‘t 25 e dprm shaceshRpar bRRtROBMeS t o
provi de condygdnV, abi t bifeid LK ej ect
a drop fromt 5 t(ﬁoeﬁ}ﬁoégpge%gnggrc Qg{&@gﬁ%g@t\@gm a?ﬁtgisfdﬁégg@ gﬁgf)ggs to
cause rapdd eupafipdareracofatdr s thaethemSmbed aftlayees todbetdeposited and patternebhia thapi d
expansion in turn caus%s a.rapid upward novenent of the paddle 5 within the
nozzl e chanb&fugureprg substantigllyredysédnent causes a substantial increase in
pressure within the nozzle chanber 2 which in turn causes ink to fl ow out
of the nozzl FclﬁE' i TrHEUD ul ge. Subsequently, the
current 20 tgl@tlﬁ:e e%?gyg%%?ned 0 Q’VglgGgs to cause the paddle 5 to
begin to return to its original position. This results in a substanti al
decrease in the pNessthsanding fany othere formz 2tdctcmayriidl wizhin Thesdope v kit preseant um
of the ink outside the nozzle rim1l results in neckj ng and breaki ng of
the meni scus MSERURN. PEFTsERcommseh fecinueniian Ty be dexribek byvayrakewsmlt o 15
conti nuegs f opu@r &R G etdibo b2 j ' o addl e returns 25 toward
its rest stat}g.@’T e neﬁl:isc%s ﬁ%}m@@@g%&@g@w@b@ggi“ on shown in Fig. 1,
drawing ink past the paddle 5 in to the chanber 2. The wall of the chanber
2 fornms an apert uFig. il shaws, ¢in sthemapa floting tie ayietasionvof h tlensaleieind gamaton énkejet
between. Figs.. 2 and.3 show a first enbodi nent of a thermal bend actuator
according t oPEME&GYERtion. - 2 No v 200F g_ The actuator has two | ower
arms, 27, 28 and three upper arnms, 23, 25 and 26. Al of the arms are
formed as a unitapy Sishiws YpRan®ew I thdrRNBchdRénaidr lof b SRS mKIaRRSnt T The32-
As best seen in Fig. 3, the edges of the upper and |lower arns are |ocated

in a conmon pivemiéon33. However, the lower arnms 27, 28 are configured .so as
to extend bel ow the comon pl ane 33 whil st upper arms 23, 25, 26 extend

above the common plape. The result is.that e longitudin centre of
inertia ?%r t he uglﬁes ShQWRA §ressa5pNA ‘ffﬁetnﬁ?@we’@sac WrPﬁ@el?JBﬂQ'iP‘t%di”i‘Fé’it of
centre of ingftih@ntigh, the lower arns is below the plane, as indicated by
lines 34 and 35 respectively. The free ends 36, 37 of the |lower arns are
selectively connected to an electrical power source which causes current to
pass from arm 27, Fign# showos sroas-sacBon afia thehroal iend ectaator @8a ¢ezond embodiarest) |,
causing resistive heating of arns 27 and 28. The free ends 38, 39, 40 of
arms 23, 25,° %‘er"é@ﬁté%"t’i vely are not connected to the electrical circuit so
current does not flowinto them Thus, the arns 23, 25, 26 are not heated
and do not expandfigERdtoR8.a ebss-#Btion38f @NHerfHal BERI QGHECELORIIAN 1P Hehst
bl ock (not shown) so the thernal

25  embodiment partway through the manufacturing process;

Fig. 6 shows a cross-section of a thermal bend actuator according to the second

embodiment partway through the manufacturing process; and



15 expansion in the length of the |lower arns 27 and 28 results in an upward
bendi ng of the actuator as a whol e about the anchor block. This, in turn,
causes novenent of whatever device, such as an ink ejection paddle, is
connected to the actuator. In cross-section outer arns 23 and 26 have a
central horizontal portion 41 and two downwardly extenqugN@gernns 42,

whi ch extend symmetrically dowwards to the 20 common plane 33. The central
arm 25 has, in cross section, two outer portions 44 and two inner portions
45. The two inner Fortiilghsatedd setiogild/isy Misligh £adrtiyn 004 WesAtSclaftbet pWRhdS
relative to each other and the centre line of the arm 25. The outer
portions 44 toraedsimmdiancarslirvidy bie Jormationot thetgrmyal bepdiadtyator o t he two i nner
portions to extend to the common 25 plane 33. The two |lower arns 27 and 28

35 two i nt PRI DR RER YR BN DI TARR EVH GOV IR Con ral

portion 46 and then two outer portions 48 extending upwardly to the conmon

pl ane 33. w~-. 2 Ih@basic &Qﬁﬁlonal préhciples dfu0liduddvsdctian Which/utiRes 2theahdl spaced
equal |y between the central Egg arm 25 and the outer arns 26 and 23

respect i vél y agiyatondevies wilbs axpaingdrvithheeferepperte Figt 1t Hés tadevmdenstogd that kol e.

