1 27 April 2005 5 THERMAL GENERATI ON OF DROPLETS FOR AERCSOL Techni cal
Field This invention relates to the generation of liquid droplets that are
suitably sized for entrainnent in aerosols. Background and Summary of the
I nvention 10 The ongoi ng advances in pedicine and bi otechnol ogy are
providing many effective and prom sing systenic therapi ¥/ Apat2@®al | for
the delivery of biological and chem cal substances (such as pepti des,
proteins, and small nolecules) to the patient's bloodstream There are
vari ous probl ens associated with getting certain substances to the

bl oodstream by conventional delivery nmeans, such as transdernmal and oral.
For 15 instance, oral delivery of therapeutic proteins does not work
because the proteins are digested before they have an opportunity to reach
t he bl oodstream Thus, for this and other reasons, it is best to deliver
such substances to the bl oodstream by as direct a route as possible. An

aerosol is a S i i SR APROSOW d particles. 20
Aérosol s are %%@?@Pﬂ?ﬁ&%??gﬁ drugs to a patient's

| ungs. Delivery of drugs or other therapeutic substances to a patient's
lungs is sonetines referred toreamiliilFi@@ary delivery. The innernost tissue
of the lung is know as the alveolar epithelium which conprises hundreds
of mllions of tiny air sacs, called alveoli, that are surr(iunded by 25 a
| ar ge net worThisihvihtinmcrelatesito Hrergeneratiom ef hguid drapletathatargsuitably i - singl e
cellular layer that enabl es,rapid absorption of fluids fromthe alveoli to
t he bl @8&%%&#@%@%%@%’&% ve pul nonary delivery is acconplished when

t he substance is delivered to the 2 27 April 2005 alveoli. The delivery
process requires thepgagaoahd aid Sumifiayy éfithe Inyemtioncl es or  dropl ets that

can be entrained in a gas as an _a,erosgkri ang i.nhal ed b%’i I he patient into the
AQeol i for Theangping adyanges inmedigoe 2pd hioteehrolpgy, grePrayidiog Py, 1 oadi | y

absor b i gl d dr ops: Aaving. o MELeLShacal 1Uhe delivaryof Mibiopital @it esent s a
vol ume & %@.?%fpgms@%%ﬂiﬁéﬁol fter is o%eequé%nr)i 'l idgnt h |
chemical substances (such as peptides, proteins, and small molecules) to the patient’s

bloodstream. There are various problems associated with getting certain substances to
the bloodstream by conventional delivery means, such as transdermal and oral. For

15 instance, oral delivery of therapeutic proteins does not work because the proteins are
digested before they have an opportunity to reach the bloodstream. Thus, for this and
other reasons, it is best to deliver such substances to the bloodstream by as directa
route as possible.

An aerosol is a gaseous suspension of very fine solid or liquid particles.

20 Aerosols are presently used for delivering certain drugs to a patient’s lungs. Delivery
of drugs or other therapeutic substances to a patient’s lungs is sometimes referred to
as pulmonary delivery.

The innermost tissue of the lung is know as the alveolar epithelium, which
comprises hundreds of millions of tiny air sacs, called alveoli, that are surrounded by

25 a large network of blood capillaries. The alveoli walls are a thin, single cellular layer
that enables rapid absorption of fluids from the alveoli to the bloodstream. Most

effective pulmonary delivery is accomplished when the substance is delivered to the



(10-15) of a liter. Larger drops tend to contact the lung walls before
reaching the alveoli and are less likely to perneate the wall to the

bl oodstream because the airway to the alveoli is lined with a thick,
ciliated mucus-covered cell layer. A,popul ar pul nonary deli ver_ly mechani sm
s knowmn as a netered dose inhal er 1 U9ed for the

. 0 (MDL). Th TAb
del i very dvest hsdehySNCRIOFES TeMAich Q‘Cﬁg‘ﬁﬁag’n °g‘éﬁe’§§‘é‘?@%§ﬁ§ er?? may be
ef fecti Veﬂoggea{ﬁgﬂé{aﬁtﬂe%&agﬁa iiﬁﬁ??ﬁk s RelisePdrfl ihhied byithe patiemtiato thiey ar e

not opti nal Ivery of substances to the alveoli (hence, to the
bl oodst r ealspoli fan tiahsfer tocthabtbodstreawdl t ypi cal |y conbines the drug with a

propellant in ressyri zed cont.ai ner, -Act | . Vi eases
net ered doses gﬁe F‘Wg Slagv%‘é‘r%cﬂa?&@ s?rhélq&d;%ﬁgf&sv F}Izge&gtl?lggr?sl %@f&ﬁ% s

| ar gg, angmz ?Jﬁjcmgﬁ%se?ﬁﬁ Solufhet 3B BembslRgs] Aafaintoliter ie onsvytddrilboqibr at ur e
and nunber of uses. Thus, the behavior of the naterial in the air stream
and the ef&ntoftaditehikirgerdrppetend teeeontact the lang walls beferespachingsheewhat

unpredictable, In view of the for in i n reci . t here
o neccarent andprs e dikely o germiradt G e eor B AR REARE MENAVE, |
smal | -vol . BE MBRLdoVEred Selk Rayet. st ri bution for
entr ai nrreéré[{ﬁic %"vgglb?slgfég%ggﬂrgggglgﬁ%?mus Pat ent No.y 5,894, 841, has

recogni zed t heAgmipehirpalmarfary delivsrameshpnisar is knawnjas amsiered dosesnhaen, dr op
generat or .t hat .i,s adapted from.t I,nd ol 40K 1 \Adi ng. The
typeYof iﬁM‘Bpet ¢ At glgfwfﬁog:l@%{felwg}:ye% Teﬁtq?:cg%dé%' Zg t%g Nrrg?r ink jet
printing) JaReAHG st Ray ibelepfettiviyfot hirbfeations desighed-toandilicate thellunips a  heat
transducer such as, for exanple, a thin-filmresistor . to create a vapor

bubbl e t htissue.dhescars net gptimaldor delivepkof sybsfartes inths alwepl dhenge 0%, | i es t he
chanber. [The.chanbets rifi s E&QE | JH ' ad

devi ce thl?ilf’o‘iis eé%ﬁ'né%@%ﬁ@h%@éﬁ@?a% I n ﬁégt%%ﬁ%gt\ﬂﬂga ggdrﬂélrlglhpgr for
timng thepasapized centainiet. oActuatisrepthel device retagsss metened doses aftheThe
just-nmentioned reference does. nqt .provi de rticulars of acthermally

ef f 18] entae’ﬂ?"ipp‘{jé‘?’r’e‘f‘ai’m SIER ‘SE’r%é‘HB? ffglafgﬁeg’% YFROF Bfesgurs of ?ops that are
desi r abl epfoBE11 & VEGLS With tMPeROR dnddalbeLsSusesd Tirus, thelbehai®GiT thet 11 let Ig

material in the air stream and the extent to which droplets reach the alveoli becomes

somewhat unpredictable.
In view of the foregoing, it can be appreciated that there is a need for a droplet
20 generator that can reliably produce very small-volume droplets with a generally
uniform size distribution for entrainment in aerosols.

One reference, US Patent No. 5,894,841, has recognized the potential of
generating very small droplets using a drop generator that is adapted from the kind
employed in ink-jet printing. The type of ink-jet printing of interest here (often called

25 thermal ink-jet printing) conducts ink into tiny chambers. Each chamber includes a
heat transducer such as, for example, a thin-film resistor to create a vapor bubble that
ejects a droplet of ink through an orifice that overlies the chamber. The chambers and
orifices are incorporated into a printhead device that is connected with a supply of ink
and with a controller for timing the droplet ejection to reproduce images on media.

30 The just-mentioned reference does not provide particulars of a thermally efficient
drop generator for creating the femtoliter-size drops that are desirable for effective

pulmonary delivery.



