SYSTEM AND METHOD FOR ACOUSTIC FOCUSING HARDWARE AND IMPLEMENTATIONS
CROSS-REFERENCE TO RELATED APPLICATIONS [0001]This application claims priority to and
the benefit of U.S. Provisional Patent Application Serial No. 61/021,443, entitled "System and Method

U's. Patent AR I B S A Ly oy SR AR K R MR AT T ere anc

Implementations”, filed September 11, 2008, both of which are incorporated herein by reference in
their entirety. BACKGROUND OF THE INVENTION Field of the Invention (Technical
Field: [0002]Embodiments ofdfe gsasent ivgntion Feleia i agmistR Ayianetry and more specifially

to acoustic {g?(bq ing har ware ementa ote that the following

discussion fefers to a numBePp%rC AN CotORE ?§f s?@ﬁlg‘el%%‘égf Sf StHspEEa R herein is given
for more conRpiEtEpRKiG OB 4Hd %%ﬂ@ﬂ?é‘%‘ﬁm@é@ Msthad fdiviositin Fhedssuchasystems are prior
art for patertabiipedetestoiritio K pirpetese{0R04Hew Gy DS thyidSaowe il ﬁ%h@[ﬁﬂd for analysis
of particles ansheeds ithaBaveEge St wk&%mm@wwpmﬂm%rg qaf E“Fd'fﬂ'”e The
analytical s{ren thtgf Hé? ﬁzc{g&g% ?IF s abilit arade sin e partlc es @{% Ing %lopartlcles
such as cells battens And irdees thoro“?ﬁd 8%%%?8% HEESRIIRE Hrsieaiir laser or
lasers, in rapid succession, at rates exceedlng thousands of particles per second. The high photon flux
at this focal spot produces scatter ofgbk GraLpdr teteraadaramigsion of light from the particle or
labels attachgd {eithe-pastisiathalfanhegollected and analyzed. This gives the user a wealth of
information about individual particles that can be quickly parleyed into statistical information about
populations of particles or cells. [0005]In traditional flow cytometry, particles are flowed through the
focused mt@ﬂ%ﬂatlon pcﬁmmdimenis of the present invention relate to acoustic cytometry and more

specifically to acoustic focusing hardware and implementations.

Backaround .
[o003] Note that the following discussion refers to a number of flow cytometry systems.
Discussion of such systems herein is given for more complete background and is not fo be

construed as an admission that such systems are prior art for patentability determination purposes.

[0004] Flow cytometry is & powerful tool used for analysis of particies and cells in a myriad
of applications primarily in bioscience research and medicine. The analytical strength of the
technique lies in its ability to parade singie particles (including bioparticles such as celis, bacteria
and viruses) through the focused spot of light sources, typically a laser or lasers, in rapid
succession, at rates exceeding thousands of particles per second. The high photon flux at this
focal spot produces scatter of light by a particle and/or emission of iight from the narticle or labels
attached to the particle that can be collected and analyzed. This gives the user 2 wealth of
information about individual particles that can be quickly parleyed into statistical information about
populations. of particles or celis,



where a laser directs a laser beam to a focused point that includes the core diameter within the
channel. The sample fluid containing particles is hydrodynamically focused to a very small core
diameter of around 10-50 microns by flowing sheath fluid around the sample stream at a very high
volumetric rate on the order of 100-1000 times the volumetric rate of the sample. This results in very
fast linear velocities for the focused particles on the order of meters per second. This in turn means
that each particle spends a very limited time in the excitation spot, often only 1-10 microseconds.
When the linear flow of the hydrodynamic sheath fluid is stopped, the particles are no longer focused.
Only resuming the hydrodynamic sheath fluid flow will refocus the patrticles. Further, once the particle
passes tHBMREkrrogatitiri'péitahiopamienecamaorise sediveettdreoah & afesuengdtienogatian again
because therincasdiaineselocisyrecannad bdoevedsedt: Gtilidfudiearira patitieneannatibebeldratthe

interrogatige emstefm@cbﬁern@lg%ﬁ@@@@%@ﬂ%t@rw&h%cjm%roe%m Qeemtwsing is lost
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photon fluyglbaitias toffte eresed aettivks ersihaibutithieapproseshie. lifhisimgum theartedahersh light can
often phojtahileagh(os exeiiatnaameadipt e gtatesyphafierosaphoresmbeingdsed wo.generataithe signal

and can iisieR% RAFKIRNC RawFioh Ralieho AP SERURT ANGhIUOKEICEnce As el (DO0CISlower

flowing c¥tomet|éy ,¥St egﬁ\ﬁu IIeve{l}og)s J)rH: '(Irl;gllt% %‘ S nsg’%{ltg gansd hafye shown
detection imits e'sing mo ecuUie Tevel. [ one of these Sys emg was shown that lower

laser pomfé?r(QqafﬁV\F)oWa@eé&ﬁ‘aWﬁ?%%'i’étﬁf@ ey Beﬁﬁtﬂﬁeﬁﬁéoﬂé’fé'&ﬂﬁ?'ﬁf?%ﬁ?é'ﬁtﬁﬁﬁed DNA
fragment8dntericeitatednaiitie fusrest ebitidydsrBeratice @hthebs| beicteatieitrtiemegafiandire ds of
microsecosslsidamnBailispeands) buashaoasiieingeisnrxipR-Huomscarses yieldwut st the dyes
while reduGiRGRRRKOLAL ANOIRBIEAE BN 301 RARTANIAYLS LIRICL IR, Wil the awstdaper power

[OOO7]SIQW f]PW hyd namic s stegns WI;II e incred y. sen itive, are not 1n wid esrprea use because
fluidic dinffensiBHg asfee”gsge“heet%ny veery grﬁ aSWSHS't tgl'ﬁts |'|L|5e X Seﬂ 8'Vg¥r? gd ??a‘”\fé'f’y i) Ee‘dmple
throughpat ey etderies. ﬁéﬁ@"tﬁéeéaﬁ‘i‘ﬁress‘tﬁééﬁﬁ ‘t’lf"ﬁaéértéed‘iﬁ‘?ﬁé‘t&”‘s'ﬁt%ﬂlf%fﬁﬁﬁ‘gﬁxt@%ﬂﬁ?am the
uniform ilkigmaniati drisamd- ko ivétaitity ingtatitedrioctpigitisio nfarticke breals tresrartidhensheath must still
be suppligdiiha ¥ershighnvelspnaticsatip tedhe gampleningrdesipaaiienaR slwlsar velocity, the
VOIumet”ﬁa%?e'HP@cJ@é? st he extremely small. Therefore, to process appreciable numbers of events,

the sample must be highly concentrated. It for example a relatively slow linear velocity of 1 centimeter
per second is desired with a typical core diameter of about 10 microns, the sample must be delivered
at about ﬁ?@‘?ﬁ}nicrolite‘?*g"t?éfﬂﬁﬂtiﬁaté’.wﬂt?‘iﬁ!‘@tﬁg@ﬁu@t’i%&éﬁé%@ﬁ@é&@%, ttisdirnitsl Eoprsdiviration must
be 120,0@6dpersrticretitenand2amillionnpetrailigemdibisiceneentratioof tegeisgsnent inwtarn makes

clogging evsim merevikalye Thavarebiem s furtbensomposded @yg@eseegera%afom%aﬂees of cells
to clump jg gl eancenitalion a0dia el Al and elick (asufaceswhen, sample, delivery rates are
slow. The system creatgaeb oornbos, circumvents the clogging pro lem by using ‘4 conventional
flow cell WA ?E@féiﬁ%C?SqﬂmﬂéeﬁBWSbﬁtﬁé REEHRE it Yosttifeeprelcise fhcused
delivery dfielsi¥esarhisicedihirg prsiianchads ohdisbisardinglandmater di@tive ddplesrstiea/ Wil the ey Betivery and
highly copeeatrated samples. [0008]Sheathless, non-focusing flow cytometers have been developed
but these instruments suffer from low sensitivity due to the need for a focal spot size that will excite
particles H;n ghout th§] chﬁmn l. The s;%ot S|zltgn|3§$ rv?t%?r%gegfé ugg‘;‘ yery smatll cap |Ilar¥10hannels but
particles flo |th|n the c‘ﬁannet’at Varable rates accordln 0 tRe Taminar fow p‘?’oqfﬂféJ at éevelops in
the chanﬁ@?"‘“ﬁ%’Lf‘@&ﬂ@ﬁ?lst?ﬁfe?@rﬁeﬁ%’ﬁ%“%é?%th&’@ﬂtﬁ%%l%E@Wﬁéﬂ@ﬁi’f@ém’ 58 I 9spot which
both makeapal{ssghore tiffiderntoAlses backgmeritceanmetbe rEthaetshylispatighyofifteniag optics that
are designedrmeoliRstlighh kementighitfecused cosrstreapardtitbimn dssilssensitivity-amchigsolution.
[00091OtG APQARERS NaNARASBFEIRNSHARAJ QmARIPH Al PRIGID 10 Gran s Kliation
pressure l}n a Iabor tor settln ee %?anjc s.are planar ge\{lces modeled in Cartesian ¢oordinates.
Applying an acoust feld genera Bs aequgsl'e Redlimensional TR RPRIEIFRR 048 Eeﬁ%?tflcles into a
ribbon in & FREAMTARP EHBIRIRE BTy FRRFRERRIRSWT Il rarapiRiA GRS Rl ShuH ofap HptRsiBhtross the
chamber @ldtvesdirepadtickes editeréhtaebieitycstraantienesatiRartitlesionditferemtistream dnes will not
only be in different locations but they will also flow at different velocities. This in turn results in different
residence times for particles at a location within the?device. Planar focusing does not align particles in
a manner suitable for use with flow cytometers. BRIEF SUMMARY OF THE INVENTION [0010]An
embodiment of the present invention comprises an acoustic focusing capillary further comprising a
capillary coupled to at least one vibration source and the at least one vibration source possessing a
groove. The capillary of this embodiment is preferably coupled to the vibration source at the groove.
The groove preferably has an approximately same cross-sectional geometry as the capillary. The
capillary can be circular, elliptical, oblate, or rectangular. The vibration source preferably comprises a