The total cr SS S nal...ar.ea of the thr. er ar d.26 is
equal o t ne HegRRf ey r oRiRPesRion i For et R8¢ s S T e siho 3 98RG L5,
but this is D@tsheﬁﬁ‘h{lFigah thérk i¥¥prolvideg aR K §&dtRh Qftahgtdient NeVIHGNcIH d&ib%aa”fs
have a greater stiffness and hence resistance to bendi ng conpared to arns

of the sane opoalechasiher drvdlichuis marmatlyyfillefl witlowk sa as toismzemeniseusd agoundcond
enbodi nent in ich there ar r.ovi ded t hree upper. ar r armns.
bl an i ewdB i SRS SaRURE p i8S o PR il B aReseimb e S e s
that showp i Redhp ?wd%yfrﬁéanya?lrﬁ(lshﬁé] ephadl sent. The t o enbodiment of Fig. 4
only differs in the ¢ross sectlonay profile of the upper and | ower arns.

The outer upper arnms 80 and 81 have the sanme profile as arns 23 and 26 of
the first errﬁd)dumi@mejectﬂﬁérqnemnoule chppeher 3byhngans ef aathcun@uamuhmr Ttwhiehhis out er

23 and 26.0f . the f d tral port
i th tvo-out A JEFermeEEaA BN pdla BB drih LRGeS PR Ao ar

the common plgag %v1§13the bbttoh bim b%eiﬁ%ﬁﬁ’t@r&hﬁéctédh@ aﬂ‘eﬁ%ﬂlcﬁlf cdrf8it 5&%6" lashOr tion
85 of arm82 is greater than that of the two outer arnms 80 and 81, but this

i's not essenmrtadldmdacttivetheata@ prb@botmmmﬁy%en itdedesired o ejactardyep from
84 are simlar to t e of

section, esi t |.ower and
The 111 st eridhareichnapel A SPHom GBY I cagoe fofh CoFEBXPBRTEE SR | ons
86 extend in I th

X i nyang rXIaQOQthHm 09/“ t"[\fgx\g?%ﬁll& @)?paﬁ?lm{‘tum esSPrd E]Ri Wd Wi

i nner portions 87 which y and domnmar y fro onmon
plane 33 to mmwmansthapaﬂdleTfhmthnﬂhngemkmhanfbea@tﬂas mitid mmwenesteaisestd ons,
as shown in Fi provi des for an eq stiffness in t,

her mal  bend SUAPRbRCER D RO HE et Ths TOrC hiraen Gt intg ssSesdgbio
through the %W&lﬁ%ffﬁﬁ d2hiEne c%sxﬁé‘ﬁe%@nﬁ%ﬂo & Uik @BQbsreg P;Sth%%rrent
occurrence of buckling during operation of the the ctuator

conpar ed 200 amthedicetat Dis twrtteti ofil mraarto eauss thefpatitlle Sstaregindgo aettumrtosts osigoial onal

area. This allows the cr secfional .area, .and hence ss, to he reduced,
o T rer onsi agoshen s bl in S ST T AR e i he pEseours wilhin the nozzle

chamber 2. The forward momentum of the ink outside the nozzle rim 11 resultsin a
necking and breaking of the meniscus so as to form a meniscus and a bubble of ink 18.
The bubble 18 continues forward onto the ink print medium as the paddle returns

25  toward its rest state. The meniscus then returns to the position shown in Fig. 1, drawing
ink past the paddle 5 in to the chamber 2. The wall of the chamber 2 forms an aperture

in which the paddle 5 sits with a small gap there between.

Figs. 2 and 3 show a first embodiment of a thermal bend actuator according to the

invention.