As respects drop generators such as those used with thermal in] -Je ng,
orifice size is but one factor for controlling the size of the droplet

volune that is expelled with each activation of the resistor (or ot her
suitabl e heat transducer). Mich greater roles are played

Wl | 88 the Si B8 remects EVBPRRRILAN, ﬁas&%ﬁ%?ﬁ.t.es i L A

in the Ch@ﬂ@f‘er ize iy 'Bﬁ%ﬁe fa@t&rf&%oﬂ@&hﬁ sheyivifdie dioplet gelnareabatris t hat
produce droplet volunes as snal icoliters, which is §q v&{ent to
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pr obgers 1{11@% ﬁeé SRR B 56 Bk G Gty frodauig Gipabilities Of tiddmagransducear ri ve at
such” smal l et volumes. For exanple, ejection of single droplets in

the tens mfthéelnambeml iters size range would require extrenely small ink
chanbers and rgsi stor J i IROES HRP Srodhée droplet voluhids be
difficult to f BFF%tdf‘%jet%&gH%Pr%qu dgﬁtgég%nven%@o al T nk- Jﬁet pri nt head
manuf act ugd §ashlPAsOE pisskters, Wheh ik ’eqﬁmﬂmtftab;ooa demtolitensrln arderde PradiEe such

small resistors would |ikely be thergﬁqll hnefflc%‘gr% The heat | oss (that
i s, ener ggroplsts mtthgr@gepféeﬂwﬁf@mehqeﬁ tgap fe cpizpipeds Igexpip Y vapor

IR g A s v

rel turn-on-energy, or TOF) for
form ng thebleaichatpibidnea sinisle emxngglotm@fiﬁﬁergelnsgm tosarriveatsuch smalt i n t he
heat transducer, which tends to lower reliability of the transducer over
tinme. Thedfﬁph%ﬁﬂlt‘“qeﬁventlon s di rect ed to a thermal -type drop generator

having a QCOMBLI% by efedyjGRBE ifble Arbradls it téndef Rinfclitensiafrane | i qui d

fromthe chanber separating the ejected volume into a
nunmber of waidl rkqldfsmdttemly Fthald mkrothumﬂexs aad rdsstmalhaymefcningalélwe@ﬁiw

enerator (as conpared to gne, that ro e snal |
groﬂ)f' et f@gt \Za%lﬁ b&c‘t‘fﬂ?ﬁltlt%%wa@% Iﬁé‘ﬁf §‘n‘§’ ﬁirg’rof‘glg‘ﬂg' %@m%%fiy va ds
the need ohuflBRlihAordlbidkl Citldn R0 ﬁﬁﬁébtxbﬁgve}@ﬁxﬁre&ak‘&ﬁs@ﬁm&taﬁlcussed above.

I n one pre Iment o e present invention t he rel ati onship
bet ween RSistorewbhiddiketske thbrm:ﬂb' ineffigient. cHaeitnat logn@hatis eaei@¥ 18t t he heat

transduc etrransierre%ntto rﬂcl)é Jnﬁ Q% o2 e SSmtit) S a VapoT %ﬁﬁﬁl@?ﬁ&%@ﬁ&ﬁ sfi&pt i oned above.
resistors would have to be overcome with a relatively higher amount of energy (called
20 turn-on-energy, or TOE) for forming the vapor bubble. Increasing the TOE generates

more stress in the heat transducer, which tends to lower reliability of the transducer

over time.
The present invention is directed to a thermal-type drop generator having a
geometry that is configured so that the ejection of the liquid from the chamber has the
25 effect of separating the ejected volume into a number of small droplets. This provides
a thermally efficient drop generator (as compared to one that is scaled to produce a
single small droplet for each activation of the heat transducer) and generally avoids
the need for meeting difficult manufacturing tolerances as discussed above.
In one preferred embodiment of the present invention the relationship between
30 the thickness of the liquid chamber and the area of the heat transducer is controlled to

provide the separating aspect mentioned above.



4 27 April 2005 The ejection of the liquid is readily controlled for
preci se netering of the anount of droplets ejected. It will be

appreci ated, therefore, that the thermal generation of droplets

contenpl ated by the present inventiongprovides in a single action (that
is, the controlled "firing" of the heat transducer to expel APe2®8nt ents of
5 the liquid chanber) both the nmetering of the anmount of |iquid expelled,
as well as the generation of suitably small droplets. That is, the firing

of liquid fromthe chanmber ..need not. be acgompani e ] . nmechani sns
for reducing t"ﬁbe%lé‘l’tlﬂ?é)fége Eﬂ‘é‘gt‘%ﬁa}ilmﬁﬂﬁ 8ﬁ?‘gpo§lgf?°§s§\|%§/ét% Pﬁg’?opl ets. As
anot her a’%ﬁ&ﬁ{to tlrc;pmt%%jle&¥&nitivﬁﬂ1betaBﬁre¥ﬁiéd[T&efbfforH 1@l thle termak hanber is 10

expel | ed rough a nunber of orifices using the volune-separatjng aspect
ment i onedgenaiation of dtipletheanteplatetltbydhe present inveplion Prgvides It §198/¢t o a

i ngl e-orifi nbodi t )y, t,hE . ti th
heat 7 arASBAEl S B EPUkalisd TrpaPL Lo dHnRBIE! & Apgie eememsior | e L 0e
| nvegt i ong,gig,fEGaRibRA ot thd flekéring dfahOumowit o€ liquid eapéliedeas wellias that ures of

t he present 1'nvention'wi |l becone cl ear upon, 15 reyvjew of the . follow ng

portions genetation of peitably small dropletsd The isgtheiiringof ligniddromdhc.ehamber, of the

Drawi ngs Fig. is a repraoduction ' R abdcpraal f 1 uid
dynami cs n@ﬁﬁlﬁia‘% F?fr‘?"@?ﬁ‘teﬁgvlﬁ’e?tﬁg écr?%%ﬂ%l??%rg?%g) e%grsator %r?f igured in
accor dancgquill tdisuifaly pabdopletsnvention. 20 Figs. 2 is an enlarged cross

sectional view of a_single drop, generator orqrrg@.in . acgordance with the

present i nventAsanotherpspesh of thiginyentiqn, fieyvo id i 4, ST 1 ustrati ng

esent ™ v . A LT
o8, o PRI SR Bt s et

enbodi ne esent 1 nvention. ) _
i | | ust r at dboyea THisthas geneffeat of muliplying) (relstive tooy siegle-erifice pmbedimeat) the ef er r ed
enbodi nent of the present, invenii.on. Fig..5 is a.crqs ectional diagram
i | | ust r at PR @ﬂ&?@%ﬁ@@&?‘if’reaﬁg&@eithe h%é&%?%@ﬁ%{ésaﬁ v%teghot her preferred
embodi ment - of Apgaraﬁx@%ﬁ&'hegwﬂe Ror ftying! dit tHe ihvenfios hrgTeadribeddn detili n
section, illustrating how drop genefators formed_ in_accordance with the
present ibulewt Otherradyariages sad féatures ofthp present anvsntig Wil hegomy clear upon

16 review of the following portions of this specification and the drawings.

Brief Description of the Drawings
Fig. 1 is a reproduction of a graphic from a computational fluid dynamics
simulation of the performance of a drop generator configured in accordance with the
present invention.
20 Figs. 2 is an enlarged cross sectional view of a single drop generator formed in
accordance with the present invention.
Fig. 3A — 3E are cross sectional diagrams illustrating steps in fabricating a
drop generator in accordance with a preferred embodiment of the present invention.
Fig. 4 is a cross sectional diagram illustrating a drop generator made in
25 accordance with another preferred embodiment of the present invention.
Fig. 5 is a cross sectional diagram illustrating a drop generator made in
accordance with another preferred embodiment of the present invention.
Fig. 6 is a diagram, partly in section, illustrating how drop generators formed
in accordance with the present invention may be used for the purpose of generating

30 droplets that are entrained in an aerosol.