piezoelectric material. In this embodiment, the groove preferably increases an acoustic source
anartiire nf the canillary



[0011]Another embodiment of the present invention comprises a method of manufacturing an acoustic
focusing capillary. This embodiment further comprises providing a capillary and at least one vibration
source, machining a groove into the vibration source, and coupling the at least one vibration source to
the capillary at the groove. The groove preferably has an approximately same cross-sectional
geometry as the capillary. The capillary can be circular, elliptical, oblate, or rectangular. The at least
one vibration source preferably comprises a piezoelectric material. This embodiment can optionally
comprise increasing the acoustic source aperture of the capillary. [0012]In yet another embodiment of
the present invention, an apparatus that hydrodynamically and acoustically focuses particles in a
particle sHENACEGRRIAYESLR fdRiPderameringie olnerosesiing bidiselitiow stranthéeferflowing a
hydrodynamierflaithsherstbs aagho@pee nicad ivorer ofthelftowehamber farsflondagtierpagticiesample

stream thﬁr@mm&ec@,ag@tém%%@na%%mm%ﬁer%gmmﬁmg&i@& swéﬁgp radiation

pressure. Thetggw EFno - this embodmentls refﬁg %/ # led to a oute%wallo ffeflow
0

T in hi hconcen tl n and1o se IC osu aces five
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embodim@HRSST i Br eV iRB ARG ES ROY ﬁfé‘fﬁk‘i@”ﬁf*ﬂ?/&lﬂ%y'ﬁéfﬁ@gﬂybéﬁa'%ustlcalIy
focusing ecpegtitteastieaenl] THidenwathisthpreferatiie domprisesfiowinhges sheathiflodiintoreisger confines
of a capilfatysdtoingradpaidickensireanns intdhadcasiialcore ahthetcapihasy andoapplyingracoustic

radiation QIRSSHLRLR: #pg Radiclesireamymdthin the sheath fluid. The particle stream of this method can
be hydrodynamically focused and subsequently acoustically focused. Alternatively, the particle stream

is acousticall % focused and hydrodynamically focused simultaneously. [0014]Another method of

hydrodyn@fifithlly and SesUEERaNy Toesing o4raiRmRefersfinvs Reahep EiApsthHidinss iR praSent
inventionsiersrem bedieneititipyréfe rakily o forisdscprendtitizg tdlwill ecrsprisiiogpartiaibsuthigrein, flowing

a sheath fhaighintoresitesicnrfines aka flowichasnbenaflovsingtbe:fid soriaimirg the nartieies into a
central coje,plfie ik Ehamiekand RRRLIAAS AUaERARLAD ISR %h%k%é!um%@mgsmg the

particles. T 5; embod ment can also co ?Erlse anag/zm t e particles. ghéh One embodiment of the
i(

present ifVERE re”tégms R e v 4 4[N e RS L %ﬁ‘?&t AR50 P8 Rals R R B8R e. This
embod|m@WPﬁ5fefé?%m§°ﬁ$@Hﬂ%§aﬂ?8mlfﬁj‘%?ﬁJm eonidiiStiag sarticebaharedssisosfdesptythe fluid to
acoustic hgadi&tions pichss tireisedtedin gttéwert Uit Donde geegsd;tanddsaiyedsting the fluid to acoustic radiation
pressure a second time to align the particles. This embodiment can also comprise analyzing the

aligned pejigies. (0015KAPGURLEMPRSIEA LIS ASseN SN comprses Ametod of
ISE |
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hydrodynamically and acoustically focusing Partlc esina ment heludes flowing a

fluid comﬁ‘fﬁhod’ Ba?’??&'@é”tﬁé?}é‘?ﬁt%rﬁﬁféﬂﬁw GCRilileniss ét?oﬂi“fﬁf Fﬁﬂfﬁﬁdﬁ‘}ﬂ?@éﬁ AT ¥He planar
direction $8°5EBRISEHCANYYHE S fiseupta field geratetsiodvineroatdimpriigietlifrersiuio Haidhensasdirection
thereby hyalicidyimasmi catiynfocusiagnthesfleidnbeah e seeondrpkananiseation detfuithercfeadsitee particles.

across the chamber places the particles in different velocity stream lines. Particles in different stream
lines will not only be in different locations but they will alsc flow at different velogities. This in tumn
results in different residence times for particles at a location within the device. Planar focusing does not

align particles in a manner suitable for use with flow cytometers.

BRIEF SUMMARY OF THE INVENTION

[G010] An embodiment of the present invention comprises an acoustic focusing capillary

further comprising a capillary coupled to at least one vibration source and the at least one vibration
source possessing a groove. The capiliary of this embodiment is preferably coupled to the vibration
source at the groove. The groove preferably has an approximately same cross-sectional geometry as
the capillary. The capillary can be circular, elliptical, oblate, or rectanguiar. The vibration source
preferably comprises a piezoelectric material. In this embodiment, the groove preferably increases an

acoustic source aperture of the capillary,



[0017]The present invention further includes methods for dislodging bubbles in a fluidic system. These
methods comprise providing a fluid stream through a channel and resonating the channel at an
acoustic frequency. These methods also include providing a fluid stream through a channel and
vibrating the channel walls at a low frequency. [0018]An embodiment of the present invention is an
apparatus that acoustically focuses particles into a quasi-planar arrangement in a fluid. This
embodiment preferably comprises a capillary with an oblate cross-sectional geometry and at least one
transducer coupled to the capillary. The capillary is preferably elliptical. This embodiment can further
comprise an imager for imaging the particles. [0019]Another embodiment of the present invention
comprisel@ltethod fotraEwiSHEaHPRIaEIRRHRERIYIBYCRI £ Giraiskp nathadrefrieriesitingefuid
comprisingqattidtessidiheaphiethothprefexabhes cconprsesriiovengrdieiflLad eomprisingt pagioles therein
through a,fiewsehambe HeEemmEsINgBRRkahlaie: Qf@%ﬁoﬁ%tj@eaémwtﬁygt fuRiestingthgfluid to

acoustic radlatl%rmtr%rggqrjarre atTpe Cross- Sﬁctlogg\/ mggq of the foygxg:npa mbéaar s ro%fsesrgl?lé/nglllptlcal

This embo&ment can also Include ima |ng tIC es. 685 Cﬁg ects, a antages an noveI

features, {0 AMARIMECEPED! abjIcERBiRY BT ﬁ‘f‘e"ﬁ?é@érﬁ“ﬁﬁ\?@hﬂ@ﬁ Suitf FRE'CRIHBFthTite FRfET the
detailed dascifpaienm sofskove eeakbrtimedssiunifgnatithitmatgtieoMpanyirngiceaiiagoptandlin part will
become appareatiodiesaiskiledsta therartppancaxanmiagtiary of the following, or may be learned by
practice of the invention. The objects and advantages of the invention may be realized and attained by

means of instrume talltles mblna articularly pointed out in the appended claims.
BRIEF Dég IPTIO THI% ‘?nl-?g ET?IL:OEQER Q\ﬁ%r&sﬁ%ﬁ%@%ﬁﬁﬂlﬁa@? 68?1]The accompanying
drawi ngshWFﬂEW%rfécﬁ‘iﬁﬁFﬁ&‘é’té@&‘iﬂ%f%ﬁ‘ﬂa%ﬁ’ﬁﬁt'Eﬂ‘i?d?tab‘f"’fﬁ@%%W'Sﬂﬁﬁfmé*&@%r #ore
embodimerits @ihtine grisedntichas ito fealivlino gativspdriamih Suid dseeiptiooh sereeitd explddindhe
principlesigf; tranimeentiasvithedsamiros apk: erbafonhtheHpsigoseitillkstming e er sanedreferred
embodimgnfs %éﬁ@e‘!f%&ﬁ% Q&%Q!@ré&%&% *B?e&&ﬂé”ﬁ?e%@ﬁsﬁmﬁm HheNNERIRR: L ibe drgwings:

[0022]F|g 1is an emb n % pe press nt | entlon lustrating a line drive capillary wheré
coupied 1o an outer wa of the flow ¢ e transducer can alternatively form a wall of the flow
chamber.
[00613] A further embodiment of the present invention comprises a method of hydrodynamically

and acoustically focusing a particle stream. This method preferably comprises flowing a sheath fluid
into outer confines of a capillary, flowing a particle stream into a central core of the capillary, and
applying acoustic radiation pressure to the particte stream within the sheath fluid. The particle stream of
this method can be hydrodynamically focused and subsequently acoustically focused. Alternatively, the

particte stream is acoustically focused and hydrodynamically focused simultaneously.

