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parleyed into statistical information about populations of particles or cells.
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align particles in a manner suitable for use with flow
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acoustic focusing capillary further conprising a
capillary coupled to at | east one vibration source and
the at | east one vibration source possessing a groove.
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to the vibration source at the groove. The groove
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[0015] One embodiment 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 90 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.
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w@anopogilves stream i s acoustically focused and PCT/US2009/031154
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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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[ 0019] Anot her enbodi nent of the present invention
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particles. The nmethod preferably conprises flow ng the

fluid conprising particles therein through a flow
chanber conprising an obl ate cross-sectional geonetry
and subjecting the fluid to acoustic radiation
pressure. The crosssectional geonetry of the flow

descn&lgﬁrggﬁlé td é(pBrnQE@;Brﬁ'rmpbés S}l thé m/érﬁ@#\ Th-gmrﬁmr%t%%jérmafg; th& Bur}pose of

al so include inmaging the particles

"'ustra%{mmoa@e@ pé?f%frer‘ﬂc?\v'&o" 'f“éatts 8“8% Inveriign F’Eﬂ%rﬁ Q?t '3 B%i?é‘s%‘fed as limiting
the invafitphi bahe drabiyigof t he present invention will be set

forth in part in the detail ed description to foll ow,

taken in conjunction with the acconmpanyi ng draw ngs,
[0022]gnd | Aigdrs angmicdBestrtiessapidmentian ifUREeg 3 lking ¢rivg capjlary where
particldshe adolistidRITodsat it deatfal @kis biltke Eplh@wi Nng, or may be

| earned by practice of the invention. The objects and

advant ages of the invention nay be realized and
[0023]at t ai rredd 21jisstragesrpongfuctidnef linesdrive panilia eyl Withigenoverhidezoelectric transducer
(PZT) §QBRING A briREmbBaiehtci traksseRFhBhRM; out in the appended

clai ms. BRI EF DESCRI PTION OF THE SEVERAL VI EWs OF THE

DRAW NGS [ 0021] The acconpanyi ng draw ngs, which are
[0024]i ncor friy. atillestratestaodiggnam Do limeal riyesrdapitidry tvithean elliptical cross section
accordﬁ‘ﬁ@&brfe' &%Hﬁ{ént df ltHe%ésreﬁttlﬁleﬁtrB% or nore enbodi ments of

the present invention and, together with

t hedescription, serve to explaln the principles of the
[0025]i nv entrig A illudtfute fdrca\pbregital diirea hielkdrivérocaptiivg withi eldgiRe cedss section
accordi ﬁté"g'r]fere%t}og gﬂm?th%r r&gﬂtqn\,%ht%f erred embodi nents of the

vention and are not to be construed as limting the
|nvent|on. In the drawings: [0022] Fig. 1 is an

[0026]errbodiFr§36ﬁllu§lfaté fare poRa@Ntor h.ﬂéfremta'bmt latidsrsitd ki@l [atex particle in
an elllp%tlceﬂ cross setc?or}, ﬂrpe %w% %{agwgrg%g% oégt tf)ﬁ)geegrg (gqerpen? OHF{% br%a %vention;
Fig. 2 illustrates construction of Ilne drive
[0027]Capl I IWg"syemﬁorsa;nmy@%cpéeejmaic@cstréén@ﬂsvv.@gm@ugre&n d1iRédal cross
iordBS E% ho one € n? % gl Eﬁ]resqnt i nventi on;
section 6‘654‘16” B aBAePield ?%’Ie g '8135 REseal MVeR% g r i ven
capillary with an elliptical cross section according

[0028]t Io Onﬁhg%“’f’@%dwhusﬂéteé F‘ﬁj &?ﬁaﬁﬁéﬁllr “&M tp'at‘ﬁ@les cﬁ Q(Ql?tﬁéd in a central

g. 41 )lustrate force F entia In a |ne-dr|ven
core stgezh} A9CYFYI i IR cBPPYIpERt Ohihe preged "B’%’EPP on according to
one enbodi nent of the present invention; [0026] Fig. 5

[0029]' A UStFr gg%glrulgt%;{sea]cg&tt'gmchﬁb d ?£rti9ésf ih €5 FERatiB RRIThydr Al AR
focusmg accordlng 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.



an elliptical cross section, line-driven capillary
accordi ng to one enbodi nent of the present invention;
WO 0027919853 gs. 6A and 6B il lustrate focused parkCTU£2009/031154

stream fl owi ng through an elliptical cross section

line driven capillary according to one enbodi nent of

the present invention; [0028] Figs. 7A and 7B

illustrates hydrodynam cally focused particles

distributed in a central core stream according to one

embodi ment of SERg) PHFARRIATIME F @Ik INVEQZRN FI 0. 8

illustrates acoustic focusing of parfticles In

conmbi nation wi th hydrodynam ¢ focusing according to
[0032]0ne enmhodseaenicinoh” héms phesmandrei nvent i on. [ 0030] Fi gs.