30 droplets that are entrained in an aerosol. 5 27 April 2005 Detail ed
Description of Preferred Enbodinents Fig. 1 is a reproduction of a graphic
froma conputational fluid dynamcs sinulation of the performnce of a
drop generator that is formed in accogdance with one aspect of the present
invention. In that figure, the drop géenerator 20 is depi A7etiPil?095cr oss
section. For nodeling purposes, a solid orifice structure 22 is constructed
as a generally planar nenber having a circular orifice 24 defined in it.
The orifice structure is continuous with a solid substrate nenber 26 that
underlies the orificeDstailedtDeseription pfBreferred Embadimentsje i n communi cati on

witha liquid, T I nl et 8 are defi i :ad | ow t he
liquid to 19 | owF {%ﬁqiﬁr‘a’é?)‘f‘l?ﬁgﬁo ?/ggpiugmr%o%ﬁgaoﬁlﬁﬁtgag@mgﬁ%@ﬁhe chanber
32 is a sgRlllatioRSENOpérfdritancd 61l £lirop gbhetatosithar isdormed injacctrdanseofitht he | i qui d

fromthe chanber through the orifice 24, The pechani sm%(fr %'be ti.ng the
i qui d frome aspectaifAhepresans inyention. Inithatdigusss theslop gepergjan e igdepiciad ipy o
liquid-filled chanb r.,g&,g solid BrifidP AR tRO291s Whk@ilicte®dseiLt s the
quuIL'-’d. FWS%%eﬁgﬁ?'aﬂ;rorﬁgq@%grpp segg’tgﬁgﬁﬁggtﬁ transdt_Jc'erS 34 is considered a
15 pl anar gemRpdiBRf plssdt@henster having a-circhlar odfices2dodefinedért it upon act uati on,

provi des an energy density of about 4 nJ/nR.. The |iquid.,un onsi deration
has a vi scosi t Yheprifipostructure gs CO&HHU%PSB’&S‘F“??ﬁlwsmatﬁpembggﬁﬁgaccordance

with the present.inuenti Al | b B Ysamuhistiort @fthiagur at i on of
t he chanbglﬂ&l satﬁfﬁlo? “éééetﬁ{e&%%gﬁ;;?g%%;%gé%ﬁlgpﬁ%at ;ransd%cer 34 is 20
cont rol | efqiiar Teycialets 28 aredefinedrinrthe Substrateite aliows thediuirt toflaw §2s36 wi th each

troi! f % . 2 . . .

"ol 497 onotemeted R apame AL & arives 321, The SPubeiBo FLE B rinir f 2

transduce ?16[:% (}&E{i&?ﬁ&%%}bcﬁbﬁlbfﬂ]@_@iqﬁfdoﬁiém(!ﬁe dHambet themptitheorifiesi24.at ed
e epl Cc

vapor bub ed as" dashed line 38 in Fig. 1) expands to, protrude

from the chanb®he neechartism fonejenting theliqyid from the chamberissheat ganpsducemht 1 o

force 25 all of the ljquid fr t.he chanber . Leo chamber
is relati S‘éﬂlﬁt gefcrates ‘é’gﬂﬁlg%‘fi%ﬂkg cﬁﬁqxgerfawqpyr E%bi%j(ﬁe{%xggﬁsﬁ%?gwgﬁgct ed from
the chambgpes ﬁi@ﬁ«?ﬁi@.stm&npﬂMhleﬁlﬁpé’s@s ttRedeht tehnedlcet 34 isqoniidered aa fract i on
of the vol'ume of liquid ej-ected from the chanber., As de%'ect ed in Fig. 1,

t he 16r aj eplapar membér (Skeh asradpinctik easistoghthat ypeg actuation, provides an energy
density of about 4 nJ/m®. The liquid under consideration has a viscosity of about 3 cp
and a boiling point of 100°C.

In accordance with the present invention, the relationship between the

configuration of the chamber 32 and the energy provided by the heat transducer 34 is

20 controlled for ejecting two or more femtoliter-sized droplets 36 with each activation
of the heat transducer 34. In one implementation of this relationship, the thickness of
the chamber and the area of the heat transducer are selected so that the front of the
transducer-generated vapor bubble (depicted as dashed line 38 in Fig. 1) expands to
protrude from the chamber, and thus vent to ambient, by an amount sufficient to force

25 all of the liquid from the chamber. Moreover, because the chamber is relatively thin,
as described more fully below, the liquid ejected from the chamber separates into
droplets 36, each droplet comprising a fraction of the volume of liquid ejected from
the chamber. As depicted in Fig. 1, the trajectories of the droplets are generally
divergent.

30 One technique for arriving at a relationship between the configuration of the

chamber 32 and the energy provided by the heat transducer 34 for ejecting the entire



di vergent. 30 One technique for arriving at a relationship between the
configuration of the chanber 32 and the energy provided by the heat
transducer 34 for ejecting the entire 6 27 April 2005 Iiquid chanber
contents in the formof separate droplets 36 is to nake the chanber
relatively thin with respect to the area of the transduce}’ Apak2(03st ance,
the dinmension "T" in Fig. 1 represents the thickness of the chanber, and
the dinension "R' is a length dinension of the heat transducer (nore 5

general ly, and assumng a square transducer in this illustration, Ris the
square r ogquidtharhbes cantentson thetferrn efiseparaimdionliets 36 15 1o, "@kﬁaﬁfﬁéﬁﬁ%ﬁ% nt, the

di nensi onl ess ' e _ratiog of the chanber thickness "T"

araneter conprisin
to the sqﬁ‘}b?tt’é{eg’cfb’tf“ﬁlﬂ‘fqﬁge gﬂ?&ﬂ%gortitﬂ%?@gduﬁr‘ is selected to be | ess than

about 0.75, pregs déhﬁ%ﬁm%ﬁ's%h@F’5ﬁ1Fi§.rldregbeéntsﬂk&hiekmdskpfﬁbom 0.35. In
such an instance, dropflets averaging about 33 femtoliters in 10 vol une

(about 4 girmiber,cind et dimension “B2iva length dimpnsion ofthe Reatdansdige(MePe readily
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generator L §‘L“F’§{ec%‘dtt% p@%s%aglagm,gka@{abm&% tha.56,aindRoser Ocess

al l ons th8®pro I"on enerators. The nunber of drop
gener at or grefiraly 656ht 0cB3P dRGach avinstahee, draplsts aeragingahaut 33 femtolitersin equi r ed

for a given application, One can consider this requiyenment in.terns of

flukQ or vdleme(ahsat 4 ym ardipnetes) %g@em,m@w W‘gﬁg 8‘2‘1"8&"&’8% he drop

gener at or gy b0l ;g8 A Lol bl R BABRIP goliREe  drOP generators are
enp rop gene '

;
fabri cat e%i‘.“ fe 6% l"ary rator” 20 irncludes a rigid substrate 40

that can be a Wit fotlowshins destfiptioof:¢ne preforred apprbach ta fabrirating Fitﬂ_ﬁa! silicon
G oxi de. BeReraLEIR &8 sccoBiange 1Y e ont Bt PR o & ne prior art relating
LO ink jet prighl ﬁ'gh%vsé‘Q greﬁﬂy biafgall @Fss Mttiodt of i dr6p gendiatoeRY foraedr por at ed
y reference. e substrate 1ncludes a | ayer of resistive material,
15 in accordance with the present invention. For illustrative purposes only one drop
generator is shown, but, as will become clear, the fabrication process allows the
production of multiple drop generators. The number of drop generators produced
depends upon the amount of droplets that are required for a given application. One
can consider this requirement in terms of flux, or the number of droplets
20 simultaneously ejected from the drop generators. For greater flux requirements, more
drop generators are fabricated.
The exemplary drop generator 20 includes a rigid substrate 40 that can be a
silicon base 42, which is preferably a conventional silicon wafer upon which has been
grown an insulation layer, such as silicon dioxide. The substrate 40 may be as
25 described in the prior art relating to ink-jet printing, such as US Patent No. 4,719,477,
hereby incorporated by reference. The substrate includes a layer of resistive material,
such as tantalum aluminum, portions 35 that are individually connected by conductive
layers to traces on a flex circuit 60 (see Fig. 6) that, as described more fully below,
connects with a controller 52 for operating the drop generators.