'- z to ov 200e stiffness to be increased to reduce the risk of buckling,
with or without a reduction in mass. As all the edges of the upper and

| ower arnms are in the sane plane, this provides for an increase in the
exposure precision and allows either the actuator arns to be brou%ht cl oser
t oget her than woul d be otherw se possible or to utilise e ull having a
smal | er depth of field (nodern stepper eg8it pnent often operates over a
depth of field of approximately 0.5 microns). In addition, as will be

expl ai ned belTawactulioshad tso laweoarms, 271 2 mad direcabpeninml, 08 M5Sankd®6. All of the
sinplified manufacturing process. V%rlst the total cross- sectronal areas of
the upper an@MHeteforaedeasaingtay strpetune andannivinedantas ntearabpioss @#m 33t is to
be appreciated that the exact shape, cross section of each armor total
Cross sectionalp.ar ol e
bend about a2é§§?§ﬁéé?f?§qt dﬁgfgﬂ?égp%gqg gﬁg§?§ng%%360 (?ﬁﬁﬁﬁﬂﬂn¥@
arms bend. Fplanb88. Mbwewt, théth)vmigmss 21, 28haee eonfigurdadas ebéxtend leelow tiee commn
pl ane, this is not essentlal 15 In both of the embodi ments described the
ef f ect i veS moFEMMOFPIANGS3Whilsh Hepes Armndd 25+ 26 riecngRhove terrommonplane el y
equal to tha i IS
ot essent i arcsdiidt PRLHEIHe QR ceBlre BPMEAMTLE: WEbG My 1 AT Bleolhd 5, | 0

sets of ar msaﬂmmebengituﬁfrer &dhitre off Mnediitifok iR lowbiearitié b&@6wahe plaRE, tak ﬂtd@ffatddhe
two sets of arnms nmy be at unequal distances fromthe common plane 33. 20
It is also t&ybae %@%3%@&@%‘1@1/ the invention is not limted to the
nunber of upper arns being in aratio of 3:2 to the nunber of Iomer arns.
For exanpl e, t

03, 44" ar e e REMI O] oFthe 1050 AERRErel bl BRRECRT o Bl BSaiBontr P g

to the inyenkowoe which cheses eaeérit e faseifioh dréf 2T, M6 Rrdse afrh 98 anéth’tndnﬁs amhi ch
shows cross sections of a partially fabricated i nk 25 gjection devi ce
utilising a 2Répmee s, cabsinaresistize beatime g ames Thand 3& Jhe Siepeadsnth89, 46 9. 6

al so shows a, rt| bric d thernmal ben acc rdrn t.o the
Sboond onpoatRES B 2% A et oA T Etine BRI AR LISt SRERP BN 0F 1 e
first and segesth®MRAGhIERES. TR, HHRAMRIDE, BNd6 hie ﬂosh@dtédlaﬁdttﬁ) ﬁtﬁ%kgenadof t he
masks used that differentiate the end product -11

Ref erring toErilgl6.57, 3hemaddPacs seeimed t@@lemphf)obloclh@w olncrvm)rso thepthemnipd

e aed oy cREERh T el Seindlodetanté 2] od o Pl o BN, P o con:

52 Afirst tlfe%ruatdrva»s alwﬂo@éf@croueﬁtelaﬁchtﬁmmkt Elils, 0 Qurfl! GAuSeh hévenRnbbA
general |y planar spacer The |l ayer 22 is preferably deposited as a 2

m crons thi crevhratcyexrdayicepm @S mgétaﬁoﬂmlOp@B@(ﬂmldeor(fﬁct)?d bythepctaiong on t he
| ayer. The layer is then exposed through a first mask, developed and etched

SO0 as to renpve unexposed re t hen hard: baked. ri t har d- bake
PR e e G B L R R
layer 21 is deRfashiddeatndi®l pstioms 47, eeﬁc}péxténti%yfdnretﬁcdrwewm@rdshe tHaNe
manner as step 2, but utilising a different mask. The second | ayer 21 does
not ext eld ovemnamnﬂomfﬁhe first layer but is laid so as to have gaps 19
between portions. On baking the Pl layer shrinks and, as is its nature, it

forms 15"t dgmually Wil o8 nal 5 A0 8idh, Rakr A50ehEed R BETEREIpAIREIZON:

pl ane on either “si B RG3 are shown
as having m a5ahe wathherayontda@ 4|5r¢&ehaey@m\etrtcan§ B@thatds&Ind' M@fdszaautz@wever
it is to be appreciated that the gaps 19 may have a significant w dth at

t he interfacead chertamé the gemire Illaye the2arm 2. ‘Hhe gutetrporidonsadrthén eitend | ayer 23
is then deposited o el.ect rea the second | formthree
arms.Agar n_ ahen e Sl Ra ShsTae i B e R Pooph & Sae i SPER | 1
step 2; 3s Aphineghe 0.25 micron layer of titaniumnitride 18 is then
deposrted to cover aII of the exposed first, second and third sacrificial