9A and 9B illustrates acoustically assisted

hydr odynam ¢ focusi ng accordi ng to one enbodi nent of
[0033]t he priedErd hareil difwicoambearaedne @ 3h3annel @5 camlany hayisp pghaps sglected
from rec@ABIIAASJuamR, Qfiptioh Wiitd @rcaadrohy@l ro@laydiﬁﬂh@ptég@ﬁélsheiggdnﬁl a
pentecpliS B SBIR o BT e DP A S BRSER  FENE ! gl chamber be
the samwmame[oomsgytem walle dAhe nei- lnmtlrm"exwedﬁsa fomechambergaehave an
interiof W4 33fineBBy ld%ﬁ?éhlerr' §ﬁﬁe%na frle QuichdtavEn @éﬂneHE@Q %c%ngm&rsﬂ%e

[ I a n a e se rectan
Addltlogallyat%gﬂov&ar%wf o paBP telﬂogs%rucﬁlogl?:aq@atea%s rgﬁqeg[netrles
whereihepé efgionatioye ﬁ@nasgdﬂﬁaés th@etﬁrlargiblaaﬂ of trerfdwicharmlgional . | t

is not necessary for the shape of the interior wal I S
he fl ow chanber be the sane as the shape of th
[0034]ext er iASYsEGNgrein “cagillaly’ fesang ?ﬁpqqnﬁlg)r é'i?ﬁﬁ’ﬁf Iéavmg arshapk selected from
rectangUtea Ho@are Calliptited \oolabtirtuidrefolad, oubagbdnadﬁéptageﬁlalb)exagonal pentagonal, and
f I

trlagongl Iﬁgh(guﬁéaelrg ﬁfo?mg h«%%lf?%ﬁrg X\{t%ho(lgth? éﬁ&%ﬂb% game as the shape
of the @@efﬁh\f“‘t‘”sofAsé’ r@@ﬂ'ﬁ]ﬁ@g ?@"ﬂﬁﬁt"?@l Yy @ have arapleror ajal dgﬁ‘ﬁd by a
circula@€RpEhid BS extbrRF RbINdEHRG 19fa lebienquRpviaps hapes defines the

interior shape of the flow chanber. [0034] As used

herein "capillary" means a channel or chanber having a
[0035]shape @welaseeceef dne empedmerinbine aresens yentien pielip¢gioi eage in alignment

during @Wl(ﬂatfﬁbr%iatfcﬁléh@for Ia'?gj?eH Q&us&%@r@@ Bdrtu rel§ € Nhétg&régﬂ)ect of one embodiment
ona

an
o the ERCGUBHPYon B R e B BT e RGHIo e sod g ppfen qvask
planar parti¢lé cencyntizagort. Heothenaspad ptdvdes foapenap partitie cancemratior without particles

contacVﬁJ Arﬁ/or é§yu§’g i Q&tédt mtﬁ fh@ %n@%@aﬁﬂé@ walff ,&rﬂ)@delr !aéH'eXt pq:@mjeg ¥ ﬁnaglng
an interior wall defined by a circul ar shape

cpplcadgraphedh P RS Rt ABPNe I AN GEPHE T fﬁ?ap“@othffoeesqt provides for

applyirfgreeodtip exdiatiaf presrsereembexib aesdt inodtabilibiag ptaedeedbydradyeamiic patticle

focusi r é’téﬂ? S’Yetgﬁot %ségpecp;frgv Jj&%ﬁéﬁuc%ér{e% cgr?s\ﬁlm%ﬁon in sIow-row
rircation an er acoustic source apertu

hydrodwlﬁéxsteg@ﬁéefo aspisgp @ar@nﬁ%@ﬁywﬂr@ planar systems (e.g. Chlp based systems)

Still another aspect provides a method to dislodge bubbles from fluidic systems.