30 Returning to Fig. 2, the individual portions 35 of the resistive layer, hereafter
referred to as heat transducers or resistors, are part of what may be collectively
referred to as the control layer 44 of the substrate 40, which preferably includes



such as tantalum al um num portions 35 that are individually connected by
conductive layers to traces on a flex circuit 60 (see Fig. 6) that, as
described nore fully below, connects with a controller 52 for operating

the drop generators. 30 Returning to - Fig. 2, the indiy QB 1 Bgssions 35 of
the resistive |layver. her : r A E=] d for8 e/ia US
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resistor-protective passivation.and, oth ub-.| ayer khed, for
exanpl e, instapgss Vlﬂéﬁréghe 129“7&15), W?Ctﬁgo?‘gbﬁ%%ﬁils 9°§F§‘§‘ag§ gé \lt/l%t i on | ayer
may be m'rrysgpolr in instances where the liquid to be ejected fromthe
chanmber is™not’ damaging to the resistor. 5 1t is noteworthy_ here that the

subsgrate may itisnoewoehy heddiBatthe substrate cuayponensporstef GMQSeeirduitt i ng t he use
of multiplexed control signals for,. firin he dra ney at n addition
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ﬁ"i {" nat | géhgpito&h@n R&RHok B the IRIIEY cohAduBion Withehié hyat transinctsdSwitah t he
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dropbet s agfngle, preci&d Refefiflg r@juiremenstobeprogramedito thantireuitand; 8ws,
gradual |y increasing dosage, the control circui tfr c?%S% S‘}r;g%ra dto
fire addtarfiehwithdhegdeden .g{lgqhsthg.ﬁmg;ggr@tqrﬁgref P%‘k“)a A “@dbsequent
use of t hl%egl%}/ﬂaf ?Hh peaél[el(:)éruré ff e cgéétéd for aﬂﬁgxg%l tf3tohént tHaX fsduires t he contr ol

| ayer 44 and I's definé for each drop generator an orifice 25 and
under | yi ngraballyi crzhsing dosag8, theaonticd circwtry icambe progranimedhto kei f i ce. The

resistor 35.is | ectivel riven (heated), wi th ul se lectrical
current. qtk’é“%@iﬁf%%ﬁ%@ﬂés %‘é‘%ﬁegﬁe&fle ﬁgx)s‘ﬁ%ﬂ? Facﬁ%esﬁsseﬁge@élﬁ%rgftzhg dggltrcré of the
liqysd in the Ghamhes ordfee BRbEUB it BxEd ROtht BEntrdl daiied 48 Bnd ighapditoor i f i ce 25
to separate 20 into droplets 36 as described above with reSfe t to Fig. 1.

Each chanthefinedar eachrdzép péredatar ancorifice? andawdertyingdiguidichamber 338at 15| ows into
the chanber, throu inlets t hat . farmed, t htou th | ayer
44. In a ?f?‘%‘ﬂé?‘l‘se\’!%ﬂ é‘?ﬁf?ﬂﬁ% e f?%ﬁ%O&af{ég'é Isglggﬁe C‘E“‘é%‘ ?at?[_ﬁe"%g{(;%g’@g? | ayer
44 of theofulislitdbhink. PiHelHRANGMn (IWsiSiof RaNfiGerd Tadizeisomebs it before
the orifice nenper I's attached to the )

liquid in the chamber 33, thereby forcing the liquid through the orifice 25 to separate

20 into droplets 36 as described above with respect to Fig. 1.
Each chamber 33 is refilled after each ejection with liquid that flows into the
chamber through inlets 54 that are formed through the control layer 44. In a preferred
embodiment, the upper surface 56 of the control layer 44 of the substrate is patterned

and etched to form the inlets 54 before the orifice member 48 is attached to the
25 substrate, and before a channel 58 is etched in the base 42 of the substrate 40, as
described below. (The surface 56 is named “upper” for convenience and with the
understanding that the surface 56 may be oriented under the remainder of the control
layer 44 when the drop generator is inverted from the orientation shown in Fig. 2.)
Turning to the particulars of the fabrication steps of the drop generator 20, and
30 with reference to Fig. 3A, shown there is substrate base 42 after it has been processed

to carry the control layer 44 that incorporates the previously formed inlets 54.



25 substrate, and before a channel 58 is etched in the base 42 of the
substrate 40, as described below (The surface 56 is naned "upper"” for
conveni ence and with the wunderstanding that the surface 56 nay be oriented
under the renminder of the control |ayer 44 when thedrpgpiigenesator is

inverted from heaﬁgllgﬁag%iﬁgﬁ@gﬁm 4bgen;a;g, ligat}o?gc?ifarlic\f@ otfghétBﬁ‘esE@rt iculars

of the fabricaflt® f rop tor and 30 with reference

to Fig. 3fRatesiaPiat WAIEESMpriseIhOotified Memberst¥4a applicdrtoithe upper hutace S ofessed
to carry the control |ayer 44 that .incor po({r,&_t es the previ ouslgg/ f or med
inl ets S4thegubstratgrlinjonepoeferred gmbadiment, therqriice samprer I HYUPWATES20 af t er

applicati .of a, | ayer eS| -or ral. t hat: - W Lhee the
orifice ﬂﬂgg Pﬂ%’ﬂ%ﬁg‘égﬁf?@@g{‘ gglﬁgé%h%‘;;%wé%r lgc%g@%él\*glfol s‘tfcﬁremgaﬁst rate. In
one gref epapEhembediyEal Sutd KGO Th hipedferm@hémbodiment, thephotoresist matériaki ng
polymer that is applied using a conventional spin-cqatin dtool gch as one
5 manuf aceampriseby phatorpalymerizable mxarmm%@r@md{lmﬁﬁ% Ctﬂﬁélfj ot or esi st

reLer ], oRUBEhSEts AyEARRAHTBIAEIS SRR NSRS Mot Sl | 1

t he trade e exanpleis rom M croChem Corp. of
Newt on, MheaathesodISU84NGIeRt willlbe appreeiated], Iiiv@ver) _.thattthamificebaelam:rceuldat ed,

however, that the orifice nmepgher cquld E‘gﬁ rlg%any. ofl nunber of
phot or esi eampriseany £f 3 number feresisdpatenale thah nﬁé@@‘b@?ﬁb sol uti ons

21156 X PASMIG i Lo BRI AIPONBLAE o) AR et HoRhi@, Wvh ab @y at] on.  The

Spi n-coati ng ess assocl ated wit e spin-coating tool allows a planar
surface tmdiatiohornmed as the sl owcross-linking polynmer fills the inlets 54.

An exenpl ary ocess for spin coati i.3 to spre I resi st
onto a substra ei%niﬁﬁ?té‘}g%gf?‘fsfiffgc@ e Fﬁ@'“t°§§?ga*s"8ﬁx‘f‘gw%p‘rr”%% with an
accel er at @fucoto BORMRAKS tiRMov-crosfHliaRikg ipolyened filld thesinizensis . ATthe spinning is
then stopped with a deceleration of 100 rpm's and rest for 10 secs. The

coat ed suéxsmpiary rireceshfon spipneating isde spregha lyerof theresist epta@sypstialk e of 300

rp for_30 se SR ' ' rnative
po rﬁlﬁrer a Sf%f @gﬁs%%gwgggtg%etégfs%féﬁ@;@m%ﬁ altég‘gcte?e%twngom gi m/s%ﬁ?oati ng,
ext r usi onspred tiri@ of 3P setyndNaThe gpinming icihen stoppedngith T Hecederation ¢fdd0i n t he art
wi |l appreciate that other nethods to apply the pol yﬁgé | ayers to the
subst r at erpays gad restrfos 19|sess. s seated swhsHateisthepspun & 1980 B 8 xi ng opt i cal

g?/e gsuchac%éleg{ﬁ%ﬂqgte%%%o i]%xo{?s%ll $'%ebs {Jgppeaﬁitﬁgﬁgis@om Q{ecgn?i?@@&feﬁ pol yi m de
phot oi magabl e epoxy

Alternative polymer application processes included roll coating, curtain

20 coating, extrusion coating, spray coating, and dip-coating. Those skilled in the art
will appreciate that other methods to apply the polymer layers to the substrate exist.
The slow cross-linking polymer is made by mixing optical dye (such as orange #3,
~2% weight) into either a photoimagable polyimide or photoimagable epoxy
transparent polymer material. By adding dye, the amount of electromagnetic energy
25 required is greater than non-dye mixed material to cross-link the material.