{00143 Ancther method of hydrodynamically and acoustically focusing particles is still a further
embodiment of the present invention. This embodiment preferably comprises providing a fluid
comptising particles therein, flowing a sheath fluid into outer confines of a flow chamber, flowing the
fluid containing the particles into a central core of the fiow chamber, and applying acoustic radistion
pressure to the fluid comprising the particles. This embodiment can also comprise analyzing the

particles.

[0015] One embediment of the present invention comprises a method of aligning particles
using acoustic radiation pressure. This embodiment preferably includes providing a fluid comprising
particles therein, subjecting the fluid to acoustic radiation pressure, rotating the fluid 98 degrees, and
subjecting the fluid to acoustic radiation pressure a second time to align the particles. This embodiment

can also comprise analyzing the aligned particles.



particles are acoustically focused to the central axis of the capillary; [0023]Fig. 2 illustrates
construction of line-drive capillary with grooved piezoelectric transducer (PZT) according to one
embodiment of the present invention; [0024]Fig. 3 illustrates a diagram of a line driven capillary with an
elliptical cross section according to one embodiment of the present invention; [0025]Fig. 4 illustrate
force potential U in a line-driven capillary with elliptical cross section according to one embodiment of
the present invention; [0026]Fig. 5 illustrate force potential for different aspect ratios for a spherical
latex particle in an elliptical cross section, line-driven capillary according to one embodiment of the
present invention; [0027]Figs. 6A and 6B illustrate focused particle stream flowing through an elliptical
cross section line driven capillary according to one embodiment of the present invention; [0028]Figs.
7A and 7pdlieptrates hycvodyarapaitabyt igcus peqpat iiclegicisisibuied mnsetenisahgoseystieasiyaccording

to one emhodiMeM A Ih8.argSERLIVANTIRR [FIRURL & dhFERIRS AGAHSHGIRCIHIREREParticles in
Combmatb%ﬂic\{}ggnhrgggf)g T&:rtpnlg the fluid to acoustic radiation pressure in one planar direction to acoustically
focus the particies, and flowing a sheath fluid in a second planar direction thereby hydrodynamically

focusing the fiuid in the second planar direction to further focus the particles.

[0017] The present invention further includes methods for distodging bubbles in a fluidic
system. These methods comprise providing a fluid stream through a channel and resonating the
channel at an acoustic frequency. These methods also include providing a fluid stream through a

channel and vibrating the channel walls at a low frequency.

[0018] An embodiment of the present invention is an apparatus that acoustically focuses
particles into a quasi-planar arrangement in a fluid. This embodiment preferably comprises a capillary
with an oblate cross-sectional geometry and at least one transducer coupled to the capillary., The
capillary is preferably eliiptical. This embodiment can further comprise an imager for imaging the

particles.

[0019] Another embodiment of the present invention comprises a method for acoustically
focusing particles into a quasi-planar arrangement in a fiuid comprising particles. The method
preferably comprises flowing the fluid comprising particles therein through z flow chamber comprising
an oblate cross-sectional geometry and subjecting the fluid to acoustic radiation pressure. The cross-
sectional geomefry of the flow chamber is preferably elliptical. This embodiment can also inciude

imaging the particles.

[0020] Objects, advantages and novel features, and further scope of applicability of the
present invention wilt be set forth in part in the detailed description to follow, faken in conjunction with
the accompanying drawings, and in part will become apparent to those skilled in the art upon
examination of the following, or may be learned by practice of the invention. The objects and
advantages of the invention may be realized and attained by means of the instrumentalities and

combinations particutarly pointed out in the appended claims.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS
[0021] The accompanying drawings, which are incorporated into and form a part of the

specification, illustrate one or more embodiments of the present invention and, together with the
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focusing according to one embodiment of the present invention. [0030]Figs. 9A and 9B illustrates
acoustically assisted hydrodynamic focusing according to one embodiment of the present invention;
and [0031]Fig 10 illustrates a combination of acoustic and hydrodynamic focusing in a microfluidic
channel according to one embodiment of the present invention. DETAILED DESCRIPTION OF THE
INVENTION [0032]As used herein "a" means one or more. [0033]As used herein "flow chamber”
means a channel or capillary having a shape selected from rectangular, square, elliptical, oblate
circular, round, octagonal, heptagonal, hexagonal, pentagonal, and trigonal. It is not necessary for the
shape of the interior walls of the flow chamber to be the same as the shape of the exterior walls. As a
non-limitiggpeémpiervg ot eirchiehahbednvrmtisr o adreefisred byl Biréiiarsirape’and the
exterior aKteehineck by adeciargulasshapesidditienalbntitheafiowrcihamberccadn-be: paniraing composite
construction Rf-matenidisAndgepmetries wherein one of the above shapes defines the interior shape
of the flow chamber. [0034]As used herein "capillary" means a channel or chamber having a shape
selected from rectangular, square, elliptical, oblate circular, round, Qctagonall, heptagonal, hexagonal,
pentagoridfZhd trigoh. 1¢5n 6P ARLBEEL 18 PR SHRE o e iRtBAS MRl B FAREXAPIRIFY to be the
same as pthaidtree abtivcektdrivssidi Shersrraendinttingaei@mple, a capillary can have an interior
wall defined by a circular shape and the exterior wall defined by a rectangular shape. [0035]One

aspect ofm@.]embodiﬁﬂfatimstla;eepE%ﬁankmeaaH@l&t@%%@@é@d%@%@%m&m%ﬂ%Q&Yice

fabricatio %‘d for larger acoustic sourc é)ertures. Another aspect of one embodiment of the present
. . Q/a&cor mlg to,one ambod:ment ??t B\rle,[?]ent Enwtantlon' . . . .
invention*provides for'a’line-driven capillary With oblate cross-section to obtain quasi-planar particle

concentration. Another aspect provides for planar particle concentration without particles contacting
and/or st{8ipg] in contiict Withstlaéermergapibbsyinealtivinaibiteraspeet piplickesgdes $avéiging applications
where pagtiglemsrpiend avsiaRianeda paarawdgepth of field. Another aspect provides for applying
acoustic radiation pressure forces to assist in stabilizing standard hydrodynamic particle focusing

systems. Yet another aspect grovifdes for re,d‘.lce_d sheath consuﬁnéotiotn irllstlovlv-flow hygrodynamic
systems 14 Yo assist ¥ Fart tfc?tf’ogffgiHcétﬁﬂt'ﬁ!gﬁﬁfg?/%'t%’%%n 2Ry ki B S YRR ERERTET il another
aspect prFRIESHMetIBPRs aietb eigeesupisiE S HEPRuidic systems.

{06026] Fig. 5 iliustrate force poteniial for different aspect ratios for a spherical [atex particle in

an eltiptical cross section, line-driven capilfary according to one embodiment of the present invention;

[0627] Figs. 6A and 6B illustrate focused particle stream flowing through an elliptical cross

section line driven capiliary according to one embodiment of the present invention;

[0028] Figs. 7A and 7B illustrates hydrodynamically focused particles distributed in a central

core stream according to one embodiment of the present invention;

[0029] Fig. 8 illustrates acoustic focusing of pariicles in combination with hydrodynamic

focusing accerding fo one embodiment of the present invention.

[0030} Figs. 9A and 9B illustrates acoustically assisted hydrodynamic fecusing according to one

embodiment of the present invention; and

[0031] Fig 10 iltustrates a combination of acoustic and hydrodynamic focusing in a microfluidic

charnnel according to one embodiment of the present invention.