Construction of Line-Driven Capillaries w/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 an acoustically formed particle
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of the present invention provides for a line-driven
capillary with oblate cross-section to obtain
waQ shplvahar particle concentrati on. Anot her aR@EEU$2009/031154
provi des for planar particle concentration w thout
particles contacting and/or staying in contact with
the inner capillary wall. Another aspect provides for
i magi ng applications where particles spread over a
plane in a narrow depth of field. Another aspect
trap ao‘a&re’}‘ub g)et§1e eﬂ{boﬁmehﬂ@f {h¢e p?e%@rlr{%leﬁ:tloﬁ a?ﬂh@telnggdlrﬂérﬁﬁlﬁé{ra@ed in Fig. 1is

forces to assist in stabilizing standard dynam c
applicghle tp pry \WorptipRalanadg °§SV'§P\é°ﬁ%“ WhelheT d pEtMasPPasss 6@8‘? %@@@Pﬂ%setc ora
combiffation sfettideeyl itsheasible GOME e dfftrieomdde cohfigutafibrawith different spatial

: Y. assist in particle
cmmgPM%hgQﬁ%@?@&mﬁgﬁ%ﬁggﬁgggﬁif(e g. chip based systens).
Still another aspect provides a method to dislodge

[0037]bUbb| %ofhéloé’é\pédt ] @e%nﬂaﬁéﬁh@ﬁﬁ)f th@@ﬂa‘ébrﬁth&ﬁkht@ﬂ pﬂfwdes a line-driven

capillary. sMs%era thaygorgh gﬁ.@er %[)Ie acoustic S|%na}é§\(/:|jt{1§ he Cé\pl”% P/ cﬂJossess consistent,

Flven” Caprtrart 88Care'Yge acous

repeat@himleﬁmoro\mrepq@taswf bk elsctrameghdriicaldinggjt thatrceiven the §mtern a
capillary. Particles experience a tinme-averaged
acoustic forc from aco SH{C radj at i

10038107 o2 Jp 10 FHHGAER] 41 Krp o S Ko i Vet 2oy 1F cgmgied o
capillarydd rcatpletigo viragiondsquak d 6 nBd@llavh &t @npamiade frew, MR a@met limited to glass,

metal, ?I‘QQHS& a?l?l;&rﬂblrflaqsﬁjﬁﬁ@l%oit q’_o@vm%s ?r%'fgrlﬁ\@lareaﬁféféragltl pgr"ﬂaé l;(Lr@EMrators and

E‘OSA tion of an acousti cal y
stainleggtegl | lﬂo@? PHpe BiehraRAY MaeBlse V%'Bﬂ?%?ﬂwd? prtef?éably comprised of 4
piezoe[@rigis eaterihln Eedrhplaof piedeteceicivatkriag miclude butskd @dt @ditddno PET.lithium

nlobate1 qhac‘rhza% doﬁ@ﬂlat?ong %e?%y \YESIQ{ o%tslogrlagl‘IG %‘?{jaqsooge a”ﬁatﬁ)%%gr%%tor such

as a Langptin fanspessr gfanwgwégm:;teqlql Of; %ew,ggﬁ*gt iB p@oap[g o@g@r\géatlng a V|brat|on or
surfac@ldjlﬁpflzﬁfeﬁ‘l@ﬁt dmdea@nyn;f ugufhat aspea oWIhé bmebdithertt enthe §rfé§ér1t alention

conf | ces the ca
comprl[c,mnﬂ% ?‘C%IIH If]ocused Ilne rlvefcaplf’la Gds aqar er afCOl% IC sourrceyage{ture than

aSbﬂ@wW@WﬂpdﬁdprOV|des a l'i ne- drlven caplllary systen1that

bot h delivers stable acoustic signals within the

capi | | osse Qnsj st ent eatable . o
100391c Gt PREHPAR PABBPTTEImEN oL R er eh (VB NELIE 4P Scraehiged o
vibratigrisatircel 16 inrswhithecagijfary d4ris cf0i@833s ilustraeeindiigo 8d Arieagtanoib shown in Fig.

2, whlcthh:@mBIr LSRR dr|v@\€§pmahpﬂ)' WI!h g&%v% \'/lNrgtrbn(‘s@WcJe |1@raysm]aﬂ Pk? slab with
npri sed l'ed to vibration source

mac“"f@ C”Q‘:‘éﬁﬁ ig[qoséer §/8 'i&drﬁ%ﬁﬁj tBéaFﬂlﬁ‘&/ 4ftP BrRrovsRanytagturRBtity |apdrp eaugfic

perforrhamcgl @s®ye Tk akqulapvitisa racljus tat maghesahdonatradius df barilaef14 plus a
small glh%%)leps'%e%h%g gﬁ;o@é’d% tf?gt%R g&ﬂpésyattgé{eh ltoctlagylar%/ Hé isbné)% Itimeitred to one.