Fig. 3C illustrates the exposure of the layer of the cross-linking polymer
material of member 48 with a low dosage of electromagnetic energy (illustrated with
arrows 62). In an exemplary embodiment, this step is carried out with a Micralign
scanning projection aligner as manufactured by SVG of San Jose, Ca., with an

30 exposure setting of 60.3 mJoules, which is just enough to underexpose and cross link
the polymer to a desired depth. In this embodiment, the underexposed, desired depth

is shown as double hatching, and can be, for example about 2 pum.



transparent polynmer material. By adding dye, the anount of el ectromagnetic
energy 25 required is greater than non-dye m xed material to cross-link
the material. Fig. 3Cillustrates the exposure of the |ayer of the
cross-linking polymer nmaterial of megber 48 with,a | ow gdggage of

el ect romagnet i ’fhgg&feggy gs(l'uh hyeir AligdoMy i Q%plgﬂktﬂé"ﬁﬁ ce rhéinbet neateriadl ar y

enbodi nent, this S carried out wt Mcralign scanning projection
al i gner  agrouphul mask (netshown$\/Ehe maskais Almseentonal deicercompristigefdBosur e

tti f 60.3 mloul es, whi IS ] h t l'i nk
he. polyrexamrle, 2 ad? UL et 3 <ot I BaE-ate o 1

desired d ' [ iromfum t@defineqbpl e about 2
m 9 27 A‘%@?? %%?W&éﬁ?gg%?fﬁe%@ﬁ%ﬁ%ﬁ O?]) i's apepl ied to the

ori f§ce nientiag unetpeséd)ithe shape ofjthearifice RS which isprefeyablyrrmgask is a
ti | deyi ) I S f | ith
Cayer of Cseri  FieasBgirehiesqpfisaxproure SR G- FuHighismeLhalial dat " 0,2,

patter negsn‘ﬁf(%?mﬂﬁégHﬁcgﬁkﬁ{Ueﬁiaym a¢éla@vely Highdosifeiofenérgy it isavi ng
unexposed) the’'shape of the orifice 25, which is preferably rl%gnd. Fig. 3D

i | | ust r at edfitient thexpesepod grass dink thecentire, thiqkngssiof gheaysr il PohmeE Atal  t hat
k Lfi. nber . | | | gt ' f
onor gy ¢ hHiS aBPlcatipR ofFREREY joyPiied E il il pBulch g ipiia Bhaimoera3ngl B

t heqpayerisafijaentyaeie upper subhice S6pPtiesabstaite 40 ismoeexposed Amshoyh o that the
portion of t'he | iquid chanber 33 that, 10 is ag%aacent to :H;%‘JJ er, surface
t d e

56 of t heFigubds thig portion pEthe chamakerds adiacens tothe fipat ftransducer §04s hor t i on
of the chanmber . s .adj ucer 35 and extends over the
junction %‘fef?*ﬁe‘“Pﬁtf°é{§f(i§§£‘%%t§5{5%%%?5@3?%?5%6. Fig. 3Eillustrates the
devel opnent pr PigesE illustrates eiic dévelopnexppreests ir whish thewnexposedkagnpor t i ons  of
the orifice nmenber 48, including the portion f”d}éi n&_gth lnltﬁts 15 54, are
removed. assdinkiedipartons of thewerificearember 38 smelydmedhs B Bﬂ@h‘f“% © {RIER, hyl
2-pygroligy ) ARt 2 BeveléPmént @PNoR¥thyR! cohol

(I Pié andsj“’Wka‘%ﬁx%@ng B‘%%gs.s?é%%@@?‘?ﬁﬂ% Wi t‘??nll PA at 1 kipm and,
finally, Zp§Robdiacns(NNIP) at hkrph indem 8 Scond mixiefisoprppyigilecbol (IP4) andii | abl e
from Solitec Wafer Processing, .|

f1 i shed HMibgeRern s b oRbRES B IRAR bRPh e By SOt ep and
after thegindes plsde §RnY advRRpRighabl i bailabledtdih 86litek Wafer Pidcéssing,
Inc., of San Jose, Ca.
20 Fig. 2 shows the finished drop generator upon the completion of the
- development step and after the underside 66 of the substrate is etched with a silicon
etch, such as tetramethyl ammonium hydroxide (TMAH) to create the channel 58.
The channel 58 is in fluid communication with the liquid inlets 54. Thus, liquid in the
channel 58 is able to flow through the inlets 54 and refill the chamber 33 after each
25 ejection of the liquid from the chamber.
As noted above, the size of the heat transducer 35 and the thickness of the

chamber 33 are designed to establish the desired ratio T/R. The dimension “T,” as
noted above, represents the thickness of the chamber 33 and is measured from the
upper surface 56 of the control layer (the upper surface 56 representing the

30 liquid/solid interface in the chamber 33) to the outer surface 49 of the of the orifice
member 48 (Fig. 2). The dimension “R” is also shown in Fig. 2 and defined above.

In a preferred embodiment, the ratio T/R is selected to be less than about 0.75 and,



etch, such as tetranethyl anmmoni um hydroxide (TMAH) to create the channel
58. The channel 58 is in fluid communication with the liquid inlets 54.
Thus, liquid in the channel 58 is able to flow through the inlets 54 and
refill the chanber 33 after each 25 gjection of the I'bgukip%.{r t he
chanmber. As noted above, the size of the heat transducer 5 and "t he

t hi ckness of th h [ re designe ' ' rati o
TR The: ERHGReby oot 935 TS LR SRR phabefBbA BahGihcb i @0 | 2 L0
chamber 33r ad h® (HBRS LR vAEe 62 prdphemesy pfefireedchamber height 6t vl | ayer

(the upper surfaég 56 ?epresenting the 30 liquid/solid interface in the
chanber 3a)out 0.35HEmesuk% or 8bput 4¢.49 of the of the orifice member 48 (Fig.