Construction of Line-Driven Capillaries with Grooved Source [0036]Line-driven capillaries are used to
acoustically concentrate particles in a flowing stream within a capillary. Particles experience a
time-averaged acoustic force resulting from acoustic radiation pressure. Fig. 1 illustrates line-driven
capillary 10 operating in a dipole mode where particles 12 are acoustically focused to the central axis
of capillary 14 to the position of R ARSESHESMRISHRAHQU S HEdNYENTAE o rding to one embodiment of
the present invention. (The embodiment illustrated in Fig. 1 is applicable to any vibrational mode of the
system wheffigs it be monopQlendiprler Adaiarole.Kife, or a combination of modes.) It is possible to
drive different mode configurations with different spatial configurations of sources attached to the
capillary. [0037]Another aspect of one embodiment of the present invention provides a line-driven
capillary sy8f831 that boffi Haf/BPEB IS AesrsticTSgh% Pl EPABINAR HRE piisess consistent,
repeatableselectridadrpregentiesntthere eititometian daktircuiribh atotirives! thepsysten. [0038]In one

embodimeRLof the; piesent iaventienciaediverncanilandQis gompaisad iptaanianuidcoupled to

vibration squrce 16, Celllay 14 can be. mad from, bt are npt imited to glass metal, plastc, or any
combination W]ereo . LOW 10SS materials are prefera ig/ particle concentrators and s Inless steel is one

of the bettehaaBaIaAP hrefalsteUmIRicEsd R 1 fe'Fretara Ry b ien WAL piasdalttric material.
Examples eddqpiegoalectiie. iatitialsintledesertartencidimitect té M dittiie nominldte, duartz, and
combinationsithgtenfs Vibratinns stidre LRCRha iR ResRaiby JtpR-galRaralnsSHePeas Bd-@gevin
transducer ora other material or device that is capable of generating a vibration or surface
displacemecn @Eéﬁe capillary. Another aspect of the embodiment of the present invention comprises an
acoustically focused line drive capillary that yields a larger acoustic source aperture than a standard
line contacto§@@B9]Accokeimgddoni srmbiadimernekthispresenthmventening roevapd Scisamdchined into
vibration squree.18-ntebichcaniliany tbisctadied rasmilluRitadinddGodnA siagianmiis shown in Fig.
2, which comprices line;drve sanllany 10 witn draoyed vibration.squrce 1. 3 small BT, sla with
machined &Fcul Orngr’oove |s'a(§hereJ‘ 0 capillary 14 Po ;fmprove manutactura |Iﬁypand/acoustic

performandie EzeR e NBSEERALIRE A" PiRlitis At TRRTERERIREBIRtEr SRRlIE v FEaPAKE ™M 4 plus a
small glue laigeior Whiedefimb ey aforobveteyizatitr seigrcesvaittdatined by zapittanyiddsimpot limited to
one. Using more than one grooved vibration source is advantageous in driving different acoustic
modes tha ire specific spatial dependence, Eor example, a dipole mode is driven with a single
Coroe or v B B e A T s oo
phase. A qasUyaps & e e e PErRRY R4 CPi P BT LY A P IHFO BRI Po B HE (W eR Gtee offset
from one anctrry@irdedtivihequesip aseaidrorodgsd deiesiot-Hoveerenlancrmissieetivpssgroove 18 will
typically takg ap-thesiass sactional paamealsyebsanilanndtheFpR¥aRME: S allipticphanss section
capillary wouid eane Sl RGR| ST Sacl an ookt CRRURN WIS AR A AR)G.4f vibration
source 16 with a small glue layer. When Using a'plezogiectric. crystal as vibration source 16, it is not
necessary f’é‘oﬁﬁ(/ésaﬁ"éFEEYW@&I*EBW&WTE%PWM@@ RABURCE SRIFRCISVEUR MR HRCTHSEY.
Constructicreptlithf figid. wWitlither espehi ctovisien greopkin@dtaveibsairiiienmmsswatod:sf0046Hshiother aspect
of one embagiment 4ibs PHEsRIAL RVERHSNY @dRTe3seRt deMeRother aspect provides for

reduced sheath consumption in slow-flow hydrodynamic systems and fo assist in particle focusing

Sacacas -

in planar systems (e.g. chip based systems). Still another aspect provides a method fo dislodge

bubbies from fluidic systems,

Construction of Line-Driven Capillaries with Grooved Source

[0036] Line-driven capillaries are used to acoustically concentrate particies in a flowing
stream within a capillary. Particles experience z fime-averaged acoustic force resulting from
acoustic radiation pressure. Fig. 1 illustrates line-driven capillary 10 operating in a dipole mode
where particles 12 are acoustically focused to the ceniral axis of capillary 14 to the position of an

acoustically formed particle



construction. [0041]Yet another aspect of one embodiment of the present invention provides for larger
acoustic source aperture as compared to a true line-driven device. [0042]Still another aspect of one
embodiment of the present invention provides for repeatable acoustic/electrical performance.
[0043]Another aspect of one embodiment of the present invention provides for ease in alignment of
capillary 14 with vibration source 16. [0044]Still another aspect of one embodiment of the present
invention provides for a larger glue surface upon which to attach a transducer. [0045]Additionally, it is
not necessary for the capillary to have a circular cross section. In one embodiment of the present
invention, a square cross section groove in PZT is used. Capillaries can be constructed with many
geometri&grigetatsing o apa er hpsitaerterdhfotiestn S ren rd e gehar e drslaise éhd des, as well as
any crossggctional geotetiyn=Quasi-§ lanaysFacusmigeOf Heantictes én disnle: Duaderr Db leite Capillaries
[0046|1R%E|%5m&i6]@8’f/r_%d:?@r)l a,iéia&zggsi:ge@&@_@Lﬂtaéieﬁtwﬁgbgéaw@ra@?@srmaﬁ%@a@et@e drti)v%r_l to aligp
particles along the axi the cylindrica | when driven in a dipole mode in one embodiment o
the presecr?tn Fr?(\a'/rearf%sn? Isng‘f'ﬁclgse%”l Cga?nﬁ%!ﬁ%%%ﬁ”%@(hbe desirable in certain applications to localize the
particles only to a specific plane within a capillary, not to a point or line. This is the case for imaging
applicatid®@3fihere pavtietess srpeet &5 e dichAtimrsd dhte prasro Vbl RErYieRs ddperdieield of the
imaging epticsy Ayetethod totspatialy chsteibedestheipaiti el@sn sntochpeialy the sircatarcsysismetry of the

system. By, makipgithecioss.sectionqf thecarilianidiere aiaiens.9 «Rliplieal). it is possible to keep
tight spatial localization in one dimension while allowing the particles to be spatially distributed in

another dimension. This method is advantageous for systems requiring particles placed in a planar (or
quasi-pl awai}?]arran 9 ellrhgﬁa[ embodiment of the present invention, line-driven capillary 10 is comprised of

capillary 14 coupled to vibration source 16. Capillary 14 can be made from, but are not limited to glass,
metal, plastic, or any combination thereof. Low loss materials are preferably particle concentrators and
stainless steel is one of the better capiltary materials. Vibration source 16 is preferably comprised of a
niezoelactric material. Examples of piezoelectric materiais include but are not limited to PZT, lithium
niobate, guartz, and combinations thereof. Vibration source 16 can also be a vibraticn generator such
as a Langevin fransducer or any other material or device that is capable of generating a vibration or
surface displacement of the capillary. Another aspect of the embodiment of the present invention
comprises an acoustically focused line drive capillary that vields a larger acoustic source aperture than

a standard line contact.

[0039] According to one embodiment of the present invention, groove 18 is machined into
vibration source 18 into which capillary 14 is cradled, as illustrated in Fig. 2. A diagram is shown in Fig.
2, which comprises line-drive capillary 10 with grooved vibration source 16, a small PZT slab with
machined circular groove 18 is adhered to capillary 14 t¢ improve manufacturability and acoustic
performance. Groove 18 is circular with a radius that matches the outer radius of capillary 14 plus a
small glue fayer. The number of grooved vibration sources attached to capillary 14 is not limited to one.
Using more than one grooved vibration source is advantageous in driving different acoustic modes that
requlire specific spatial dependence. For example, a dipole mode is driven with a single source or with
two sources attached fo opposite walls of capillary 14 and driven 180 degrees out of phase. A
quadrapole mode is driven by attaching sources at orthogonal positions (90 degree offset from one
another) and driven out of phase. For capillaries of non-circutar cross section, groove 18 will typically
take on the cress sectional geometry of capiliary 14. For example, an elliptical cross section capillary
wouid require an elliptical cross section groove. Capillary 14 is preferably held to vibration source 16

with a small glue layer. When using a piezoelectric crystal as vibration source 186, it is not necessary 1o



[0047]For example, an acoustically driven capillary 10 with an elliptical cross section is illustrated in
Fig. 3. In this embodiment, acoustic source 16 spatially distributes particles in a plane along the major
axis and tightly confines particles along the minor axis. The aspect ratio A of the ellipse is given by the
ratio of the minor axis ay to major axis ax: A = ay/ax. To calculate the acoustic force on particles within
the capillary, the acoustic radiation pressure force on a compressible, spherical particle of volume V in
an arbitrary acoustic field can be written in terms of an acoustic radiation pressure force potential U
(Gor'kov 1962): [0048] [0049]Here, a is the particle radius, 00 is the compressibility of the
surrounding fluid, and p2 is the density of the surrounding fluid. The pressure and velocity of the
acoustic fieks it tHretbseprtdihthaypaintitle RS @SB BY Paing Yyvespeetiieriicaniiisedbrackets
corresporgieuactimesaveragred. g uantitg bEbe denmsedpand f2 are the contrast terms that determine how
the mechanical properties of the particle differ from the background medium. They are given by: [0050]

g'ct}ng[gg?o% of00521The Bubscripl  SoMesPoRds. [opuinsic properties of the particle, The force F
construction.

