ASYWMMVETRI CAL THERVAL ACTUATION IN A M CROACTUATOR  FI ELD OF THE | NVENTI ON
The present invention relates generally to mcromniature devices and nore
particularly to thermally-actuated m crom ni ature val ves. BACKGROUND OF
THE | NVENTI ON The devel opment of m crom niature nmechani cal devices
has advanced generally by use of a techni que known as m cromachi ni ng or

m crof abrication. See for instance, the discussion of mcrofabrication of
mechani cal devices by Angell et al. in "Silicon M cronechani cal Devices,"
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membrane, diaphragm, or boss) against a pressura of up to 200 pounds per square inch
(1375 kilopascals), through a distance of as much as 100 micrometers.

Typically, electrical power from an external source is provided to the microactuator,
which employs one of various techniques to convert the applied power to an actuating force.
Often the applied electrical power is converted in part or whole to thermal power, and such
micraactuators can be considered as being thermaily-actuated.

As disclosed in U.S. Pat. No. 5058856, an array of micromachined bi-metalfic legs has
been employed to provide a thermal actuating force in a micmrﬁiniaiure valve, The
microminiature vaive includes an actuator having radially spaced, layered spider legs, with
each leg having first and second layers of materials having substantially different coefficients
of thermal expansion. The legs include heating elements and are fixed at one end to ailow
radial compliance as selected heating of the legs causes flexure. Below the legs is a
semiconductor substrate having a vaive seat that defines a flow orifice. The actuator face is
aligned with the valve seat. Flexure of the legs displaces the actuator face relative to the valive
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2 ~seat, thereby controlling fluid flow through the flow orifice.

However, the design and operation of such a valve is subject to a conpl ex
group of thermal, nmechanical, and pneunatic constraints. Proportional
control of gas flow at a wide range of supply gas pressures (fromzero to
200 psi) and a w de range of flow rates (0.1-1000 standard cubic
centimeters per mnute (sccm) requires significant actuation force and
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We have discovered that such abrupt action occurs because the separation of the
actuator face from the seat allows the thermal conductance between the actuator face and
valve seat to decrease rapidly and this decreased conductance causes the actuator to warm
rapidly at an essentiaily constant input power. As a result, the vaive opens in a fashion that is
not easily controlled, as indicated by the nearly vertical slopes of the low flow rate portions of
curves A and A". In other words, the actuator will “snap” to an open position instead of moving
gradually. Similarly the valve can “snap” close when the actuator approaches the valve seat
from an open position. The effect is especially severe when the actuator face is constrained to
move in an ‘irrotational® fashion, that is, when the actuator face maintains a parallet
relationship with the valve seat while moving along an axis that is perpendicular to the vaive



3 seat, as taught in US Patent No. 5,069, 419. Accordingly, there is
a need for a thermally-actuated m croactuator, and in particular a
thermal | y-actuated m crom ni ature val ve, which efficiently produces a
control |l ed, gradual novenent throughout the entirety of a its range of

di spl acenent when operated in the condigi ons descri bed above.
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SUMMARY OF THE INVENTION

The present invention is directed to a microactuator having an asymmetﬁcé! thermal
actuator constructed to operate according to mode designated herein as asymmetrical
thermal actuation. An actuator face is displaced from a resting position to an actuated
pasition by the asymmetrical thermal actuator whersin the displacement is characterized as
having rotational movement, that is, movement of the actuator face while the actuator face
assumes an increasingly oblique angle with respect to its orientation at the resting position.
The contemplated rotational movement is distinguishable from irrotational movement which
may be considered to be movement aligned with a central perpendicular axis that extends
from the actuator face at its resting position. For the purposes of this description, such
irrotational movement will be considered to be substantially equivalent to the irrotational
movement observable in a thermally-actuated microactuator operated according to the prior



4 art wherein symetrical heating of the mcroactuator is provided.

A.m croactuator, and in particular a thermally-actuated m crom ni ature
valve for controlling the flow of a fluid, nay be constructed according to
the present invention to include an orifice nmenber fornmed in a seat
substrate havi ng opposed first and sec4ond maj or surfaces and a flow via
extending fromthe first major surface to the second nmajor surface, an
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in one particuiér!y preferred embodiment, the actuator displacement is entirely
rotational such that contact between the actuator face and the valve seat is maintained

throughout the displacement at a fulcrum point therebetween.

In ancther preferred embodiment, such displacement is exclusively rotational during an
initial phase and is combined with orthogonal movement during a subsequent phase. For the
purpeses of this description, “orthogonal” movement will be considered to describe movement
of the contemplated microactuator along an axis that extends perpendicularly from the plane
defined by the surface contact of the vaive seat and actuator face when the valve is closed.
Orthogonal movement may be considered to be substantially equivalent to irrotational
movement except that the abrupt, *snap” motion, described hereinabove with respect to the



5 wprior art, is reduced or elimnated. In yet another preferred
enbodi nent, the actuator may be selectively operated at certain tinmes to
provi de symretrical thermal actuation so as to effect inrrotational
novenent of the actuator face, and at other tinmes may be selectively
operated to provide asymetrical thernualg actuation so as to effect a
conbi nation of rotational and orthogonal novenment of the actuator face.
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The flexible support of one end of the legs is accomplished by a flexible suspension.
This suspension accomplishes a hinge-like suppdrt of one end of each leg. One preferred
embodiment of the flexible suspension is implemented by rings of circumferential slots. Either
the inner end proximal to the central body or the end distal from the central b_cdy may include
the flexible suspension. If the suspension is placed on the inner ends of the legs, the valve will
close when actuated; if placed on the outer ends, it will open.