oncentrators and stainless steel TIs ]
Using @afﬁlt'l‘al”e%? IFPRY B VibERtON sQireR 'é?ﬂ‘@ﬁtaﬁ%%sdfbdfmg iddfeggnigcapsiip mpdes that
requireCSpBEid ébaﬁbl Gépeadeﬁicézﬂmeﬁéﬁuﬂé & dipleatiddlis drExawm @smglé source or with

two so%zﬁs aqs%l ﬁg'j to (rgé:porsrgetv?a{rlls oJ caallla CI1}Iland (llolven %e eg?etes outn} phase R
quadraphle megt is dWQiTtaftatté?h'@cﬂQP@és 'clt@rtb%q@n@llpgﬁtlcme (W C\?Qiﬂe affsadfyom one
anothe@)%@ﬁmeﬂrouﬁdf %has@s Fér da@iﬂé}%\é bﬂan[cﬂr&ﬁéjrlé%E s&tiorR [3hoo0d h@\ﬁ/lll typically
take on n{%s rcg)ls? iﬁ,ﬁ:?%}apgeomegy oth aplllary 14Fanor examp?e ageﬁlgaet g]tcrosg section capillary
would 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 16, it is not necessary to



surface displacenment of the capillary. Another aspect

of the enbodi nent of the present invention conprises
w@eogomeet i cal |y focused line drive capillary RCEUS2009/031154

yields a larger acoustic source aperture than a

standard line contact. [0039] According to one

enbodi nent of the present invention, groove 18 is

machi ned into vibration source 16 into which capillary

14 is cradled, as illustrated in Fig. 2. A diagran1is

have aﬁ te%\@{ﬂcél @orﬁ'u&mg Zayer |M@decd?o&/gq'@ma§§%uﬂ ||l1t8 %e%ﬁ’s}é\? @cﬁ'lgfr Cltlgi) With and

th grooved vibration source 16, a snal

W'thouwof‘ﬂ”%%ﬁlgﬁ@de &3 F%’ﬁlbﬁ?” FHVEtR i s adher ed t o

capillary 14 to inprove nanufacturability and acoustic
[0040]pe”c 0 A[mm%reas ggt QPH& e ﬁ]%o §1e i Eﬁlé p. serWI r]fv? tfdn pﬂ)@ld@e&s@%f device

mat ches 't But er radi us o capi % pl'us a sma

constrygfiee | ayer. The nunber of grooved V|brat|on sour ces

attached to capillary 14 is not limted to one. Using
[0041]|er:r Sr ::\Ce?%rbo%ne eeFten ea%%bﬁéﬁebpﬁé}gogres%ﬁt |I %n?onwrowo%g ?orlljarger
acoustiggewicé arertgisaasicainpaiepiorrdendiee-diven devicenpl e, a di pol e
node is driven with a single source or with two
sourc attached t capi .14 and
00421y 6ot Bt i Griset ot Saociral e fepaliPisbe b i gepeatabi
acoustigrelegtinallpyrfainbeaehi ng sources at orthogonal positions

(90 degree of fset from one another) and driven out of

pha For capillaries of non-circular cross section,
[0043] oov e“”f%‘eWSIpFCtPW]eéﬁle?mF%thethS RraSHY InveRlion PEwKdes gpegse in
alignmg&@hedpilgrya# with piblatiar soudcé.16For exanpl e, an elliptica

cross section capillary would require an elliptica

cross section groove. Capillary 14 is preferably held
[0044]t o vi BHUBENWRET SERFELRE ONBepadinedt kg mreiﬁnﬁlqunawroww&f a larger
glue stiBEGon WhicBZ®O&taek b frhfsdGéeyst al as vi bration source 16,

it is not necessary tohave an el ectrical conducting

| ayer inside groove 18 that is cut into the crystal.
[0045]Const rAdditipratly. wiig ot aeressart faoihe ceriladiie haves ¢imqulgrasess sectign. In one
embodhﬁéf@ohﬁ@&e%ﬁﬂ%ﬁérﬂb%duaré Q@Mecm%&ﬁé |n5|-'$2|qﬂ§ﬁse@f @ABillaries can

nt o i nv es eas

e cong AL GHRSY PPV L0 Pyt PRI fePeal e tarr. general
oblate elrdpesliarmell andnytdmss pectismahgeameignt | on provi des for

| ar ger acoustic source aperture as conpared to a true
line-driven device. [0042] Still another aspect of one

enbodiHaat P'G‘Fa’t':l‘?éuﬁi'?%géﬁ‘f 'F'ﬁ?/!é‘n't"f‘%H"b“r'b@'i"ﬂ'éscaPB'P”es

repeat abl e acoustic/electrical performance. [0043]

[0046]AnOt heRrefeq %tl\l tgleﬁg‘]()?(ﬁneedmgﬁEﬁmlesqx/lthtcngulﬁr fo%g Qectl?r?s can be driven

nvention provid ease I n ment of capl
to ahgrg_qar%lqswlqr,! 2is ghthe gYlingricahgpillary when driven in a dipole mode in one

embodiment of the present invention. In this embodiment, it may be 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 applications where particles need to be distributed in a plane within a narrow depth of field of
the imaging optics. A method 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 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-planar) arrangement.