2). The dinensian "R' i | so,s ' ' 3 .]ﬁgar isnéth a

preferred embo ilf’rﬂﬂttﬂ,woftk%f”gﬁ%pﬁ%tliogr@é ebgﬁeagﬂ?%lggées'lé’e S%?Efgﬁ l;%%out 0.75
and, 510 2,eAmly Way @PETiVE %t thecRhmbértdize-RbesistoPedgy Télatinnshiprundesyjugr e- shaped
heat transducer having an area_ of 144 |an2, (he ' value of 12 pm

h "R
the nost fhisineention. dhaitbbe aprieejaed; for e’f@Pl%tB%tth%lgé%“?‘{‘]ﬁqﬂgerfﬁ?a or about 4
pm It | sc@r?élgt\éé){(}tﬂg eFﬁ'gﬁ gﬁxﬁmtofttﬁkeregi%k fhelf fFans@hd¥®), ndithésef ul  desi gn

paranmeter, 1S no y'way to arrive at the
chanber - silzentienresistorseationsiap may beleapressed i terms ab foraxample, @ickamBeZent i on. |t

i1l b il ated, f I th he heat Ar | at
15" no”onBRBS B E By b ek 50 RRRSAL pponr ot e

Chaplger/r | BhRber §lch tha BRiquidRYsepaard Mits dedlets in thedesiredfvoldmetriexanpl e, a
chanber eight to transducer energy density value that is required for

ej ecting tdnge (indhé tens obfenttolitetseordess osititsreontemplatedthat dropEeNFaOEHar at ed

into droplets in the desitged_vol tri ange, (| ntoliters

or |less). faiﬂ%@)t,eg i“f‘R‘i %raE‘Brwgr?ﬁBIﬁag’a al’?a{fﬁd{“BBga%(%“é?aét) %r?ogtlf@g%ﬁ%ogg ed with a

ratio T/ Ryfffe@idtabidizddibplets 0F ifteRstier@bout 1. 0) would al so provide the

ferntoliter-sized droplets of interest here. Liquid nay be aS{'ﬁo i ded to the
b

channel 58 in hignidmay bapneridedsp theghannelH8 in gny Qb pwmberof w Pfate

d f 6 b t t f f
oviiBa 1 harup, (e sotdpl ohe ey O4iEiohat o B 6uet afuROEra bbly O B
conf i gur egg ¥f 4 Hevigd flafarfiedalkbsérvoif Of (iquid (Sée Figi 6 The boldpwurface ifi g. 2), each

conduit 70 aligning with a channel 58 for direct i_n%_the liquid fromthe
r eser voi r carfigumes with several conduits 70 (one of which is shown in Fig. 2), each conduit

70 aligning with a channel 58 for directing the liquid from the reservoir to the

channel. As noted above, a substrate can carry many drop generators 20, several of
20 which can be fluidically coupled to the linear channel 58 in the substrate, and the
substrate can carry several of such channels. The overall device (substrate with
multiple drop generators) can be considered a drop generator head 72 (Fig. 6).
Fig. 4 is a cross sectional diagram, similar to Fig. 2, but illustrating a drop
generator made in accordance with another preferred embodiment of the present
25 invention. This drop generator 120 includes a substrate 140 and heat transducer 135
as described above. In this embodiment, however, the chamber 133 is in fluid
communication with more than one orifice 125. For instance, four orifices 125
arranged around the center of the chamber (only two such orifices appearing in Fig. 4)
may be employed. In this embodiment, the heat transducer 135 is a unitary member
30 so that there is one heat transducer for each chamber as was the case in the prior-
described embodiment. The unitary transducer 135 is activated and the resultant

vapor bubble forces the chamber contents through more than one orifice, which



channel . As noted above, a substrate can carry many drop generators 20,
several of 20 which can be fluidically coupled to the linear channel 58 in
the substrate, and the substrate can carry several of such channels. The
overal | device (substrate with nultjple drop generatorg) Gan nggonsidered
a drop generator head 72 (Fig. 6). Fig. 4 is a cross secti na} I agram

simlar to Fig. 2, .but.illustratjng a D, 0 b ¢ {3 accordance
with anotWBPragﬁséﬁ%lr‘ﬂ‘é‘ '@Hﬂ%@ilﬂ%ﬁipﬁ?mt ﬂ‘éguresen 5%%%/%%’%er|’1. This drop
gener at or; 420, i RFhESEMatths Heat thak@uckf P3 PAiMclie@lastanmitadunenbd3 Foras _

descri bed above. In this enbodi ment, however, the chanber 133 ig_in fluid

conmuni ¢ aimstanceyittib contemplatestthatrthe esistive compenentsf the\heah FRRSAUERT 13501 i £ i ces

125 arranged ar.ound,the center af:. the ch wo such orifices
appear i ngmgy,ggp@?omthﬁggsqﬁeggwg}e&fgﬁgreﬁtﬁr |s£lee%§%i'|¥cr¥ént, t he heat
trangducer 135[j,smach/sN the myulfiBlekeifice 3Mbsainidnebf Figed & donstountedwith ther ansducer
for each chanber as was the case in the prior- descri_bedggjg‘r%(;di nent. The

uni tary tloanB@matio ag d8scribed sboveathste wilboachefurtigy saparation ¢ PRIESES forces
t he chanber contents thr.ough 0 ik G feinyrgie hbddinfpt i | 2005
separ at es&f’%smleﬁﬁ[#odnﬁ"hetlggﬁ’ﬁ‘?‘g?%ﬁgé%ﬁggl e gQ %gﬁtﬁté?lm "un?tary'.' as used
here is hdsttedefebt bomubtiplyingahe dioplenfax (felative thue single3Fificgeobiodiments a
unitary menber. Forgg{erhset ance, it.is .contenplated that the resistive

| t
conponent Brogycedigach aLtrangducer ispgivaled he spit or ot herwise segnent ed
forygreater thegr |G ; SriFgubd#ohifer dopri fi ce
enbodi ment of icgssjslfg|t£dngio%§g§réﬂlc(?fedg6\;mﬁ?ﬁggtgh%écI ow T/Ig rati ogas descri bed
above, t hggneratérs made ¢niacdonddnoe withahaprsin invehtiomis stowplieFig. 4s In thiey ener ge

fromthe 1 ndiyvidual orifices 125. T , this multiple-qrific di ment
has the emRRAMERL, RENY ofhegt FG"‘%H‘?WE%%F@E‘O W&eeﬁp“éftf%% 3¢ @agth%?mgpe

si ngl e-ord,] 450 &g‘%ﬁ@s%?maqhaﬁﬁaéyg fitht BPGEh i ehd 128é 242 afNthe alstrates _
activated. 1 /i ross sectional diagram of another pgssjhble confjguration
for drop 24ferEheaontrel laper44ris injtidhoanplied o¢ that th«réa)meéeqststwm@ml@ia' nis shown

in FLg. 5. I.n this nbodj,rent aj I r e | ocated
in F‘ﬁne sUBaKipg iR @Bscf%gﬁs%ﬁ%,p%qegned&ﬁ %%%%%Oé&gmg Hgﬁa%ﬁégéﬂgémel 258
that is edgosie édpel BetHeananm4 258/ Théleorubeive tedoes to2ad froth ¢hectoarisdurers ayer 244
is initially applied so that the |ayer of resistive material 15 making up

t r ansduce?¥ @@ srrasgedzotthesndainetspartherspacsisbeaa P PPaspg tragsdueefisducer s on
opposi te edgesrof Lhe) fa@%{] D84 isentied 10 GeriRAMN G etifech ed6F il 8 2Nd from the

t ransducers .
transducers 235 so that as the photoimageable orifice member 248 is applied, it covers

20 the transducers and fills the slot. The orifice member 248 is then exposed and
developed as described above to define the chambers 233 and orifices 225. As shown
in Fig. 5, the spaces between the orifice member 248 and transducers 235 define the
liquid inlets 254.

In one preferred embodiment, a protective layer, such as a plasma-applied

25 tetraethoxysilane (TEOS) oxide is applied to cover the top surface of the substrate
base 242 before the orifice member material is applied. This protective layer is
shown in dashed lines 80 in Fig. 5 and is shaped to cover the slot between the two

transducers 235 with slight overlap onto the control layer 244 as shown. The orifice

D)

member material 248 is applied over the protective layer and shaped as mentioned

30 earlier.
The protective layer 80 is in place while the channel 258 is etched a first time.