In the normally-closed embodiment, the ends of the legs distal from the central body
are connected by the flexible suspension, and the proximal ends are rigidly connected to the
central body. When piaoed on the outer ends, the suspension accomplishes the further
purpose of minimizing loss from the hot legs to the ambient enviranment by both decreasing



6 the cross-section area and increasing the path |Iength through which heat
flow can occur. In one particularly preferred enbodi nent, the spider |egs
conprise four evenly-dstributed and radially extendi ng nenbers arranged in
an "x" configuration. The actuator nenber may be constructed
to include one or nore binetallic menbérs and is referred to as a "bi norph”
structure Each binetallic nenber thus conprises at |least two |ayers. First
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resistance C‘tlwhu:h is varied according to the position of the resistive filament on the actuator
member. Power applied to ail of the resistive elements will result in an asymmetrical heating,

thus causing asymmetrical thermal actuation.

In an altemative embodiment, the contemplated thermal asymmetry may be realized
by constructing the microactuator to include the actuator face on the botibm of the central
body and located at a position that is laterally offset with respect to the center of the central
flow orifice. As a result, when the valve is closed, the distribution of thermal resistances in the
thermal paths from the actuator member to the orifice member is asymmetric. Accordingly,
heat applied to the actuator member is therefore dissipated to a greater extent in one portion
of the orifice member in comparison to the remainder of the orifice member, thus causing the



7 actuator nenber to experience a substantially asymretric distribution of
heat. The actuator nenber is thereby subject to asymmetrical actuation as
if the distribution of applied heat had been applied asymetrically.

The factors to be considered in choosing materials for constructing the
act uat or nenber include coefficients of thernmal expansion, nelting points,
strengths, and ease of use in integrated circuit fabrication processes. In
t he pref er r ecuatabmdinhento experenceiarsubstantially asyoimetiesdistibytionaf heata tThe agtuatont e
menber, is gj |4 sl Kel [ET=TgTets have
a high streﬁ'lgmb,gﬂgﬂhe%hi s@@%‘?@%ﬁ@%&%ﬁ §?¢ﬁaetir3ﬁntgﬁffet§%gﬁgﬁ\§ﬁf?ogﬁnbg a reagl’s’%&/nabl y
hi gh nel t i nhegroepplied Nisyigietricallyes wel | agai nst these paraneters, and is
anenabl e to fabrication by both plating and deposition. The

cont enpl at ed val Vhel factapt fonbez emhsitiened dt chucsing rhaterals fon construgting fthes iackuator

Tore rel i anMAEHEcdsiaReR SEHefta SRAoR, rRliRg Riftay sengtd fnd Shskirs ol oo
pressure coirnintegratediraudt fatmicatioo processesa | In the prefersadrembodichentc the fikt layen dosdst

o 2L R ek T g e B B ko |

gr aphi cal represe wrate neasure prior art ]
act uat ed mi bawsa hightstrengtiv ai high doafficient obtheamal expansion.:and @ regsenabsthighy meling

B

of the displacenent calc prior a ermal | 'y-actuate
m cr omi ni at giaing and/depositioresponse to power applied to the binetallic heating
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t he present . vgg%' . 'gﬁ;f ' ?ééﬁgl ' | eg
portion of th e ‘ac Ha b?u%ﬁﬁg“remci)ﬁht 3 %élgr%'?ﬁ %{%tetﬁ e valleéarao !Mlbz‘?\ggﬂ?e A

Fi gure 3C i snughdiigher pedermancs interg of flowhandnpressure edndroly inecompagoro® valNgsr e 3A
during or Q:Bﬁ%c@ﬂ%@w&nﬁr&w}aﬁf t he actuator nmenber.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a graphical representation of the flow rate measured in a prior art thermally-
actuated microminiature vaive in response to a voitage applied to the bimetallic heating
section.

Figure 2 is a graphical representation of the dispiacement calculated for a prior art
thermally-actuated microminiature vaive in response to power applied to the bimetallic heating
section.

Figure 3A is a side sectional view of a microminiature vaive having a flow orifice and a
valve seat constructed in accordance with the present invention.

Figure 3B is a detailed plan view of a leg portion of the actuator member of the
microminiature valve of Figure 3A.

Figure 3C is a side sectional view of the microminiature valve of Figure 3A during or
after opening movement of the actuator member.



8 X Figure 30 is a sinplified plan view of an alternative enbodi nent

of the actuator nenber of the mcrom niature val ve of Figure 3A

Fi gures 4A-4E are side sectional views of the microm niature val ve of
Figure 3A during rotational novenment of the actuator face. Figure 5
Is a sinprified side sectional view of alternative enbodi nent of the

m crom ni ature val ve of Figure 3A Al LED DESCRI PTI ON OF THE | NVENTI ON

Wier eas the fol lRgiré 3DdRSE Simplifie@ ptdrt vieW 'of GhEdteinative SBddimert WA Y adtiatére
formof a mcré)%nﬁﬂature valve, i ntenpl ated that the teachings of

m vl of Baie
the present™fH R MERRTIatyrE Value,PiFiewe 3 i n ot her types of thermally
actuat ed devices_that operate at an el evated tenperature. This .
characteri zat i orﬁ%’f“d@v‘?%ifg sige sertional viewsef thesmicspriniaturg valve of Rigysp a4 during
I ncl ude t hagtatibdainovdRém bethe Bctiirer meaver si on of an applied power into an
actuation fore for noving a novabl e nenber, wherein the conversion benefits

from conservati @upd sl 8% @Sﬁbdoéidé B&HbAE ViR of B 'afl¥m telﬁﬂ?:\ﬁin%rgi S elen the

course of the conversion. npl es are m croact uators at are driven by.
forces devdnisieainiatirevalye st EigeredA. gas or |iqui d expansionl contraction, gas
or liquid phase change, or according to changes in bi-norph, bi- netailic,
or shape-nenory material s. Accordingly, the present invention wll
find use in a variety of mcroactuators that nay be enployed to operate
upon a mecHETAILED DESCRIPTIONORTHEINVENTIQNON a physi cal phenonena, such as
the flow of fluids (including gases and liquids), electrical and electronic

paranmeters (suclWheresnihacholowirgedeseipion ié dirdctid, toad thiotGdctuats? i Giee fokth alf)a