| ayers 21, 22, 23. The titanium 25 nitride layer is then etched by known
means to remfe twai@riraimpal \‘/wdriStam@idientli@hahohinatuds a@tnmtr&tl QOﬂimmm@amed)iet ween
the arns and attern t he éf sSo,.as to. for ator

er
havi ng t he crI ONURER plgpe tE/Pt"Pr‘SP“‘?ft“’de paytigps ¢ m%l ‘@‘h‘éﬁ‘ H@ ﬁ't he
mask pattern ceqsi §Brtion 48'RY RS wRldRiRS portions 48 eHeQ&th% %B%dlylt% the ccﬁnm@nf ourth
sacrificial layer 59 of 6 micron thickness is then deposited so as to form
a sacrificialplaeldcture for a nozzle chanber; 7. A1 micron |layer of
dielectric material 61 form ng the nozzle chanber 2, is deposited;



5 8. Subsequently, a 1 mcron |layer of sacrificial material conprising the
fifth sacrificial |layer (not shown) is deposited; 9. A subsequent |ayer
(not shown) is also deposited to forma nozzle rim with the etch

preferably being an anisotropic etch so as to | eave a ttliz @Wﬂ@ﬁ rim
structure around the nozzle chanber; 10 10. A nozzle guar ﬁre (not

shown), if required, is attached to the sUbstrate. The nozzle guard

structure can be independently mcronachined to mate with the substrate;

11. The nozz[Tée pwatavararmh2nhaamd 28 xredpdoad eybiable beivider ehactnaal wgpet ape2512. The
hed utilising a Bosch_ etching process to 15

CMOS waf er iswmgn back efzg . g
separat e t he ¥@aECVISiAENSHLP ARhELIFSREY Meh6Q thaherm &5 Hey mt mcenite A hknel
supply channglyb@e LEwHORZ I GRATRRL secAlfh ita of I ke \BPE dris HISSS agnxdpz;qsﬁg ad

to light so as to reduce | eslveness an 0 l'eave i

segment s whi éfequalniobke fital kends sqvtiond] acadf gy twodstvengms|27 dnd@8ab@\Ris s RRESS
the titaniumnitride I_a%er for, both sets of arns is laid down 20 in one
step. Thi s resgnyal. It wilh b¢ appresiptsd thah themen plaserarmshasp a grasty atiEaess end

d iti iad: . f | LY. h h
pacing of engee roysiafe b Bl ealated iy FhTB AEEL R itrihdl s of Tt he

st epper used. The above steps sinultaneously formboth the thermal bend

act uat or andFighd showgh eroshasdiien ofinedond embodifm@nt @%AIPh therd dre Pr@ided thicher e
is shown a portion 50 of the 25 nozzl e chanber (which is symetrical around
an axis 52). UBRFr@aHBs ghd yo lower armsolnalen vigw tevefigutation oF theTmmsfis thet

sacrificial . j [ nad etc s -ar.e the. se d 57 and third
58 sacrifici g@%ﬁé‘?g‘?}é{.@&%&? g%lhgfﬁoﬁ@ 1221& ?f Prcﬁ%S lrsft%}’é’lpgu??%a@lfosi ted a

-13 titamp umembbditeat dEBier 4 &Qg diffdre th the ElosdiRstiBA bioIS of Bk NbP& dnigowadd! e
as well as the actuator. A subsequent fourth sacrificial layer 59 is

deposited andM& ched. This is followed by a dielectric layer 61 which is
deposited and etched so as to formthe nozzl e chanber proper. Subsequently,

t he sacrifici so as tg release th ctuat or
and si nul tang%g{ngy?}géfé égéngs ﬁ%@a}%\o@/}?ﬁgﬁ’&pﬂ?@f: % ?”Wg% %‘dg’eéj‘igg? gfﬁtt ated by
a person ski tmbediim@nt. Tae @értrdl Dpper AHABL slsy/ AilaF 10QRS odtRAARs TW04d decatt | ons
may be made to the present invention as shown in the specific enbodi nent

wi t hout depatheiffist embodiment ig giat ithama centiapeortion with tvaoutwardly aad br oadl y

et ety o TREWRERR e STRRSDIIRENs wien eRSTneleh Bre dofaricn FRASHAT §5h b 2!
noted that the width of the central portion 85 of arm 82 is greater than that of the two

outer arms 80 and 81, but this is not essential and all three upper arms may be identical

in cross section, if desired.