[0041] Yet another aspect of one embodiment of the present invention provides for larger

acoustic source aperture as compared 10 a true line-driven device.

[0042] Still another aspect of one embodiment of the present invention provides for repeatable

acoustic/electrical performance.

[0043] Another aspect of one embodiment of the present invention provides for ease in
alignment of capiliary 14 with vibration source 16.

[CO44] Still ancther aspect of one embodiment of the present invention provides for a larger

glue surface upon which to attach a transducer.

[0045] Additionally, it is not necessary for the capillary to have a circular cross section. in one
embodiment of the present invention, a square cross section groove in PZT is used.  Capillaries can
be constructed with many geometries including but not limited to elliptical, square, rectangular, general

oblate shapes, as well as any cross sectional gecmetry.
Quasi-Planar Focusing Of Particles In Line-Driven Oblate Capillaries

[0046] Referring now to Fig. 3, line-driven capillaries with circular cross sections can be driven
to align particles along the axis of the cylindrical capillary when driven in a dipote mode in one
embodiment of the present invention. in this embodiment, it may be desirable in certain applications o
localize the particles only to a specific plane within a capillary, nof to a point or line. This is the case for
imaging applications where particles need to be disiributed in a plane within a narrow depth of field of
the imaging optics. A metheod to spatially distribute the particles is to break the circular symmetry of the
system. By making the cross section of the capillary more oblate {e.g. elliptical), it is possible to keep
tight spatial iocalization in one dimension while aliowing the particles to be spatially distributed in
another dimension. This method is advantageous for systems requiring particles placed in a planar (or

guasi-planar} arrangement.



a particle is related to the gradient of the force potential by: [0053]r = - [0054]Particles are localized at
positions where the potential U displays a minimum, (For a circular cross section capillary, a potential
minimum is coincident with the axis of the capillary forming the particle trap in Fig. 1.) [0055]The force
potential U for an elliptical cross section capillary line-driven in a dipole type mode is illustrated in Fig.
4. The potential is calculated for latex spheres in water. In this configuration, the particles experience
a force that transports them to a potential well that appears to stretch between the foci of the ellipse.
The particles are also more tightly focused in the direction of the minor axis and are more "spread out"
in the direction of the major axis. [0056]Depending upon the aspect ratio of the ellipse, the force
potential in orthogonal directions can be dramatically different. This is illustrated in Fig. 5. In Fig. 5,
force potgsttaal for differenrkaspecitatosfosia spheriaplitaias particleipian eliptieatierass section, line
driven Caﬂﬂ&@(&@ﬁﬁ@(‘@- Eﬁ%é@%&%fﬂwﬁgﬂ@&mﬁé@_@&@ iglesaif &Qﬁ@ul@@%ﬂé@;ﬁ%@h@%lé_'ﬂ@ _minor axis
and less lacalized aiona the Malor axis, & change In raduchey can cause realer lagglizgfion along
the major axr% and 16s€16¢8hz 8o a ong the minor axis. For asf;‘e'ct FAtios closer to'unity, the potential
well is méTEToROTRERE MdiF BPAHEtY RiBSifAHRPHdhT KRy, Rote'tHe!yisrirsArSr thiEpitential is
smaller in#hiekiredtiothetthdamajor @xistit elirducedsgratieatmmpteslesstecalizapafitike particles
along thisdiseehion.ds tisiaspessualiasd tas sllipaesdnceeasesathedpeaie ripl e brdaptb daereases
resulting gatgﬁiégle& %@W?@ﬁ%é}?d less localization. Therefore, with decreasing aspect ratio, particles
experience a greater spread along the major axis of the ellipse (reduced force due to reduced
gradient). (There is also a spreading of particles along the minor axis, but to much less of an extent
than in the direction of the fnajerig i) 'QSZE§Sﬁ1%iFh' wing this effect are given in Fig. 6. Fig. 6A
displays gvesjample of paticles flofviag firo an h%ic cross section capillary. In this example, the
particles are approximately 5.6 mm diameter fluorescent latex spheres (more specifically, polystyrene
beads) agghagpear asaprizanial segks 8, DARSFIOULIR oW IRILIR ol g HFTRgs plane
contains tQedma or axis of the {?Ilga e anig the central axis otf tt}e caplllag_ .ffl'il%e egrtl les are : read
across approsimately REH S WIS the RESTHER TormtG e BB 6t particlad SR e Ethiple, there
is enougP3Biie Bh PR PAfIIELEr s CRRRB RSB € CHREARIA 0 RESPYREIE B the wallls. In
Fig. 6B, theaititagEhplemeshiasbéencrttated @6 degrdais totémolue acth¢henmohankis! pfdivetieigfiseeand the
central aysqidhesanitiang. datbisudleddinm. thegradigntalgng the potential well is greater leading to a
greater confinement of the particles along the capillary axis. Here they are confined to a single line
coincident with the central axis_of the capillary. [0058]Several characteristics of these types of modes

exist: [0059]Particles c;g&-l;e_tig;htly focused either along major or minor axis of ellipse with 'loose’

{0050] -
[0051] 2o 2o)
[0052] The subscript p corresponds to intrinsic properties of the particle. The force F acting on

a particle is related to the gradient of the force potential by:

[0054] Particles are localized at positions where the potential U displays a minimum. (For a
circular cross section capillary, a potential minimum is coincident with the axis of the capillary forming

the particle frap in Fig. 1.}

[0055]) The force potential U for an elliptical cross section capillary line-driven in a dipole type
mode is illustraied in Fig. 4. The potential is caiculated for latex spheres in water. In this configuration,
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focusing along the orthogonal direction (selection of which axis is the weak focusing direction is mode
dependent). [0061]Particles are confined to a plane which is conducive to imaging applications where
it is necessary to place particles in a common plane especially when depth of focus is small.
Acoustically Assisted Hydrodynamic Focusing of Particles [0062]Hydrodynamically-focused particle
streams are used in flow cytometry as well as other areas where precisely aligned particles in a
flowing core stream are required. Hydrodynamic focusing is traditionally employed in flow cytometry to
focus particles into a fight stream for laser interrogation. A diagram of a hydrodynamically focused
particle stream is illustrated in Fig. 7A. In this example, a sample is injected into a central core stream
containedhwithificlecomsitanshedercel 6wt teiversHe tigrligid pstepitalty hatlernedssiffeststiutiotweraveling at
many times the sfelecipof thecsampte pukimaideiayydradynamigatycanfinerhercantealisample

stream infQ.asrRalleELIQss Rectionakigremnthizgctign confines the particles in a cylindrical core
stream of very narrow width. The hydrodynamically focused core stream radius r is given

approximately as r= Q [0063]7 V where Cl is the volumetric flow rate of the core stream and v is the
velocity dff¥&lcore s%@%ﬁ?f?q'\l”@fé‘)ﬂ’?é'ﬁ?éarij’éFt\félﬁrﬂféﬂ‘?(?@B?ﬁ’ptf@ R enFAIRIBPIBRE FElocities yield
larger diadinettrsschthe dore divdsutilf06 4 Fisdsctiyptrater dafig fé curisBid. Safmptepstestahorciiifersaffer from
instabilitiegmettheicenirakgaie atrarpasitio arpggibiunstionetroanydasiersapnaseseapWnckige but are
not limiteg, o pi4eieation AL Buhbles.enihe 1884,115%%'Lﬁoﬁ(ﬁ}yfﬁwé‘!’rﬁﬁé%é%é‘W!e%@léblé@él?gﬁ‘aﬁg fd

combinations thereof. It is ag¥anta9eous to assist hey d namlcal%éocused systems with an external

force that SiSbiizes the Sl oSt A0 e CERTrSl CoPE B AR RSO AHRERE &the present

invention eHHEHEL YNGR S8 th AF B 6" FRIRM IS iR Ste ditiy theteapipievelbistiare orensHeamn.
[0065]Figh#i3fol aspeatastian fethbodimenityoRtiretpy gsetinim/ éntipriectaniprisinigan thedustically assisted
hydrodynagigadly-fecused-sampale:stigarplR Fiigs IRBasarekaneoarldowf sRepfbidgonfines the
central cope éé!é%@t%&é’é#‘ﬁ»‘@%é@%a%?e%%‘ﬁ t%yp%ﬁ%i%ﬁ&&ﬁﬂg ?8&%8&&%@?99?%%&3 A0S
hydrodynamically focused core stream, the particles are pre era%ly ocused further WIt?IIn the stream.
and less focalization. Therefore, with decreasing aspect ratio, particles experience a greater spread
along the maijor axis of the ellipse {reduced force due to reduced gradient). {There is also a spreading

of particles along the minor axis, but to much less of an extent than in the direction of the major axis.)