G 17 act | orfeRRRRRfEYab G RmtemRsted et it ieaings o 1 basuRiePlor iy e

S o R iec S bbb b Pl e B

preferably iocuds thoss that eperate en tecconversiom o anedppliedoiosae itd ansdutuation fonee fomsi ¢

ormon! y- asae gt damS il B EhBleriin asty i o R Sndifor otation o

comonl y- aste gtheanal). epergyathehmay, 838, i 3the t couBar stthet canversionhe Extirspiésoare es  of
microactuators that are driven by forces developed in a process of gas or liquid
expansion/contraction, gas or liquid phase change, or according to changes in bi-morph, bi-
metallic, or shape-memory materials.

Accordingly, the present invention will find use in a variety of microactuators that may
be employed to operate upon a mechanicat device or system, or upon a physical phenomena,
such as the flow of fluids (including gases and liquids), electrical and electronic parameters
(such as capacitance, current flow, and voltage potential), acoustical and optical parameters
(such as reflection, absorption, or diffraction) and simple dimensional parameters (such as
acceleration, prassure, length, depth, and so on).

As Hlustrated in Figures 3A-3C, a preferred embodiment of a thermally-actuated
microactuator may be constructed in the form of a microminiature valve 10. The valve 10 s
preferably constructed to operate in a normally-ciosed fashion. The basic structure of the
valve 10 may be understood with reference to commonly-assigned U.S. Pat. No. 5,058,856 to
Gordon et al. and commanly-assigned U.S. Patent 5,333,831 to Barth et al., the disclosures of



9 which are incorporated herein by reference. The special construction of
the valve 10 in accordance with the teachings of the present invention wll
now be descri bed. Wth reference to Figure 3A, the valve 10 is
shown as including a seat substrate 12, which acts as a base, and an upper
substrate 18. A central flow via 14 is fgormed through the seat substrate
12. Supported atop the seat substrate 12 in the upper substrate 18 are a
fixed peri phhicly aleﬂmuqboaedahﬁruatbqrreﬁmmber maspaam cortdtructioarof rimaiasive 2 in

i ncl udes a uat lic layer 20.
heati ng el e%r%ﬁ{c{?ﬁéﬁgﬂg@eon re Jp%&e%raﬁﬁb%eg ﬁ'bwﬁégg E‘égeﬂ:gé@ and flexible
suspensi on 38. t ua ted, a

integral, ther na‘i‘ﬁ“}'eé‘?'ﬂﬁéﬁ°§f9t‘{?a%'§v % %ﬂﬁl Mﬁ 'ﬁ’@"éﬂ? e Stﬁ&ate 12,

bi metal | i c which actsas #basepandsan uppemﬁktstsas Theemrﬁm:wdn«mmbdﬂwuéhme

o both por SRR BiReoiRPa e stetsiha 2 R R e Hpgralr 1o AR 2 B | .
Pr ef er abl y, periphedyet 7i dntd astacsated membe220eTHe, actuatdr membem indlhdesa dehtpai lBbsget aI
por 1 on wi t 1 A8 o] Senbh e 1, hOlAE [’ 2, el oo™, & 5, ortpomeie '
silicon. opposing [&gs 261 2Ve asd flexibesuspshsion3Bel | ayers have roughl y triangul ar
openi ngs 24 that define an array of spider |legs 26, 27. In operation, upon

?Feni ng. ?f t he vllk'.\/et;tug;a:sn'!eﬂ'tb'b er 22 Wd@ﬁwéﬁ g :ﬂﬁ@'ﬁl{, Iﬂgﬁmiﬂ’y—dﬁvdn Talﬂx&tﬂgg tzge
OW Of i |c I or _exanpl.e

is rigidly conne@ﬁg n gﬁgmg’%%ﬁﬁnfvlﬁ?m?ﬁe{? t"i%‘begne&'gqe

act uat or ne#stibi-a@taliighare notigni2a to héir corvientibeal sansaefqo exdmpie; opa ot mu: p:irtmm c keI
whi ch acts I Con urr h the
heating el eﬁ@?ﬁ?éﬁ%g&%% kgs %&P@@@aﬁ H%"W%‘!F@ﬁ' ?’f hgﬁ'ag%hﬁe@?g

t he si | i conembetimentk ohe | prtion swithia thenbilraetalpmednierl isthe Mfatallcy IayEt aai fbrmed
paths to an S on
the sili con&leayer &Ep?%g’gwgﬁﬁﬁwﬁ'ﬁﬂ‘iﬁ S{Q }r?%g%ﬁ%r@l %O%%%ﬁay be
sel ect i vel yformed ofailison. The upper surface of the valve 10 |ncI udes

appropriate conductive pads and drive circuitry, not shown, to channel a
current to one dBathdhensilicbn tha nilesth tayery m#el‘mwlﬁhﬁﬁgula’i&pemngs 24 that'El%ﬁnsaat

substrate 12".%;51” |I| rifice c i ch h n_f | cat ed
froma wafer usi n% %Ef%%%h proc S l%ggrg?g%openwghg%%eapasr MQ{'

f or med thro@@mtﬂgh&:aedtthrsmsmeﬂnvmriﬁﬁﬂdhenﬁedm\kvl a" is used herein to
describe a fine through-hole in a

For example, each leg 26 and 27 is rigidly connected at a radiaily inward end to the
central body of the actuator member 22. Each leg 26, 27 includes a serpentine pattem of
nickel which acts as a heating element 32, 33. Conduction of a current through the heating
elements generates localized heating which then conducts through the silicon and nickel
layers that make up the legs 26, 27. Electrical paths to and from each heating element are
serpentine metal depasitions on the sifican layer 18, arranged such that the heating elements
32, 33 may be selectively activated. The upper surface of the valve 10 includes appropriate
conductive pads and drive circuitry, not shown, to channel a current to one or both of the
heating elements 32, 33.