The two lower arms 83 and 84 are similar to those of the first embodiment but lack a
20  central portion. Instead, outer portions 86 extend inwardly and downwardly from the
common plane 33 to meet with inner portions 87 which extend outwardly and

downwardly from the common plane 33 to form a W shape.

The arrangement of actuator arm cross-sections, as shown in Figs. 2 and 3, provides for
an increased stiffness in the thermal bend actuator without increasing the thickness of
25 the layer through the corrugated nature of the actuator arms and reduces the occurrence
of buckling during operation of the thermal bend actuator compared to an actuator with
planar arms of the same total cross sectional area. This allows the cross sectional area,

and hence mass, to be reduced, so increasing efficiency. In addition this allows



10 illustrative and not restrictive. '--z No v 2004 -14 The dains: 1.
A thermal actuator for mcro nmechanical or mcro el ectro-nechani cal

devi ces, the actuator including: a) a supporting substrate, 5 b) an
actuator extension portion, c) at |east one elongate fi,rsﬁ arm at t ached at
a first end thereof to the substrate and at a second end 4 80Vh@0@«t ensi on
portion, the first arm being arranged, inlluse, to be conductively heatabl e,
d) at |least one elongate second armattached at a first end to the
supporting t Gtifudssto bt scemsedap reduse ttwmiskerfdutidinghwithxr anthoota pdntticonn t he
second arm bei ng spaced apart fromthe first arm the at |east one first
arm bei ng ar "#iged, in use, to undergo thermal expansion, thereby causing
the actuator to apply a force to the extension portion, and wherein, in

Lransver se CrASHrAEEhiadr iR ulbEAR 10RE: fysaRCinahe LAASHARN b iR AN

the at ~ 5 | east one Secon m are non-planar. 2. An actuat 0 alm1
wher ei n, in tincaesyar he egpasse wecisionand bibdws ¢ither fHerastuatondrisedredcorangts ar e
non-pl anar. 3, An ach%ahor 0 aim1, wherein the | egst one first arm

f cl . L
and at | edst CIEr 198ethsid %‘TWP%‘F@’CMWPP%@%F%‘F 15¢ EUPIGRE Ry INgdch ot her

and, in plany : f I rein
the’ tr anover Shaddcgh Nofcld BpGlet @hber EupREnd oA tpelaidonet SRt obEla” 0

pl ane. .- f hpftoXin2flg 0.5 hisrdns). Th edditoniak ovill b€ explained Belotvethas aisdé he fir st
armhas a centre of inertia |ocated to one_side of the common plane and the
second ar m hadows.depreferrest embpeiments fos@nimplifiel mpmfastwidng ROESSof the conmon
pl ane. 6. An actuator of claiml wherein, in transverse cross-section, a

first armor v $ecand ALMRGhHIRSs BPuRIARRARILDE £X Enadoanay from
s ¢

the other of the second and first arm e actuator o alm 6 wherein,
i n transver sembodmsenseart isinmilar}ihi te bgappocihicd that iesoxdst shapgcrblsy secBon dfie
actuator of claim1l, wherein the first armor the second arm or both, has,
in 10 transv&prdbary Qydetal eross sshtiongl ereays net caificalsp ieig asdhe WppepArmEAS At or of

claim1l incluygdj j.J st . L [ r econd
a5 el Rt TS A A BB et
bend. Further whilst the edges of the arms preferably lie in a common plane, this is not

essential.

15  In both of the embodiments described the effective moment of inertia and/or mass of
the upper arms is preferably equal to that of the lower arms for optimum efficiency.
However, this is not essential and the effective moment of inertia and/or mass of the
two sets of arms may be different. In addition the centres of inertia of the two sets of

arms may be at unequal distances from the common plane 33.

20 It is also to be appreciated that the invention is not limited to the number of upper arms
being in a ratio of 3:2 to the number of lower arms. For example, without limiting the

scope of the invention, ratios of 2:2, 5:3, 4:4 are acceptable.

Manufacture of the thermal band actuator according to the invention will be described
with reference to Figs. 5 and 7 which shows cross sections of a partially fabricated ink
25  ejection device utilising a thermal band actuator according to the first embodiment.
Fig. 6 also shows a partially fabricated thermal bend actuator according to the second
embodiment of the invention. The process steps of manufacture of the first and second
embodiments are the same and it is only the design of the masks used that differentiate

the end product.