[0057] Resulis showing this effect are given in Eig. 8. Fig. A displays an example of particles
fiowing through an elliptic cross section capillary, In this exampie, the particles are approximately 5.6
mm diameter fluorescent latex spheres (more specifically, polystyrene beads) and appear as horizontal
streaks in the image. Flow is from left fo right. The image plane containg the major axis of the &llipse
and the central axis of the capillary. The particles are spread across approximately half the width of the
capillary forming a ribbon of particles. In this example, there is enough force on the particles directed
toward the axis of the capiliary to keep them off the walls. In Fig. 6B, the image plane has been roiated
90 degrees to include the minor axis of the ellipse and the ceniral axis of the capiliary. In this direction,
the gradient along the potential well is greater leading to a greater confinement of the particles aiong the

capillary axis. Here they are confined to a single line coincident with the central axis of the capillary,
[0058] Several characteristics of these types of modes exist:
[0059] Particies can be tightly focused either along major or minor axis of ellipse with ‘loose’

focusing along the orthogonal direction (selection of which axis is the weak focusing direction is mode
dependent).
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[0066]0One embodiment of the present invention combines acoustic focusing of particles with
hydrodynamic focusing. Acoustic focusing assists hydrodynamic focusing systems by stabilizing the
absolute location of the particle stream against external forces. Acoustic focusing is also used to
further tighten the focus of the particle stream within a hydrodynamically focused system where
reduction in sheath fluid consumption or increase in sample throughput is desired without the loss of
particle focus quality within the stream. This is particularly important for applications where the sample
is dilute. A prime example is high speed sorting of "sticky" cells that must be kept at lower
concentration to prevent aggregation. Another example is where reduction of sheath fluid is a priority
without s#f%fiting particlesfoetidy Bewthedinensiosoneushdternsahatisioiiesr aetuktcofobesisipay not
want the gamgledo contact the walls. (For example, this will keep the build-up of proteins and small
particles that are unaffected by acoustic radiation pressure off the capillary walls. These systems can
use a sloyx Jﬁ -volu ghﬁath to eptr%ip thel sampl .,Aco%stic f?cusing‘ can ith(?_n be gsed to tightly
focus the*particles wit fih the géerﬁ%rféng reoaal]"r?.)ar[ﬁ(%af?}frs} %Qalrjncﬁllee % ma{acg(')l?s?fjcodﬁ? 3ssisted H;'/Sdrodynamic
focusing EXIEN THPIERE. PATICIPS RIS CRAATPIRI2RE SEa5E:aK WIRITSeRIR AR RE TR fftdlised system is outfitted
with ultrasonic transducers to set up a standing wave in the fluid cavity. The particles are initially
hydrodynamically focusedaddikasamcsialionpresamiaitesicirgsiharpasicles to a force potential
minimum located along the axis of the central core stream where they are further aligned within the
central care stream. [0068]Referring now to Fig. 8, a schematic of a device capable of applying
acoustic 19ffing prio'F‘¥8r,°8mﬁﬁ’a?a(yy'f)o(?ﬂ”?eﬁr%ﬁ%eawﬁaﬂrﬂﬁﬁ‘@ R B AN SRS 78 He'itigtRsted
accordingRronecERERSHrEEeFtR RS BIRt AVBATOIR STRRIMEATUGERIFSn M bErPhHIIsEdcdatving 20 flowing
through capiltany!@ 2mSheatin fivid @dhydr adpnanpioady S oo sitghparichesr 2GeTirasrsdacers £8 and 30
acousticallygfagus pajticlem2aialanecthesdsdd thesertiakear priag eahydiadwramie focusing while
ransducers, 32 al2d Arpustically foes bartilas 2 dhilnd vdiadinamyealiiocysiiona e
[0069]Measurements demonstrating aqoustlca?lrg/ assstednhyaro namic focusing are illustrated in Fig.
9. The im¥YebPAE Rl O A dE NS A HTEE D ARG E S Fy WIS By RLriEsl Bhannel of
width 500 yriedpresniTHiE ewfinalennialeaniesigansiel apprakimemssiysstienshardimbicecgolystyrene
particles ingokiina {apgeex: 8 H2ba byrvelume bf The centvalicore e issiireundedsby a coaxial
sheath flawdhat cantains:a BhesRPpatsRufisrsolution. The image on the right (Fig. 9B) shows particles
in the central core stream during hydrodynamic focusing. The sheath fluid is introduced at a volumetric
flow rate of between approkithately 100 to 1,000 microL/min and preferably at a rate of approximately
400 micreddgain, and the sé‘mple core stream is introduced at a volumetric flow rate of between 50 to

500 micrql/min angyrairranlysah tale 1l aperedmatal, 100 Mmigkol/ Rk, the Brauenexohihe
acoustic gxcliation is 2 L)z, n (e, mage on ihe fght, an acaustic feld is activated (at s designed
to produce 4 parﬁ?ﬂe {rap along the’axis of the core san‘{p & SIPEART Particles Within tha tore sample
stream are further isolated within the core stream by the acoustic field. [0070]Aspects of acoustically
assisting IRYeFbdynamitvatiydioeusetly Seavgsie ssire@msemciude bifteafematsiabited tdthRepeatable
location ehfeetisad pritiIaSHRABNon of many factors. These can include but are not limited to nucleation

of bubbles on the cell walls that alter stream lines, turbulence, and combinations thereof. Itis

advantageous to assist hydrogdynamically focused systems with an external force that stabilizes the
spatiai position of the central core stream. An embodiment of the present invention comprises a device

that uses multipie fluidic streams to steer the central core siream.

[0065] Fig. 7B dliusirates an embodiment of the present invention comprising an acoustically
assisted hydrodynamically focused sample stream. In Fig. 7B, an cuter coaxial flow of sheath fluid
confines the central core stream containing the sample. By applying acoustic forces to the particles in
the hydrodynamically focused core stream, the particles are preferably focused further within the

stream.
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Increased particle focusing in lower velocity hydrodynamically focused streams thereby reducing the
sheath fluid requirements (particles spatially confined to a stream smaller in diameter than core
stream) Increased sample throughput of dilute samples while maintaining tight spatial positioning
Less effect of turbulence and other exterior influences on the exact location of the focused particles
Method to isolate sample stream from capillary walls in a system where predominant particle focusing
is conducted by acoustic radiation pressure (e.g. line-driven capillary) [0071]There are many different
arrangements where both acoustically focusing and hydrodynamically focusing can be advantageous.
Fig. 7B displays a device with two transducers attached to a hydrodynamic focusing cell. The acoustic
field can be used in a cell that is circular, square, or any other geometry. The number of transducers
shown in{Fige]7B is twoneldrebptiniantioh teipndsenioh teafisdecerses anestd Simgsmprepthétreenéhtransducer
provides foadback-lorpacmiar Absuarousiinieletwithiada-ehrmbetRddtionatly sansiyerss may be
attached jg.ihagons) diRetianmiloseLeme lolceiels hatars sativec ffiaiveo.anpligten. In an

embodiment of the present invention, it is advantageous to focus the particles sm%e file into a line
within the'@5F8 L5 RIS Fisamimics SUEAT RGeS R ERlY PSS RO Eif5E S A Rtageous to
focus partitdels fidaeehmetitsienareweRer WA Betiirrantthos Bsartnetss R96072] The
ability to ysaitgeatsticalyassisied kydradianaimigofaot gingpoicpirticles:is hlseraliedntiigeocds for
appﬁcati(}i?&%mmmﬂﬂdiﬁiiﬁﬁséém tvgamisdacusrimariciesstkeprasidnaricreshanbes, prigiafluidic
o o SAASLLES AR SR LedanaNa.CIanash SRS iea A0S CahAIeRG B gorbining
acoustic f6cu Ing an h namlc ocusing. In one em odiment o Frqlgresent |nvent|on and to