The seat substrate 12 is preferably a silicon orifice chip which has been fabricated
from a wafer using batch processing steps . The central flow via 14 is formed through the
seat substrate 12. (The term “via® is used herein to describe a fine through-hole in a



10 fabricated |layer.) The valve seat 16 in the seat substrate 12 is
defined by a raised annular wall structure preferably in the formof a
hol | ow, truncated pyram d. For the purposes of this description, the term
"annular” is nmeant to include polygonal as well as circular or conical
formati ons. The annular wall structure ggcludes an orifice circunscribed by
the valve seat 16. The actuator face 11 is seated agai nst the valve seat 16
when the ceatricated ky8s) Thb&aive séat 16 inehaisatsubstste 12 Briefinbddy airalsdd arhulaineall al ve

seat 16 may_be varied, but is chqgsen. .to be sufficientl | d a val ve
seat is notSHGURLRERRPY B the Lm 'b"“ﬂ‘ﬁb‘tﬁ)“q‘@ a&y?ﬁ@on%éme g@%@%ﬁ’;pﬁe

vzﬁl ve Sﬁat deScrptidn| the terat MTnﬂar‘ fsameant 1o inldude palygonahasweil af ciccalar bit éini:ﬁ!g\
shows the. nj m niAature v 10 10 cl osed ¢ LLi i ' 0SS
13 abut o ¢ NEUAIPE e s el Skarn et 87 s TRt rENRRG shetien 35
Wth no poviehe acpatdrdate tilieseated againstibe vali® seah 18 when the centrat boss TiBdsinvhen 14
and cont act v td S . he
net al ,depos%ﬁi?%?ﬁ%%e@rﬁ@@ﬁi%@w v@éﬁ@'\gu% '%é%%&%%m t he
respecti ve wiggt eValveseahis ngbsusce ta éactuting dpos sepedted|chntgctihebyaen val ve
sealto 16, th,{g\,g L 6{&4 gaSad QM 4417 ough the orifice 14. The

circunferen |z§%swo sdrz}ﬁ?ow% e spider legs to arch, thereby causing

di spl acenent of act ua ce ll.relative tot e ..and flow
or i T1 ce 14, Wt nil FRSPRHCEy B o5 Bat lecmidtamigiste®, Vot 107t SCoS barkhel
boss 13 wi | whichothe bbssots dblats theovaivalskat 16itwsredent Gow intathe dbid RbvEorifies 14 0Nitinee open
posi tion of i F' |: 85}“%["@% 71s
associ at ed e'i:v%ﬁ?agaﬁutpggﬁtflﬁeﬁ ;?f %Een fﬁﬁﬁ a’ne 4§g§|§§newﬂ

t hr ough bot 16, tpmveptirg gasrflowa anatal i in@lenten Berve
L1 S 101 5yl 3kl f o 6057 il TS clvel Tk i 211 07
of the Iegsaromt e silicon layer radialTy beyond ?ﬁe egs. %hus, ess
power is neth@saiveseattf, dhus permitiog gas! floke throughi the odficet e Thacgrcumfsertiabisigts t he
ci rcunt er engy ' TR '- of
ot e e e o e
boundari es vaiye s @ SUSRENSIY »act
upon 1 el axaieQes T5iviflrive i 1 Rihal) i obiiradiac BRXS el dpbi pbdch L on

to rotational flexibility, so that the tendency of the legs 26, 27 to pull
I nwar dl y as%@?- arch can be accommopdat ed. As particularly shown

in Figure 3C, when the actuator nember 22 is evenly heated, the difference
in coefficients ofAst shawmain EiGoadBi sacholegt 26 ard 127 do rassaeintad, with jac pluraliity 0fs e s

the legs 2@ ?éﬁﬁa?%&’aa' Jnﬁ{ﬁ%'?&nfeﬁ%w@éﬁﬁbcwmia%ﬂi@& layer A8 ahé BieAick@Playeét"

away fromthe valve seat 16. en L
20. The slots serve three roles. Firstly, the slots provide a large degree of thermal isolation of
the fegs from the silicon layer radially beyond the legs. Thus, less power is needed to achieve
a desired deflection of the legs. Secondly, the circumferential siots 38 and 40 provide flexibility
at the boundaries of the legs. The flexibility accommodates the movement experienced at
these boundaries as the legs expand and arch during heating cycles and contract upon
retaxation. Thirdly, the slots provide lateral flexibility in addition to rotational flexibility, so that

the tendency of the legs 26, 27 to pull inwardly as they arch can be accommodated.