11. An actuator of claim1 wherein the at |east one first armand the at

| east one 15 second armare fornmed as an integral unit, said first and
second arns being joined at the second end to a transversely extending
cross arm 12. A thermal actuator for mcro nechanical or mcro ‘

el ectro-nechani cal devices, the actuator including: a) -a L) Vel Fale)
substrate, 20 b) an actuator extension pollt-ion, c) at Ieast one first arm
attached at a first end thereof to the substrate and at a second end to the
ext ensi on porti on Reifehﬁ'né ta Big. &irthe hanwfctaringsgpdior the fugeatioh@fibiee thermskict i vel y
heat abl e, d) at |east one second armattached at a first end to the
supporting SJPB%Q ?‘ét‘?éo%t‘ﬁﬂluﬁﬁ the felleWing SERE t 0 t he extension portion, the
second arm being spaced apart fromthe first arm the at |east one first

arm being arr angeq,( aS’ ?fgfer b8 1§'ﬂg€fdg&) hg\hﬁ HR re(g\ﬁféﬁ%%cﬁfbal %AL V\],:g')? 9t¥uc§ur%9us I'ng

the actuator to app rce t he exten I on

pl an view, said atfoﬂn&ﬂstherem f| rst arm and said at |east one second arm do
not overlap. 13. An actuator of claim 12 wherein, in transverse
cross-sectio first armis pon-planar. 14.

actuat or of gr at i IW%EFW? e?F 2%igdepasitedard ‘Ei%l&e-ds‘@(f‘?mbﬁgeﬁeﬁél)’eﬁlaﬂaéast one
second armis nony ?Ac@ﬂ%er %F E}ezozﬁgtpré?%rﬁlyqea@l@ﬁ?&e&% nREnE bl pclger of

transver se edges (0] ast one second arns are

|l ocated in a commphotpiraspeabld polydimédePI)Ust pinrdig 6 theayth THaasyet (s thbye fi rst
arm has a centre of inertia |ocated to 15 one side of the common pl ane and
the second ar m ha§xﬁpsééﬂtr9‘ég}bﬁf figsheask, develepadeadctshed go et thaemeyeienayposede

Cross-sect i on, o Frrel el dd oiled fulfe MOTHaR fule gt SR T v a1

ext endi ngoaway fr eiftfonehiokiegs. arm 18. The actuator of claim 17 wherein, in
transverse cross-section, the edge portion 20 extends inwardly. 19. The
actuator of claim12, vvhereln the at | east one first armor the at | east
one second aPm o ¥EPH Szﬁaﬁmal Yayer2dris denostied pwaelectedarpasiof the fist layerdnor W

profile. 20. An agfuatar woflrs arns _el.ectrically
i nterconnected at ﬂiehe gené%{? c‘léB%é &{Eﬁhs né ?n(t)gnaslf tTé’IeﬁF?ﬂ"%ﬂaxeﬁgp udi ng
three second arrnsdoesx?oteﬂteaiMV&Q%fﬂi’e?ﬁrsmy@mwestl@irds@fasfd Rdvdighpyper ei n t he
at least one first armand the at |east one second armare for rred as an

integral unit, sabetvweenportions Qrebaking the FE layer shyinks and, as is its nature, it forms

15 side walls which are angled at about 450 to the general horizontal plane on
either side of the gaps 19. In the drawings the gaps 19 are shown as having
minimal width at the interface with the first layer 22. However it is to be
appreciated that the gaps 19 may have a significant width at the interface with

the first layer 22;

20 4. A third sacrificial layer 23 is then deposited onto selected areas of the second
layer 21 to form three arms. Again the edges become angled upon baking in the

same manner as in step 2;

5. A single 0.25 micron layer of titanium nitride 18 is then deposited to cover all
of the exposed first, second and third sacrificial layers 21, 22, 23. The titanium
25 nitride layer is then etched by known means to remove material between the
intended arms and to form gaps between the arms and pattern the layer 18 so as
to form a thermal bend actuator having the cross-section of either Fig. 3 or Fig,