reduce sﬁ‘?&éi% ﬁEfu‘B%@ﬂ%ﬁ?ﬁi?oWSE‘?ﬁE UPhEnE R PR Ay HAR TR CChERY RaPER B L P Ilustrated
in Fig. 10hAvedmisfvatsemaio dstivilieeh irodiianmicreeirsiaedipme hhriiofaitirt acharaierisddirown,
Hydrodynaaicifostising pecalizespestelamiynihe. horzeniatdireciionandiaconsticliocusiagocalizes

particles indhe yertisabdiraction. krse-afimplemsnialion forhoth aorustisandvaradyaapnc focusing

in planar evices is accomplished in this embodiment. (This can also work if the force diagram in Fig.
10is rota?eda 5@ degrees.) Using both acoustic focusing and hydrodynamic focusing also keeps small
particles and molecular species from contacting the channel walls. [0073]Another embodiment of the
present if®Tlion allods forspeial srcoststidyfestiirg idrdicrafiigi#icsipp licstiondn AgoBstitnfosusing
applied te:aflpw/ingistRan ek Raficies neciasyeectan duial-cromssesion chambersfoadses particles
into a ribhons ke SHHEHRe HLRAMERATO RIEsS MR IR IAVRIEH RORRLEHIRY tmgem TRgYAUcrofluidic

assemblles |% IS advanta}g OIS to &reserve the Iacemen% qf the tra sduc arallel 1pLanes Thus, a
¥f ion pres ure then jorces artlcle .10 g Tor ote mint ooa 5, aon €, axis o
method t6 focuS parti fidles Nt a narrow spatidl configuration Mvolves acoustica focusmg particles

into a plaffetFOERIME BEE NG %V‘Wffefﬁf‘@%rsa’%%dtﬂtyﬁ“é%ﬁ%‘fff?él‘??rffo?f%fﬁg agaln into the new
orthogonal plane. The net result is a narrow spatial distribution of particles. When the transducer is

used to exoiie;a dipoledmeedenvithin, theclevathanbevicthesesulbisipaitis s narrwlyifecused
about the,central axis 9fdle flaw.coambas ﬁ%?@égn%kqg&ggsf RS dIC Y RIS, [0074]In traditional

flow c tometr bubbles that adhere to walls of a fluid Ic Sys stem
Y embc}c/i;ment o!the present invention. This embodiment ¢ pﬁses sample 20 flowing through capillary

22. Sheath fluid 24 hydrodynamically focusing particles 26. Transducers 28 and 30 acoustically focus
particles 26 aiong the axis of the central core prior to hydrodynamic focusing while transducers 32 and
34 acoustically focus particles 26 during hydrodynamically focusing.

{0089] Measurements demonstrating acoustically assisted hydrodynamic focusing are
iliustrated in Fig. 8. The image on the left (Fig. 9A) demonstrates hydrodynamic focusing in a cylindrical
channel of width 500 microns. The central core stream comprises approximately 5.8 pm diameter
polystyrene particies in solution (approx. 0.0025% by volume). The central core siream is surrounded
by a coaxial sheath flow that contains a phosphate buffer soluticn. The image on the right {Fig. 9B)
shows particles in the central core stream during hydrodynamic focusing. The sheath fluid is introduced

at a volumetric flow rate of between approximately 100 to 1,000 microL/min and preferably at a rate of
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problematic. They can interfere by moving laminar flow lines, affecting local reactions, deviating
focused particle streams. For example, in flow cytometers, bubbles in a fluidic system can have the
effect of moving the position of the hydrodynamically-focused sample stream. This movement appears
as a misalignment of the optical system to the user and a recalibration is required. A technique to
dislodge bubbles from nucleation sites in fluidic systems, especially microfluidic systems, is very
desirable. [0075]Acoustic radiation pressure has been shown to have a large effect on bubbles in
fluids due to the large mismatch in density and compressibility between liquids and gases. Acoustic
energy can be used to dislodge bubbles from fluidic system in several different ways. [0076]In one

embodinfORIBIMAE YRR AHERIVERBR BetARISTE Rl RS el KAHREWHER /8% ated at an
appropridvaeoiStic Fi8quientimibabb ssiarpr Abntserforoeoteatgulldtnesrriaiway fenfreieeveall and
stabilizestheiressiitivratpesitonumthim theifluig streamgthadrexdsistatideidorainedaiia pressure node

(for bubbles driven AL LeayenRIEs RelAHNEY MORPREISIESANARSELTN P Shamhehis Y elgrably driven

acoustlca}o_lé Wétg%%g%% a& r;[ﬂg?gg%g %ﬂeﬁfa(% source . or ngni VaS'VeQ{CV}{'eﬁQ_a source attached to an outer

wall of the"chamber. This’is a robu oiszgrgi%ﬁrgabne HUBBIES Trom walls. [0077]In another

embodiment of the present invention, vibration of the channel walls at low frequencies is preferably

used to diltkige the Babbiesf Byovibcalingptistnubibeshpanicila Srumstlisanes sreancersfudwebsy stem,

large surfasedisplacements are achieved. (These displacements are typically larger at lower

frequencies.) Lagrgre af%lgfe% cca(%ugl Witl’é Jaragt%gigpé%ements are preferably used to break the bond
a

between the bubble and the chamber surface. The inertial forces coupled with localized fluid flows at

the chambe? walF&aTt B Hide PR ced P BRI BIRC Bl sUBRRREmEA (S TRA S SRR Examples can be
repeated with siatilaing trecewesth g bestifcairgpthérgainieriezakiabr ooptinifi dampsideastc Al réactants and/or
operating conditiams:ef tHais doneartian for those used in the preceding examples. [0079]Although the

invention ha been, described in dstal i RRYUSHIALIGIRESRSR D sk Rislerisd emRpdments, other

embodiments can achieve the same results. Varjiations and modifications of the present invention will
be obvious tb tH5& LR e SRR TSI TEA R o8B 98 R T P FURY U AREA such

modifications arér&tfgivalents. The entire disclosures of all references, applications, patents, and
publications Citegtmboweisndicainth eretiachimentsiandnf the gerespand nelapphcatanés) are hereby

incorporated byf&ﬁf&ﬁ%@@onducted by acoustic radiation pressure (e.g. line-driven capillary)

[0071] There are many different arrangements where both acoustically focusing and
hydrodynamically focusing can be advantageous. Fig. 7B displays a device with two transducers
attached to 2 hydrodynamic focusing cell. The acoustic field can be used in a cell that is circular,
square, or any other geometry. The number of transducers shown in Fig. 7B is iwo. The minimum
number of transducers is one. Using more than one transducer provides feedback to monitor the
acoustic field within the chamber. Additionally transducers may be attached in orthogonal directions to
create force fields that are optimized for a given application. In an embodiment of the present invention,
it is advantageous to focus the particles single file into a line within the core sample stream. in another
embodiment of the present invention, i is advantageous to focus particles in one dimension and allow

them fo spread out in an orthogonai direction.

[0072) The ability to use acoustically assisted hydrodynamic focusing of particles is also
advantageous for applications in microfluidics. Hydrodynamic focused particle streams in
microchannels, microfiuidic chips, or other rectangular (or quasi-rectangular) channel geometrics can be
enhanced by combining acoustic focusing and hydrodynamic focusing. in one embodiment of the
present invention and to reduce sheath fiuid consumption, one dimensional hydrodynamic focusing can

be used, as illustrated in Fig. 10. A combination acoustic and hydrodynamic focusing in a microfluidic
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Claims: 1.An apparatus that hydrodynamically and acoustically focuses particles in a particle stream
comprising: a flow chamber; an outer confine of said flow chamber for flowing a hydrodynamic fluid
therethrough; a central core of said flow chamber for flowing the particle sample stream therethrough,;
and at least one transducer coupled to said chamber producing acoustic radiation pressure. 2. The
apparatus of claim 1, wherein said transducer is coupled to an outer wall of said flo chamber. 3. The
apparatus of claim 1, wherein said transducer forms a wall of said flow chamber. 4. The apparatus of
any one of claims 1 to 3, wherein said particles are focused into a quasi-planar arrangement. 5. The

apparatus of any one of claims 1 to 4, wherein said flow chamber has a cross-sectional
channetl is shown. Hydrodynamic focusing localizes particles in the horizontal direction and acoustic

focusing localizes particles in the vertical direction. Ease of implementation for both acoustic and
hydrodynamic focusing in planar devices is accomplished in this embodiment. (This can also work if the
force diagram in Fig. 10 is rotated 90 degrees.) Using both acoustic focusing and hydrodynamic

focusing also keeps smali particles and motecular species from contacting the channe! walls.