As particularly shown in Figure 3C, when the actuator member 22 is evenly heated,
the difference in coefficients of thermal expansion of the silicon and the nickel causes the legs
20, 22 to arch, liting the boss 18 in an irrotational motion away from the valve seat 16. When



the boss 18 is spaced apart fromthe seat substrate 12, the flowvia 14 is
in fluid comuni cation with a surrounding volunme 24. In turn, this vol une
24 is in fluid comunication with an apparatus to or fromwhich flowis to
be regul ated by the mcrom niature valve 10. (Alternatively, there may be
actuation by nmeans other than arching Iegﬁi) The val ve seat 28 includes a
bearing surface 32 agai nst which the boss 18 is seated when the boss is in

the closed @@shidsOre |s spaced apaft! Rérh NHe Yeat Qxﬁhsﬂ%ﬁrﬁ“tﬁé%w ﬁaVﬁd ;éemlﬁhi@ccur S
upon cooling of the legs 26 and 27, via heat flow out hr oug

suspensi on pRigatiop h‘@!‘"bé‘aﬁ“"ﬁ‘?&ﬁg'ﬂﬂ afolumep 247 dn durpsithig, @ﬁ@@dzﬁf‘st‘ﬁeﬂ%l ve

is largely gah@UuntRRE Wih laReaddanitii ko raasrionpfwmdheﬂa@twaa e PeRjtifabdd By tAed t he
t hermal resistance of the

e the mc ni at ure
Valve 1 O § S ST EBERIVANS 10 AR herp may be RS b gheati oot MR @G o
i nvention i egeq)tmewvbedattzo ifdhide@ i bRBrinYYsuNBed R Afaint WhitiNBhe|bRES 18 SQbated
exanple, a s e tha connects the central boss 13 to the fixed
peri phery 1'9‘ @' %ﬂ?t‘é BEORRARASHIS) as a solid circul ar di aphragm whi ch is
selectively deflected to regulate fluid flow between the flow via 14 and
the surroundi ng ssing:sf Ha microminiature ygive: 10qccurryeen sroling Fthe Ipgs PAnd27;via nay

be ConStrUchﬁiﬁéﬁo&ﬂ%ﬁ%ﬁ{w/eHmémnrﬂrﬂim&b%%&ﬁté'mememﬁsw?&ﬁéﬁ&%én a

simlar manner as the a e-descri bed enbodi nent Pl ace ttge

ci r cunf er entRi%® isdargely dgtenpined by the thesnalmass of §°’2‘6t°"2"? themmat | e

di stal ends reist4m68 of the sadpensié®r face 11 to be di spl aced dovvnwardl y to seal
the val ve seat 16 upon thermal actuation. As illustrated in FIG

3D, nodificati On%ﬁ&mb%&ﬁﬁﬂﬁWammes&%e? B¢ Indlt@ing?n Arf o 18926 and 27

particularly preferred configuration havin our d| anetrijcal Ly opposed | egs
provi ded i n¥igrPresent ypatiop i a4 ipted Y actyatir by mepo oLATNIRG l98s-nEffEAMPispa
P9t LeTpovileq et S

i ncl udes Opwsdae&%néé@mele%ﬂlmtémmhag‘ﬂ
132, 133 and slots 138 A’?{gl ral of legs is possi bl e al t rnative t@et he

radial |y ex@8APoNgcircuigs diaphragm which iRelectveiysiafiected t°rFﬁ§)‘“ﬂS%ﬂ‘él fow hefveen eo i ¢

t he downwar ﬂWVﬁﬂﬂ@ﬁdlﬁH}sdﬁeﬁﬁd‘ﬁg&ommau Turning now to Figures 4A- 4E,
the the valve 10 nay be understood to operate in a novel fashion to

m nimze or eliNkpghé EJﬂSo&&Eﬁtcéf Pk vahRARG iy BEcoRStnRRY NIl hérivall-SiRh
actuation. In the preferred di nrent, valve 10 enpl oys a generall
symet ri cal ”H%’PWH’!W%’?'V%M‘P@% mlass'@'lﬁbmﬂﬂe'ﬁ% t?qﬁfﬁ'z/e"For an
actuator Wi tPfackRidht bfthe TirPFERhiMl SioBSit the inner ends of legs 26, 27 in lieu of at the distal
ends allows the actuator face 11 to be displaced downwardly to seal the vaive seat 16 upon
thermal actuation.

As fllustrated in FIG. 3D, modifications to the actuator member 22 include at least
one particularly preferred configuration having four diametricaily opposed legs provided in an
“X* configuration. The altemative actuator member 122 includes opposing legs 126, 127
having respective embedded heating slements 132, 133 and slots 138, A spiral of legs is a
possible altermnative to the radially extending legs. In some applications, it may be desirable to
omit the downwardly-depending boss 13.

Tumning now to Figures 4A- 4E, the the vaive 10 may be understood to operate in a
novel fashion to minimize or eliminate the effect of “snap” by way of asymmetrical thermal
actuation. In the preferred embodiment, valve 10 emplays a generally symmetrical actuator
structure but is subject to asymmetric heating. For an actuator with four leg suspensions as



12 shown in Figures 3A-3D, a portion of the actuator is selectively heated
(e.g., a pair of adjacent legs 26) while the remai nder of the actuator is
not actively heated. (A variation of this design would enpl oy unequal
resistors on the legs 26, 27). The preferred enbodi nent nmaxi m zes the
rotational displacenment by ensuring that, an edge of the valve 16 seat acts
as a fulcrumwi th respect to the rotati'gn of the actuator face 11. A series

of tCL 0SS- f%hﬁﬂ#ig&é@w}-w&t p%h![éwgﬂﬁe s&ta@a:&r.@m&ﬁ@weawae(e @qwa:reﬂed;ﬁm{ eCZ -
as e valve opens IS | ustrate 1 0 om €S 0
I'n Figure 903 153 Whilg wammqegﬂftth%m@ordﬁ T (%P&E?‘géy Shis design
unheat ed. Tmm& 8floy ﬁneqazl radiflor§ Oh BRV6gs I8, 2P). SERD réfé@éﬁ érhisodirent ahaxirfiiges

t uat 48, the |ef t uat nb 22
's unhoat ede ﬁ@avqr@hvssm@@arfbv?q‘#éfmt%@aidaéa%e e 18 s aES 30 2 TiEARoy Lo

a tenperat U\M&\ %ﬁe&%r hu{eh'aﬁl ]gxédﬂieftﬁeugtgﬂbr heémﬂaAué@eso&meh sbletfohalidédﬂngs‘ the
act uat or er e le e are concave .u e,val ve renai ns
cl osed. s owing ﬁ"ﬁ El&‘ ?"Fﬁ?"?@f?ﬂgﬁ a%ﬁ‘zﬁ %&é)l? i eat ed
and the ri g@bg@gg@qﬁma@nuamRomnber 22 i s heated addltlonally. The boss
I's thereby subject to lifting fromthe valve seat, wth left edge of valve

seat acting as anhgh&wme:eﬁandnghtsu&é%oﬂﬁ%ﬁatﬁaneﬁwbazzwmmemstew
right side of the actuator nmenber 22 contl nues to |@crease the tenperature

of the left %@é%@%‘ﬁ%%ﬁ%ﬁ%#’%@ se but lags the
tenperature increase experienced by the ri ght ‘si de of the actuator nenber