4, depending upon the mask pattern design in previous steps;



joined at the second end to a transversely extending cross arm 23. A

met hod of formng a thernmal actuator including the steps of: 5 a)
depositing a first layer of sacrificial material; b) depositing at |east a
second | ayer of sacrificial material on a selected part or parts of the
first layer; c) depositing an actuator formng |ayer of~ralN@\i 300%over the
first and second | ayers of sacrificial l-dgers; and 10 d) selectively
renoving portions of the actuator formng material to format |east one
first arm deposi t édfomrthtshaificial &tyet 8 ef 6 anictomthitlemst is thwa depogted sarasto

deposited on at |east part of the s?cond Ia?l?gr 54: The net hod of claim 23
wherein step b) i ARIMYSAETIHEBLEICIHE IS Rcn0B7Ie/FBRIBOY g di t | onal | ayers of
sacrificial material on selected parts of the second |ayer. 15 25. The

met hod of cla m2 ' Lebil : ited on
only part of qt he é\eg\%ﬁ%’%r%ﬁ?&%&#h%ﬂ%%@% g@#%%%ﬁ%?%?%?fs he at
| east one first adepossiedton pl anar. 27. The nmethod of claim 23 wherein the

at | east one second armis non planar. 28. The nethod of claim 23 wherein,
in transverse cross-section, the at |east one 20 first armor_t at | east
one second a%m oPUBtaHentlya & “Hcr&ntlver @fiﬂm ‘BE’G‘PﬁeF‘@l Co?g?rlsﬂgethﬁg?%od of
clai m 23 wherein, NhaRidoF t dHaSm) ESSUGEee edges of the at |east one
first armlie in g fﬂbét ﬁﬁg 30. & hsgd]%ethoa of claim 23 wherein, when

formed, the transverse edges of the at | east one second armlie in a second
pl ane. 2 ~9. ~ | 1A a0R&ueit lajinénatshdnen) ie ailso ldaposited torfoemeai nmozzletrem, Wish thed,

the transverse edges of t at least one first armlie in a first plane and
the transverse ed%@i‘ Fﬁ?feﬁagg' b(;pgp@@gfsogﬁglcseg@oﬁq@séq%yq athipngzaetghg pl ane,
said first and se I j [ mmon plane, .AL.9. A A

AW ALY.ALLA _%gsﬂgg%\ai@eﬁf_az\ﬁ’%%|e'y<{?12\91}113_8§5_ AL )L ALY

. A&h% ALU, . ARA. Ayy213KHAed1~* Y ] j
10 10. A nozzle guard structure (not shown), if required, is attached to the substrate.

The nozzle guard structure can be independently micromachined to mate with

the substrate:
11.  The nozzle guard is then affixed to UV-sensitive adhesive tape;

12. The CMOS wafer is then back etched utilising a Bosch etching process to
15 separate the wafer into printhead segments and to form an ink channel supply

channel to the nozzle chamber; and

13. the UV tape is then exposed to light so as to reduce its adhesiveness and to

leave individual printhead segments which can be picked and placed for testing.

In the above process the titanium nitride layer for both sets of arms is laid down
20  in one step. This results in a reduction in the process steps compared to depositing
material for the two sets of arms sequentially. Further more the spacing of edges of

adjacent arms is only limited by the accuracy of the stepper used.

The above steps simultaneously form both the thermal bend actuator and the
nozzle chamber and paddle. For example, in Fig. 7, there is shown a portion 50 of the
25  nozzle chamber (which is symmetrical around an axis 52). On the wafer 20 is formed
the CMOS layer 55. The first sacrificial layer 54 is deposited and etched as are the

second 57 and third 58 sacrificial layers. On top of the sacrificial layers is deposited a
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J))))3*****dE: / substrate and at a second end to the extensxon portion, the first arm

being arranged, in use, to be conductively heatable,

d) at least one elongate second arm attached at a first end to the supporting
10 substrate and at a second end to the extension portion, the second arm

being spaced apart from the first arm,

the at least one first arm being arranged, in use, to undergo thermal expansion, thereby

causing the actuator to apply a force to the extension portion, and

wherein, in transverse cross-section, at least one of the at least one first arm and the at

15 least one second arm are non-planar.

2. An actuator of claim 1 wherein, in transverse cross-section, both the first and

second arms are non-planar.

3. An actuator of claim 1 wherein the at least one first arm and at least one second
arm are spaced transversely relative to each other and, in plan view, do not

20 overlap.

4. The actuator of claim 1 wherein the transverse edges of the first and second

arms are located in a common plane.
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6.

10.

11.

12.

An actuator of claim 1 wherein, in transverse cross-section, a first arm or a
second arm includes an edge portion extending away from the other of the

second and first arm.

The actuator of claim 6 wherein, in transverse cross-section, the edge portion

extends inwardly.