This long term “bulk” TMAH etching through the base 242 can leave somewhat



235 are arranged so they do not span the space between opposing

transducers. The control layer 244 is etched to define a slot between each
pair of transducers 235 so that as the photoi mageabl e orifice nenber 248
is applied, it covers 20 the transdugers and fills the7sigtii e orifice
menber 248 is then exposed and devel oped as descri bed above to define the

chanbers gReanshulis. fn GieSeg@d, thésihsshatad extensibho82 &f the bkarmphwells bet ween t he
orifice nmenber 248 and transducers 235 define the [ idinlets, 254. In

|
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t he Zont rehichayaid fad tediffementdlownates of igpid Sromythersdanned 268 tathe248 is appl i ed
over the ‘glrotbec;ti'%\?e | ayer and shaped as nentioned 30 earlier. The
protectiv af’hf/‘ér O is in place while the channel 258 is etched a first
tinme. This | oTge present ehbblimebiidwel e inetudeh a senpnd (TMABasseh Gfthe base | eave

somewhat 12 27 Apri.l 200 n results. In this regard, the dllustrated
ext ensi on%428@°’0f\ﬁ|‘o’f’}lﬁég g‘}?&%ﬁ%‘i‘u"q%ﬁ %f[er rﬂ&)‘?’u glestiye ‘%‘Wlif ‘&/g?m%"egf‘% |f(|’rt hg first
etch of t Q%.lﬁ‘el?é&)xi(l}lé ettt E.Bd‘v)\g?jl 'glﬁg BxMRESHERRicoR Shfack98f tHet Can be

seen that t dpposing Inlets 25 e unequal in size, specifically,
t hel@aps subbtrate basel242bysm Sdént auch that the seeoné ThEAH2ah equalizesdhpigaps 5 whi ch

would lead to djiffere flow yates of .liquid firomt channel ,,258 to the

chanbersabfﬁ‘g.ee“ﬁh?\%tbﬁ _ _dé’fﬂﬁ?&"ﬁ‘é‘?he,r 2%3%&@ eﬁwg}f:{}tg%\g“gogé&@ﬁd TMAH et ch

of the bagfts ZMothOtndmbrs M S shgseagﬁﬁap QRiford® fr afifdf e drOp goahtont | ve | ayer
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80 is renoved via, for exanple, ered oxide etchant (BOE). This
exposes thebeford, cash drap gensraton22Q issonfigurad tn have shardesirablg I/Ryatihasext ent such
that the ecqil%?}l\/AH etch equalizes the gaps between the base 242 and
orifice nENBEIPP8Y%0 that the liquid flow through the inlets 254 to the

chat®ers 233 iR iscontdmyplatedithdt thethémialgémerativn ofalropléts fetraeposglrirr at ors.  As
before, each drop generator 220 is configured to have the desirable T/R

rati o as acgerdan¢epwith thepresent invention may be carried out by other drop generator
configurations. For instance, drop generators made with laser ablated orifice

members, such as described in US Patent No. 5,305,015, hereby incorporated by

reference, would be suitable, provided that the relationship between the chamber

20 thickness and transducer size (energy) described above were maintained.

Similarly, drop generators constructed along the lines of those described in US
Patent No. 5,608,436 (hereby incorporated by reference) would also suffice. Those
drop generators include a polymeric barrier layer that defines part of the chambers
and resides between the upper layer of the substrate and a thin metal orifice plate.

25 Alternatively, the orifice plate may be formed of polymeric material that has been
laser ablated to form the orifices as described in US Pat. No. 5,305,015 (hereby
incorporated by reference). In such constructions, the orifice plate and/or barrier layer
is made to be very thin (these two components can be considered equivalent to the
orifice member described above) so that the desired T/R relationship is present.

30 With respect to any of the above-described embodiments it is important to
keep in mind that for a relatively large thickness dimension “T,” the desired ration

T/R can still be met by the use of a correspondingly large transducer area. In other



15 1t is contenplated that the thermal generation of droplets for aerosols
In accordance with the present invention nay be carried out by other drop
generator configurations. For instance, drop generators made with | aser
ablated orifice nenbers, such as deﬁpribed in US Patent; Ngri152809, 015,
hereby incorporated by reference, would be suitable, provided that the
rel ati onshi p,between th | SHGET /RS energy)
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const r uct Pessent emhodinent; this ‘ﬁlaﬁ‘%oénéﬁgg‘g}“aﬁaﬂ‘?l}%q’ 7&39@?” ‘f%"%%cg’éﬁ:{%h%e very
thin (thegg t ?ﬁgllg | AU £Rbedtaclt ewhRhi fi ce
menber de@?ieﬁgﬁgﬁg%% a ?%@aggéﬁseﬁﬁﬂ R lrvgilglat i oeshi p is present. 30
W th respaeda suppinys of medieimabliyid desamyilineitl-sastd biokegitad and chemicalpor t ant t o
keep in mnd that for a rel %i%el y large thickness dinmension "T," the
desired r &¢ystamcespsmentipned abpvele et by the use of a correspondingly |arge

tranggducer are r; b b neddioandoy; ForinRE @¢dathe ratio
arquari abl e aghﬁgg%lggb?ésén%t fﬁg&tégui red T/egiﬁlpla?l?% as tlivgnl’l gs any ot her
desi gn coneduit 78 in. thé\bodyestt thetthel lighid\ie thet supplyriedisented tovthe dioprgepeigiordes a
thermally efficient dro nerator for creating ferntoliter-size droplets
36 (Fig. Bsad fqthat w%@sﬁgﬁiﬁé,ﬁr%@@%ﬁ% qsgglf)eéfang? Phﬁg‘fﬂ‘?s%‘%?"i nan
aer osol fl%mqfi .ef..tP:‘é?erﬁ’élkﬁglgg&?ﬂd?lﬂ%ﬁ\éﬁép’gedgfhtérhﬁad RfeqrRA¢d @8B9di ment, this

is acconplished via an | ! /1 such "as depicted in Fig. 6. (One
enbodi menapplyingsuttiemtoi thtiatificesiin Sewad) epopananuimture of hy the ysecksferec) e in

whi fits. upply 7 f medi,cinal (11 gui r any |iquid-based biol ogical
andqghem' h’:fllghaszg‘gtoéﬁr@gegq gjeﬁg?ﬁ% %%se%ﬁsglg%é\?e e.gcelo The supply 75 is coupl ed,
as by a needl e ThedbswPingntionvddlek @iroait 60 aray bedoaded; foranample3td thet he body so

that the liquid in the supply is directed to_the dr ener at or
inhgler 7lina correspogcri)in)ély shaped recess 61 i;ln the body 63 .pTgat circuit connects

the heat transducers of the drop generators with suitable conditioned control signals
from a controller 52, which is part of the inhaler control system 81. The control

20 system 81 includes the controller 52 that is provided with a power supply 79 and
operator switch 77. The controller is an integrated circuit that responds to the switch
signal by directing to the head 72 controlled current pulses for firing the drop
generators as required. It will be appreciated that the control system can be
configured in any of a number of ways and, most preferably, integrated with the body

25 of the inhaler.

The drop generator head 72 is preferably located at the mouthpiece 69 of the
inhaler. The recess 61 or other mechanisms may be used for providing an air stream
during inhalation so that the droplets become entrained in the air.

It will be appreciated that the control system 81 and arrangement of the drop

30 generator head 72 (that is, so that the droplets produced by the head 72 are
immediately propelled into the surrounding air) provides for both precise metering of

the amount of droplets ejected and of the amount of liquid expelled, as well as the



head 72 that carries the nmultiple drop generators as descri bed above in
connection wth Fig. 2. Preferably, the conduit and drop generator head
are primed (as by applying suction to the orifices in the head) upon

manuf acture or by the user before 15 ghe inhaler is operzt édrilo?8f®ct drops
as descri bed next. The above-nentioned flex circuit 60 may be bonded, for
exanple, to the inhaler 71 in a correspondi ngly shaped recess 61 in the
body 68. Fhdfratidn Slbuitabl9RARIItdEopléthe Thatds, the enpaitiiaresfsthotiquiddram e gener at or s

with suitable conditioned control sjgnals froma.controller 52 ichis
part of t heambgsseed n@tdmcsvmswcbmt%% er Wéhms?@F re%c@ﬁéﬁ%mqgﬁle;gﬁcl udes

the contrgller . ] idﬂfp‘f% ith a power supply 79 and operator
switch 77f3]"="i'tﬁ(ei lfgﬁhd{tpghtblﬁygﬁﬁﬁ [ o