22. Boss 13 begi'nFiguse #B;the lefirsidegf actuatenmember 23 is ynaeated: tha Jiohtyigs of b)) e
still pr esea&uatcr membef Zzhi‘acﬁvb iy HiedtediTo a RiMperatire (ghdatdrefidn the Aeltralidinpisaties Of

t he actuat or ave ex erlenced substantlal t enperature | oy ease;
t he boss 13°ﬁt§eﬁﬂ ?‘%%%P%ﬁﬂ’p"f‘?'ﬁ?ﬂ‘tzﬁe@%ﬁ Wﬂ‘?r:’gé‘?at B e i‘%gl e
has decr easgpéhdins digadl v zero. The Ioss of heat from the actuator
menber 22, and its effect on the relationship between the terrperatures of

a heated and an &&h% I et 'GR06 &%e&ﬂ%@&ﬁ?&rﬂﬁﬂ n@%nﬁé&édoﬂﬁd the/¥ight BiWMf i N

Fi gure 4A, at |OV\BI’ an roomtenperature

25[err] O, ower Z’P ptgl I ed
to the val fetuatgr member 32is hegted additionally , Hhe besstiy) "H@V e
power s SUQRad gkt AR lefb&ige ofvdiatei Bl & a fukthad.i onal di spl acenent the

actuator face 11 remains in contact wwth the valve seat 16 and al | egs

experience equal mt#w&’b, the B iPeratlfetot te Hohbsdh d'ife deblattHnmuEP 2B Béntinues to
increase; the temperature of the left side of actuator member 22 begins to increase but lags
the temperature increase experienced by the right side of the actuator member 22. Boss 13
begins to [ift off vaive seat 16, with some rotational angle still present. SR

In Figure 4E, both of the left and right sides of the actuator member 22 have
experienced a substantiai temperature increase; the boss 13 is fully displaced from the seat
18, and the rotationat angle has decreased to nearly zero.

The loss of heat from the actuator member 22, and its effect on the reiationship
between the temperatures of a heated and an unheated leg, may be understood as follows.
As shown in Figure 4A, at iower than room temperature (25°C), no power is applied to the
valve 10. The legs 26, 27 are subject to the same temperature. As power is supplied and
before the onset of rotational displacement, the actuator face 11 remains in contact with the
valve seat 16 and all légs experience equal thermal resiétances between the actuator member



13 22.and the seat substrate 12. The ratio of tenperature between a heated
and unheated leg is usually a constant. When heated | egs achi eve a
sufficient tenperature, the boss 13 starts to rotate. Upon separation from
the val ve seat by the boss 13, the heated | egs each experience an increased
thermal resistance in the path between the heated | eg and the val ve seat
The heated | egs then begin to experienceldn increased flow of heat via a
path through sfifine sediSiHR4te Qﬂdﬁéﬁﬁwlﬁﬁﬁéﬂuﬂa%@&uﬂ_ Bfestd bd GHebRl 1&fis t Ne
tenperatures of the heated and unheated 1egs then declines. (However, each
heated | eg Bl #E@SAD be subject to a higher tenperature than any
unheated |leg, and therefore the desired rotational displacenent continues.)

Wth sustained pdken kestad legs schiavaea midfigient derapesaturg: hediese 8 stastst todatateys,
the unheat eg rﬁgeﬁa‘?ifﬁﬁrfrgws VSIQQE R4y Shd Bodd ﬁeﬂ%ét&qéég?éh éﬁgﬁéﬂcom act

unheat ed Iegs egin to us causing the boss t0

wi th the vaingeasedthema mseﬁm:ﬁlfmgwetmﬂpb?m thecegtedded and the, valve ﬂ#état'fbel | eg
to the UnheﬁéﬁéH iegemt pﬁ th leRpGriede Af'RicRAsHUPANV of FEP@E 2 Fatth HroRH

rotati onal o continue. Continued application of Bower can in

sone appl i CE‘F gg and dhes unhegted  jegre Jhe fiffesential,of; the termesratures  of e hastad andnt | |
fully defl eﬁﬁ!ﬁﬂtedﬁ@ﬁl‘(ﬁfdecliﬁes' BHoWRvES ¥8ch Heafild 1P SdntimiaR td BbuLREE 1o £HigHere 2

range of actuator novenent that does not necessitate the Unheated
leg to |ift'efinerature " than a“ﬁ'ﬁ’@hﬁiﬁq iRgmand fperetery the desied ratationa) dispiscemente
heated and &mnw)ew,mckuls@madl mlmsaéaﬁagmmrammhbﬁd BEethkess