The actuator of claim 1, wherein the first arm or the second arm, or both, has, in

transverse cross-section, a U, V, C or W profile.

An actuator of claim 1 including two first arms electrically interconnected at the

second end.
An actuator of claim 1 including three second arms.

An actuator of claim 1 wherein the at least one first arm and the at least one
second arm are formed as an integral unit, said first and second arms being

joined at the second end to a transversely extending cross arm.

A thermal actuator for micro mechanical or micro electro-mechanical devices,

the actuator including:

a) a supporting substrate,
b) an actuator extension portion,
c) at least one first arm attached at a first end thereof to the substrate and at

a second end to the extension portion, the first arm being arranged, in

use, to be conductively heatable,
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Gal JKLN NNWUGO= 10 10! @1"109%&' ()- ! @1"109%& ()- !6Y+"10%& ()- G

"1109& ()-! (@ 10%&' ()- NNNNNPPQ Mr=! 55 " 109&' ()- " 10%& () - & h" 10%&' () - & CL-
109&kK& ()-!F109%& ()- S109%& ()- 10Q R(SSTUUUU}[ MP1 10 10

10! 11" 10% ()-M 4 11" 10%& ()-M | +" 10%& () - Zf #10%&' () - s

"10% () - UUGVYWMWABWPL 10 1

109& ()-y109%& ()-L109%& ()-y109%& ()-109%& ()-!109%00& () - \/\@-\/W”WWVM 10
1yl 10%: () -s! 109/ () -y9 109 () -y10% () 10%&' () - yYOMLOYE! () - XXX5YYYYdEM?1
10 1@ 10% ()-y& 10%& ()-$! 10%& () - SHMIOV& (

109&' () - y&L09%& ()+ Y1 ZZZl [ [ [ dENRL % % 0%&' () -5, /
{0%&' (§ ) y}llO%&' (§ *10% %E”[‘e AN %ﬂ"ﬁééf Cf&arr%) {tc?“éqo %%P‘Z‘jr}”%“b%a%o;
10%& ()-3: 10%& () - 5y8 arkDH@&' sedorfd ¥ @o (hkexlendiod poftioh the decbd/arh ek Y

spaced apart from the first arm,

the at least one first arm being arranged, in use, to undergo thermal expansion, thereby

5 causing the actuator to apply a force to the extension pbrtion, and

wherein, in plan view, said at least one first arm and said at least one second arm do

not overlap.

13.  An actuator of claim 12 wherein, in transverse cross-section, the at least one

first arm is non-planar.

10 14, An actuator of claim 12 wherein, in transverse cross-section, the at least one

second arm is non-planar.

15.  The actuator of claim 12 wherein the transverse edges of the at least one first

and at least one second arms are located in a common plane.

16.  The actuator of claim 15 wherein the first arm has a centre of inertia located to
15 one side of the common plane and the second arm has a centre of inertia located

to the other side of the common plane.

17. An actuator of claim 12 wherein in transverse cross-section, a first arm or a

second arm includes an edge portion extending away from the other arm.

18. The actuator of claim 17 wherein, in transverse cross-section, the edge portion

20 extends inwardly.

19. The actuator of claim 12, wherein the at least one first arm or the at least one

second arm, or both, has, in transverse cross-section, a U, V, C or W profile.

20.  Anactuator of claim 12 including two first arms electrically interconnected at

the second end,

25 21. An actuator of claim 12 including three second arms.
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5 a) depositing a first layer of sacrificial material,

b) depositing at least a second layer of sacrificial material on a selected part

or parts of the first layer;

c) depositing an actuator forming layer of material over the first and

second layers of sacrificial layers; and

10 d) selectively removing portions of the actuator forming material to form at
least one first arm deposited on the first layer and at least one second

arm deposited on at least part of the second layer

24.  The method of claim 23 wherein step b) includes depositing one or more

additional layers of sacrificial material on selected parts of the second layer.

15 25.  The method of claim 22 wherein the additional layer or layers are deposited on

only part of the second layer.
26.  The method of claim 23 wherein the at least one first arm is non planar.
27.  The method of claim 23 wherein the at least one second arm is non planar.

28.  The method of claim 23 wherein, in transverse cross-section, the at least one

20 first arm or the at least one second arm, or both, have a U, V, C or W profile.

29.  The method of claim 23 wherein, when formed, the transverse edges of the at

least one first arm lie in a first plane

30.  The method of claim 23 wherein, when formed, the transverse edges of the at

least one second arm lie in a second plane.
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