[0073] Another embodiment of the present invention aliows for serial acoustic focusing in
microfluidic appiications. Acoustic focusing applied to a flowing stream of pariicies in a quasi-
rectangular cross section chamber focuses particles into a ribbon-like structure. In order to preserve the
layered construction used in many microfluidic assembilies, it is advantageous to preserve the
placement of the transducers in parallet planes, Thus, a method to focus particles into a narrow spatial
configuration involves acoustically focusing particles into a plane, rotating the flow by 90 degrees, and
then acoustically focusing again into the new orthogonal plane. The net result is g narrow spatial
distribution of particles. When the transducer is used to excite a dipole type mode within the flow

chamber, the result is particies narrowly focused about the central axis of the flow chamber.
Bubble Dislodging from Fluidic Systems

[007 4] In traditional flow cytometry, bubbles that adhere to walis of a fluidic system are
probiematic. They can interfere by moving laminar flow lines, affecting local reactions, deviating
focused particle streams. For example, in flow cytometers, bubbles in a fluidic system can have the
effect of moving the position of the hydrodynamicalty-focused sample stream. This movement appears
as a misalignment of the optical system fo the user and a recalibration is required. A technigue to
distodge bubbles from nucleation sites in fluidic systems, especially microfluidic systems, is very

desirable.

[0075] Acoustic radiation pressure has been shown to have a large effect on bubbles in fluids
due to the large mismatch in density and compressibility between liquids and gases. Acoustic energy

can be used to dislodge bubbles from fiuidic system in several different ways,

{00761 In one embodiment of the present invention, a fluidic system is engineered such that
when resonated at an appropriaie acoustic frequency, bubbles experience a force that pulls them away
from the wall and stabilizes their equilibrium position within the fluid stream that exists at the location of

a pressure node (for bubbles driven at frequencies below their monopole resonance). The chamber is
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geometry having a shape selected from the group consisting of a rectangle, square, ellipse, oblate
circular, round, octagon, heptagon, hexagon, pentagon, and triagon. 6. The apparatus of claim 1,
wherein the transducer has a groove and is coupled to the flow chamber at the groove. 7. The
apparatus of any one of claims 1 to 6, wherein said at least one transducer comprises a piezoelectric
material. 8. The apparatus of any one of claims 1 to 7, wherein the particle stream is
hydrodynamically focused and subsequently acoustically focused. 9. The apparatus of claim 8,
wherein the particle stream is subsequently acoustically focused to a more narrowly focused stream of

particles. 10. The apparatus of any one of claims 1 to 9, further comprising a first transducer and a

second trIREHRRAETVEN aqaatisp AFE GENGF BIHKT 18, AHEIEFPHHE SEETHY BAFSHERT S ¥6hfigured to
provide feteaivackaenmdgnitesithEttactusiteficltdiwihirthg fletrachaditiedge bubbles from walls.

[007F7} In ancther embodiment of the present invention, vibration of the channel walls at iow
frequencies is preferably used to dislodge the bubbles. By vibrating the wall as part of a structural
resonance of the system, large surface dispiacements are achieved. (These displacements are typically
larger at iower frequencies.) Large forces coupled with large displacements are preferably used to
break the bond between the bubble and the chamber surface. The inertial forces coupied with localized

fluid flows at the chamber wall surface are effective at bubble dislodgement,

{0078} The preceding examples can be repeated with similar success by substituting the
generically or specifically described reactants and/or operating conditions of this invention for those

used in the preceding examples.

{00793 Although the invention has been described in detail with particular reference to these
preferred embodiments, other embodiments can achieve the same results. Variations and modificaticns
of the present invention will be obvious to those skilied in the art and it is infended to cover in the
appended claims all such modifications and equivalents. The entire disclosures of all references,
applications, patenis, and publications cited above and/or in the attachments, and of the corresponding

application{s) are hereby incorporated by reference.
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12. The apparatus of claim 10 or 11, wherein the first transducer and the second transducer are each
attached to the flow chamber orthogonally to one another. 13. The apparatus of any one of claims 1 to
12, wherein the at least one transducer produces an acoustic standing wave within the flow chamber.
14. A method of hydrodynamically and acoustically focusing particles, comprising: providing a fluid
comprising particles therein; flowing a sheath fluid into outer confines of a flow chamber; flowing the
fluid containing the particles into a central core of the flow chamber; and applying acoustic radiation
pressure igthe fluid comprising the particles. 15. The method of claim 14, wherein the application of
acoustic radiation pressure is configured to flow the sheath fluid at a decreased rate. 16. The method
of claim114, whergtpdtaeuapplicatiodyabacalsticdradiationpfesgus@daicenfigusedide taeds particles at
lower cepepmtiations. 17. A method of hydrodynamically and acoustically focusing a particle stream

comprising: flowing a sheath fluid into outer confines of a capillary;
a flow chamber;

an outer confine of said flow chamber for flowing a hydrodynamic fluid therethrough;

a central core of said flow chamber for flowing the particie sample stream therethrough;

and

at least one transducer coupled to said chamber producing acoustic radiation pressure.
2. The apparatus of claim 1, wherein said transducer is coupled to an outer wall of said flow
chamber.
3. The apparatus of claim 1, wherein said transducer forms a wall of said flow chamber.
4, The apparatus of any one of claims 1 to 3, wherein said particles are focused into a quasi-planar
arrangement.
5. The apparatus of any one of claims 1 to 4, wherein said flow chamber has a cross-sectional

geometry having a shape selected from the group consisting of a rectangle, square, ellipse, obiate
circular, round, octagon, heptagon, hexagon, pentagon, and triagon.

6. The apparatus of claim 1, wherein the transducer has a groove and is coupled to the flow
chamber at the groove.

7. The apparatus of any one of claims 1 to 6, wherein said at least one transducer comprises a
piezoelectric material.

8. The apparatus of any one of claims 1 to 7, wherein the particle stream is hydrodynamically
focused and subsequently acoustically focused.
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flowing a particle stream into a central core of the capillary; and applying acoustic radiation pressure to
the particle stream within the sheath fluid. 18. A method of hydrodynamically and acoustically focusing
particles in a fluid comprising: flowing a fluid comprising particles therein; subjecting the fluid to
acoustic radiation pressure in one planar direction to acoustically focus the particles; and flowing
a sheath fluid in a second planar direction thereby hydrodynamically focusing the fluid in the second
planar direction to further focus the particles. 19. A method of hydrodynamically and acoustically
focusing particles comprising: providing a fluid comprising particles therein; subjecting the fluid to
acoustic radiation pressure; rotating the fluid 90 degrees; and subjecting the fluid to acoustic radiation
pressuré.a secnd ipaetic afigartie pertiliase 20t dhemethod ok glainy b9 funtaty Rompdiging
analyzingdvae pasiiclescul.sTrharagparadies. of claim 19 or 20, wherein the particle stream is
hydrodynamically focused and subsequently acoustically focused.

10. The apparatus of any one of claims 1 to 9, further comprising a first transducer and a second
transducer.
11. The apparatus of claim 10, wherein the second transducer is configured to provide feedback to

monitor the acoustic field within the flow chamber.

12. The apparatus of claim 10 or 11, wherein the first transducer and the second transducer are
each atiached to the flow chamber orthogonally to one another.

13. The apparatus of any one of claims 1 to 12, wherein the at least one transducer produces an
acoustic standing wave within the flow chamber,

14. A method of hydrodynamically and acoustically focusing particles, comprising:
providing a fiuid comprising particles therein;
flowing a sheath fluid into outer confines of a flow chamber;
flowing the fluid containing the particles into a centra! core of the flow chamber; and

applying acoustic radiation pressure to the fluid comprising the particles.

15. The method of claim 14, wherein the application of acoustic radiation pressure is configured to
flow the sheath fluid at a decreased rate.

16. The method of claim 14, wherein the application of acoustic radiation pressure is configured to
focus particles at lower concentrations.
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17.

18.

A method of hydrodynamically and acoustically focusing a particle stream comprising:
flowing a sheath fluid into outer confines of a capiliary;
flowing a particle stream into a central core of the capillary; and

applying acoustic radiation pressure to the particle stream within the sheath fluid.

A method of hydrodynamically and acoustically focusing particltes in a fluid comprising:
flowing a fiuid comprising particles therein;

subjecting the fluid to acoustic radiation pressure in one planar direction to acoustically focus

the particles; and

flowing a sheath fluid in a second planar direction thereby hydrodynamically focusing the fluid

in the second planar direction to further focus the particles.

19.

20.

21

A method of hydrodynamically and acoustically focusing particles comprising:
providing 2 fluid comprising particies therein;

subjecting the fluid to acoustic radiation pressure;

rotating the fluid 90 degrees; and

subjecting the fiuid to acoustic radiation pressure a second time to align the particles.

The method of claim 19, further comprising analyzing the particies.

The apparatus of claim 19 or 20, wherein the particle stream is hydrodynamically focused and

subsequently acoustically focused.
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