than 30 degrees G ven such t enper at.ur er enc | fferental
anneal i ng o'f“e}ﬁ??dl e ?W@Wl%@rye?@?ﬁ?ptﬁ& "ﬂc’ém '}1 feﬁﬁ ﬁfator
const ruct eddmn;t?wgaﬁsmfgthe HRES 3¢ isel ﬂww&wmsmwvemt G‘detrerﬁaminfg
experience fhe effects.of .a nnetrlc t her ore
the mcr oachﬁﬁeamr?sg m@%&@?@%%@ﬁ ‘3?5 3;;'%8?@? °{D)gﬁ
repeat ed opeveaibenp?2 forces m&myﬂbﬁamlsplabeméﬁtaé edntinte. aCortinoed appﬁcatnb@dpmt 200
of the valve, wherein t conte t he I as nmet.ry, d by
const ructi e pelahis fdnneted 5w lomEre, huedivranie, ko 1
on t he bott deflestedt lhlewemnlitlalbelind;/mhuhostbpmcamsmm & inarigeict ad:taﬂtetrtaéthyar
offset with he va 6. As a result, when
t he val ve 2 %%gﬁ%%%éﬁg?%"%%h%&?BWEM?QS%P*r esi stances in the
thermal paths frgmthe actuator er ot eat tr S,
asymmetric. A sub® GAemgmt WE%MM% ﬁ%d?ﬂig% a‘éﬁﬁ‘ e%'"t he
act uat or nemrost apglicationdi is Sprfatably made igiscthbnr3cdégreds Cn Ghenpsuchi ansmidll t he
temperature difference, differential annealing of the legs is uniikely to happen. Accordingly, a
microactuator constructed according to the present invention is not expected to éxpe‘ﬁence
the effects of aging in an asymmetrical fashion, and therefore the microactuator is not
expected to become unbalanced after periods of repeated operation.

Figure 5 illustrates an altemative embodiment 200 of the valve, wherein the
contempiated thermal asymmetry may be realized by constructing the valvé 200 to include
boss 13 having the actuator face 11 on the bottom of the central body but at a position that
is laterally offset with respect to the center of the valve seat 16. As a result, when the vaive
200 is closed, the distribution of thermal resistancas in the thermai paths from the actuator
member 22 to the seat substrate 12 is asymmetric. A substantially symmetric distribution of -
heat applied to the actuator member 22 is dissipated to a greater extent in one portion of the



14- seat substrate 12 in conparison to the renmainder of the seat substrate
12, thus causing the actuator nenber 22 to experience a substantially
asynmetric distribution of heat. The actuator nmenber 22 is thereby subject
to asymmetrical actuation as if the distribution of applied heat had been
appl ed asymetrically. One intendgd application of the mcromniature
val ve 10 is gas chronmat ography. The valve 10 may be used in an application

to control d3a sub@itd O Bmpar¥hn tdthe refibiridal SGhd fat ERiRE D! thed cabstig the
chromat ograph. A flow sensor may be included to neasure flow and _provide a

f eedback t o astugtor megiber 32 fosxparisica a,substantially asymreetig distebutign of heab, The, o

desired anmpugfuatdr Riefibel 2018 tepdbyisOilect to asgmirRirikal dehiatiettasin H didthigioslop et er
of approxi mately 200 mcromat&ds was f%Plrd to control supply pressures of

up to 200 p&Priigd heabhidbeen apgled gpymmelically or s/ ni nute. By appl ying an
appropriate control signal to the valve, it may be caused to a controllable

amount of di splnecirtendedapplicalionefthamisrominiaturesmive 0 ikgas chromatasp hMa'B'leons
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invention mnimzes or elim na fred t errra "snap observed in
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The present gedidd fe88bdeR T SERAcAMDnkrdl theValé! 18/t9 Bdjdt gaPi tod RsirdParh&tint! N a n

actuator nenber via the construction of the m croactuator to | ncl ude:

a)
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]Ehe bi met al lwez fsﬁﬁdttﬁbbﬁtﬁ:l sz{bbly%l‘bsﬁ&fﬂ&ﬁigrtb e?d) sfiaiﬂw:tafes;afﬁmtmmmémans

or causing as ri c heatin e, bi e ic structur or .c
asymetric tﬁaw |a€°§P'F°BE§t%E@t’8'r %‘Qé’iﬁﬁ?&er\tﬂ‘ % ?‘i.h?ﬁj means
for heating drﬁUﬁnMﬂ"ﬁpﬁcémﬁnt%fMHQ&Uﬁerfa@&%ﬁHeﬁnahdwmm’brﬁs.c devn ce
structure offers the advantage that the thernally-actuated device will not

open when chi l in%ncl&ii&h %Qﬂ&ﬁﬁﬂﬂa?&r%gn%&éﬁ&o?&mé Pred¥n® értion Fritimizeonal

openi ng only whe he act uat or powered. The rotational nption is

al so i ntende¥ el“ﬁ'"éﬁ-ﬁ@?%“ﬂﬁ’ﬁﬁ@ﬁéﬂﬂmﬂf S'Fﬁeﬂhiét"e‘&t"tﬁ‘e Aetuation of 8 cenvantioal
wel | -contr 0'&%3&%5&65&! RitrothinidBredevies. Tﬁéb‘ré&lﬁ?mé‘{hoﬁ B@ﬂa‘ﬁﬂaﬁ!’ tHa ﬁl@héiﬁl

presented with a very gh opposing force from e, %
previ ousl y rﬂff‘éatma‘r@t@amaqmwbwa&e @H@W’r%ﬁ‘?k’&f’%‘a B® val ve. 10
was to m ni nhdederasd Sfnhétac Bifvetalio $@lcturéiaMEMesns forcaubing asypRmthiERdatinglescr i bed

o provi de. 166 HTeGAIG suirtuts; B ahammmatie siaealc Hes a?@aeq% Sraubinge t | on
proxi mat e t casyienettit! Heatinged theldimethllid'&thictutd @r ¢) an asymmetric bsmetalhc structure or an
asymmetric actuator member and means for heating the bimetallic structure. Generally, a
symmetric device structure offers the advantage that the thermally-actuated device will not
open when chilled; the contemplated thermal asymmetry promotes rotational opening only
" when the actuator member is powered. The rotational motion is also intended to enable
movement of the actuator member to achieve a well-controlled succession of very small
incremental changes even while presented with a very high opposing force from, e.g., d
supply gas.