er’i's an rntegrated circuit that responds to the
switch signal Begn dHough therégoinghizséripion has fmbedodr thel praduction opul ses f or

firing the dro enerators .as.required, It wll be reciated that the

cont 5gl s?&?@-‘rﬁg %%bkfefor é?fﬁf?lgj’lﬁ}"\éﬂgioﬁm&rﬁqﬂftséo hﬁr‘f‘g‘{ﬁ)ﬁgﬁ"ﬂgy& and, nost

pref er abl ypoobg} égrﬂg%t%fi?ﬁ"ixﬂﬂl /31BN begenéthtel F6r dtﬁ'é?&?)@ﬁcatﬂ;hﬁ Thédrogener at or
y

head 72 is ‘prefera ocated at the nouthpiece 69 of the _inhaler. The
recess 61generatbtserf theptesent énventierycaydd be ingorporatest with gpprliea af Hawidst r eam

during inhal at i that the droplets. t 1 ajped d ir. It owill
be. appr ccPAIEIF DRETCH HET Bt g nags PfistT Afifo A aRBRbisbstcifeed! |, )" 30

gener at or phigadfuels, efchat is, so that the droplets produced by the head 72
are i mredi ate% propelled into the surrounding air), provides for both

predDse net eri Ajusihavingdesmdnsetibediprefespd embodiments of thepressnt INeDU o lint  of

| i quid expel l.ed, I .he .. il r AL, itably
smal | dr oBﬁ%?‘%%P“Fﬁi{‘%ﬁ’é‘l}eﬁ%&‘@%&éﬁ%‘.%(‘7%?%ﬁgﬁﬂ a[dﬁé%? iéagﬁgﬁf ?%r%e%egjﬂgﬁarrber need
not be acgReREGH Bylindividuhs sialledidahesat.sThus| althdugH peéfaged del altenative of

ejected liquid to suitably small droplets. Even though the foregoing

descri pt i embpdimentscafsheipissent irveptierthaveibsen describedy iwﬁgtesape{ﬁclaéﬁ @3 or
aerosol dglivery of e t.0 Lo ol i i ated
that suc hﬁls?r?gﬂt aﬂggﬁépgtoﬁ:gﬁbglét?o&éggégﬁg@é ¥t§?ﬁ%%eﬁ§bo§‘l$+}t%§# ? %ﬁgﬁfhe dr op’

gengbat or thedfaribiemptifivations andeqhivalentsas defit innloappendedadaimist h suppl i es of
liquids suitable for scent delivery, dispensing precisely controlled
anounts of pesticides,




paints, fuels, etc. 10 Thus, having here described preferred enbodi nents of
the present invention, it 1is anticipated that other nodifications may be
made thereto within the scope of the invention by individuals skilled in
the art. Thus, although preferred andsalternative enbod %§;% the
present invention have been described, it will be appreC|ate

spirit and scope of the invention is not limted to those enbodlnents but
extend to 15 the various nodifications and equivalents as defined in t he
appended clains. 15 Clains 27 April 2005 1. A drop generator (20),
conprising: a substrate (40) having ‘4?4t transducer (35) carried on an
upper. surface (56) of the substrate, the heat transducer being a

substanti al | y r rea; an orifice nmenber (48)
attached to th stprg? (ﬁb’sl\ehgﬁ)éﬁmft er surface (49) through which
is formed an oalshbeea(ezcan) hhlvmgcu héatteansalucer (35) earnigchgn @anckppafer (33) t hat
is adjacent to the heat tr nsdu r.a is. in fluid vmththe
orifice M%QWSQR??W §E’b? LS, &W 4?3?@6‘899?%%9'?%? %g@ﬂ@ﬁ%’%g}’ liquid

t hr ogigh t#ﬁ%n{d@rgtavﬁ*\‘gfah'&"ré‘athe chanber; wherein a chanber thickness is a

di mensi on exten romthe@spper surface to the oyter, surfac%ﬁ and

e

wherein a ratianefifi cememaab etfashed tathessubstrate, and baving: an,pu

transducer area | ess, t han, ab 75 n%‘rﬂ tor (20) of
claim1 (@@’P&GW ich "%@i@ﬁeﬂp O'Eﬂéoésé-r(n% op ggﬁgr at oE ()20) of
claim1l rﬁ atérenﬁ@éﬁeso %ﬁb@d&m@eﬁﬁm tﬂe hEae transdudgs? amdas dn flgid0)  of
claim1l re| the orifice nmenb has at |east two ortjoflces (125)

ext endi ngcommumcra;loemﬂmﬂre edfige @f@ﬂ wpieranztolqt kpHuigrhe subsiratE oL yr f ace (49)
e or r ld to be propelled
t hr i@gh t‘tL’Pé*“gt” Hgggg tr(h gg?é\ﬁﬁ:ﬁ?‘ﬂ@b@ |H§> tm? Cham op’ generator (20) of claim
4 wherein t he Wheteih @acteonberthickbgss is a dimension extending from the upper
surface to the outer surface; and
wherein a ratio of the chamber thickness to the square root of the

transducer area is less than about 0.75.

16 2. The drop generator (20) of claim 1 wherein the ratio is less than
0.50.

3. The drop generator (20) of claim 1 wherein the ratio is about 0.35.

4. The drop generator (20) of claim 1 wherein the orifice member (48)

has at least two orifices (125) extending from the chamber (33) to open
20 through the outer surface (49) of the orifice member (48) thereby to permit
liquid to be propelled through the orifices from the chamber.

5. The drop generator (20) of claim 4 wherein the heat transducer (35)

in the chamber (33) is a unitary member.

6. A method of generating droplets, comprising the steps of:
25 providing a supply of quuid;
filling chambers (33) with some of the liquid; and
instantaneously heating the liquid in the chambers by an amount
sufficient to produce a vapor bubble in each chamber for



in the chanber (33) is a unitary nmenber. 6. A method of generating
droplets, conprising the steps of: 25 providing a supply of I|iquid,
filling chanmbers (33) with some of the liquid;, and instantaneously heating
the liquid in the chanbers by an annq?t sufficient toz2prgdutec@svapor
bubbl e in each chanber for 16 27 April 2005 propelling fromeach chanber

and al ong diverging paths two or nore roplets.(36), 0f the |iqguid wherein
each dropl et Mapelingfomeash chagver gRA aT‘Ulgpd'P’@Fﬁ' P%B}Sst.""oﬂ FFHEE net hod of
claimé | nclud oo iromidiMasd WLfhe 6OBLs arstomanber (33)
as a sub@?éﬁﬁgﬁf%gﬁ%géﬁavo eurrBer ?%aﬁta@g}béar atsesﬁ?‘nto two or nore droplets.
8. The mepheidef claim 7 including the step of instantaneously heating the
liquid so that the liquid in the chanber (33) is propelled with a single

i nstance of heating the liquid. 9. The nethod of claim7 further conprising
the step of oy di . £ ﬂkﬁp Adpdlfsy e IRAS Frohtvo
orifices (12?)' Zb(ggﬁlhﬁg Offr%[)aj%fntq:lglc claﬁggégg?ﬁh op p@rﬁn‘i t liquid to be

pr opel | eshdhhereumatert (38) asidf sudestaritiatiynsirigte voluandtrat separafes itetwe®rof claim 7
further conprisi ng the step of providing a single orifice (25) through

whi ch sUBSI&HAPEy all of the liquid in the chanber (33) is propelled.

8. The method of claim 7 including the step of instantaneously heating
the liquid so that the liquid in the chamber (33) is propelled with a single

instance of heating the liquid.

9. The method of claim 7 further comprising the step of providing an
orifice member (48) that has at least two orifices (125) extending from the
chamber (33) to permit liquid to be propelled through the orifices from the

chamber.

10. The method of claim 7 further comprising the step of providing a
single orifice (25) through which substantially all of the liquid in the chamber (33)

is propelled.