As previously noted, one goal in the design of the thermally actuated valve 10 was to
minimize wasted thermal power., However, in the embodiments described herein, the
asymmetrical thermal actuation may be advantageously employed to provide rotational
displacement of the actuator face 11 to a position proximate to the valve seat 16 without the



application of the high power that would otherwi se be required in a
therially-actuated val ve constructed according to the prior art. As a
result, the power consunption to achieve a given displacenent of the boss
13 at a given tenperature of the |egs 26,27 is reduced. Modi fi cati ons
in the structure of the disclosed enbodiyents may be effected by use of
differing patterns in the etch-resistant coatings. Furthernore, while the
di scl osed erdppiibatigméfthehigh mmmmm&m&:mmmmm alvebei ng
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met al or naoémﬁudMats:«rﬂmpmemmpwéMoﬁ lmvsmderbgescnhedeastbemdtbm framy; or a
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expansi on, W {Onaye d | ayered
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actuator face I rUﬁ’éikv%g!;[nﬁ ??téf’é ‘h second di spl aced p%5| tion.

2. The micromededt or of claim1l mhereln sai d Iayered regions are '
distributed asymetrically with respect to said central body. 3. The
m croactuator of claim1 wherein said | ayered regi ons are binorphic,
radially extending | egs arranged in opposing pairs and wherein said heating
means further conprises neans for heating sel ected adj acent ones of said

| egs. 4. A micromniature valve for controlling the flow of a fluid
conpri si ng: a seat substrate (12) -having a flow orifice (14) defined

t heret hrough, a flexural nenber (22)



coupled to said seat substrate to selectively block said flow orifice, said
fl exural nenber having an actuator face (11) ra bﬁm‘ 13) I n

I t th d fl f 14 dh spaced,

?a;/gprergnr e\év: onss?l26 2(7)\)N g;ltehg?né f%o?nn a| Svégﬁmm‘mm s *L O g

h I t d d | 13, 20 sal ayered regions
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Bact 6 Of HRinPL g
expansi on aQ{/mﬁ@i al @,rr e'&@tg'sﬁa%er(t bo econ said | ayered
regi ons opposi keg aotuRHer Bediaih A i égﬂiﬁgla)é glx‘né ﬂrc rad am 6. The
val ve of Ghfinding !éﬂ@ %Frﬁhéédslﬁbgpotsﬁﬁ ‘Bée n@‘%ﬂ'}e ﬁeatl e@ﬁéafu
asymet 1 i Gaddn¥ foMeRtingesel vaI ve of
claim4 whereig, m&&m&n&%m%&am ;.?1 th @ra fa'dsm REhG: r ad' al l'y
ext endi ng | eqSeatyistidle () Raviny] £dwPsHlicé(18) Adrinad HHetbt rBuéEEH‘ﬂ ke @6& (
wher ei N S alotplad Rl daRseZP slibatratt ¢ Mécwéw dk3aid fidwdrifice, Shid
adj acent %ea%ttﬂior%b 11)0% centrai Body!(18) i Alightent with Siddiv |4) afdh t ' ng
nmeans (32, pi@ality ¢ bﬂﬁ C fayé@d régi Q Aldxidndi ?r%ryaﬁl CARFAITolyY B13Y 1o UP
sel ect ed RRFipREPATedidn, %At Gnd ?ééSﬁ yér@@l'soib) of saiPlaydra§ réiink §28) R7PhaAANE 8
further cQiBstamtiaNJdifEr8ACCoLMciBAS bV RbithabHIpBRSISH aRd RSt nisahs (srzess)%ﬁérm%uy
heating el@0Bed fo safi ayerédregidhs (28, 2t asyfinbtriad AfbrmaASLRTRB Sfald I4yardd T8
act uati on rediors(26, 273 ¥¢ Hifferehfd eQansions &Qand?l‘&‘a?{@éééﬁn@fa{fﬂsmmﬂ) WiRreth Bajd
val ve seatfiekih§ a8 rdtatioHalciipldcathert @fiyaid dchlatariicd @1 Hemtive/toRbkiTRiv dific?(14 0" €€
sufficient tos qAgvEVESHHIEIIY fuldr chRFtsing!stSpeRsibh %aﬁ@@hm? §@prting isdid
asymret ri Gaje s:oﬁﬁ TN AF s céhtRAy BRY SEIPpSripharal rdifidnBhidaslspandign Of said
| ayered regé«mehalindsiotd (38, 40) aligned to accommodate rotational motion and thermal expansion
of said layered regions (26, 27), second ends of said layered regions opposite to said
suspension means being rigidly fixed.
8. The valve of claim 4 wherein said layered regions (26, 27) are distributed
asymmetrically with respect to said central body (13).
7. The valve of claim 4 wherein said layered regions (26, 27) are bimorphic, radially -
extending legs, and wherein said legs are arranged in opposing pairs and wherein said heating
means further comprises means for heating selected adjacent ones of said legs.
8. The valve of claim 4 wherein said heating means (32, 33) includes resistive heating
elements operatively coupled to selected portions of said layered region.
9. The valve of claim 8 further comprising means to activate selected ones of said resistive
heating elements so as to obtain, when activated, asymmetrical thermal actuation of said
layered region.
10. The valve of claim 4 wherein a valve seat (16) and said central body (13) are 1aterally
offset to a degree sufficient to cause asymmetrical heat dissipation and wherein said
asymmetrical heat dissipation causes asymmetrical thermal actuation of said layered regions
(26, 27).