[0044] Still another aspect of one enbodi nent of the
present invention provides for a |arger glue surface
wQpwooseh to attach a transducer. [0045] PCT/US2009/031154

Additionally, it is not necessary for the capillary to

have a circular cross section. In one enbodi nent of

the present invention, a square cross section groove

in PZT is used. Capillaries can be constructed with

many geonetries including but not limted to

elliptical, square, rectangul ar, general oblate

shapes, as well as any cross sectional geonet
[00471Quasi Fer %fﬁﬁ}p'eFﬁrb‘ﬁfé’Pﬂﬁa'b‘d“ﬂa‘ran'ﬁﬁ’%éo Wih 217 ¢léptipg P’\?éﬁwseCt'O” Is
illustratSblireftig. 3Capinlsl eibodimetDBb63ticRabires 16 sygtialgWistributes partides,in a plane
along ljhé HSJS%Q dsvﬁﬂ tﬁﬁtRll clohlﬁlreg ﬁac‘rtlégérs:% 'ettg rgl:n%:] axfi:tr ﬁgec’ gin%&tratgv%%f the ellipse
is 9'Ve%9Y iha ftic @hihe awer P*'%?Syto\mff’@ﬁ ays pxieh= ?)ﬂaé i G35vigtertseeopic force on

partlclé%WﬁthWIMme@tth@écohgt% rfdiRBR Plessuny RFdeiod . colnBre%:hlblé spherical particle
of volum |n an arlbgr’ra a}com%gegtf?azn:t)et% Qn % tI angl%easn a)crc])rjstlctra)dlaélon pressure force
pmem@bé@kﬁk@V@6ﬁhe within a caplllary, not to a point or
line. This is the case for imaging applications where
particles need to be dlstrlbuted in a plane within a
narrow defths iﬁ} f‘ﬁf»eii o?é%«ﬁ*e E&rﬁgl ng optics. A nethod
[0048]t O spa |aBIy s"ir‘a e2 h& particles is to break the

circul ar synnetry of the system By nmking the cross

secti illary oblate (e.qg. . . .
0045151 | pHEESiejS OF PSTAE BE0S:iRaht PREEB oL Ghee Spaaipdpa i, and oo s
the dehsitg af theatrnoomﬂmgfluudn §helpreesise aml welocityeof dHel aomstiglfididiie the absence of the
partlcl@ﬂéhb&ln@& t;y% apﬁ vsﬁ%écﬁuellyyar%‘ tfid Bkméts%rré%oﬁqutanﬁ{e averaged

di nensi on. I's advant ageous for syst
quantltyearﬂﬁ tfa{rrﬁ,d1 ]aﬂijrft ar& F@Scomraé&@anq tHatéjeBrrglﬁ%‘Povr e mechanlcal properties of the
particle|difhes ifro i titenizackg raund amgi@e Mhey @4 ¥en Bpr exanpl e, an
acoustically driven capillary 10 with an elliptica
cross sectionis illustrated in Fig. 3 . In this
enbodlpn . #coustic source 16 spatially distributes
momnpartlcﬁes lnka pl ane along the major axis and tightly
confines particles along the ninor axis. The aspect
ratio A of»the ellipse is given by the ratio of the
m nor @XISTﬁ =t&iaj or axis ax: A = ay/ax. To
moslcalculﬁtejab§ ggustic force on particles within the
capillary, the acoustic radiation pressure force on a
conpressi ble, spherical particle of volunme Vin an
[0052]ar bi t rTée pulscnl gicpreesppralsdo iohinsib propgrtigstad theiparticler ige fofce &racting on
a parhé&@lﬂéatb@tortﬁ@%r@&lérQBf RE P& Potenfigbge potential L/
(Gor' kov 196 [0049] Here, a is the particle radius,
bO is the conpreSS|b|I|ty of the surrounding fluid,
[005312Nd PQr ws-#he density of the surrounding fluid. The
pressure and velocity of the acoustic field in the
absence of the particle are described by p and v,
[0054]r es pediarticleb pre leqadzed epdsitiaekehese the pplestpbr displeysa minimum. (For a

circulat &rBR-R¥h 388fhry, 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,
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quantity. The terns f-i and f2 are the contrast terns
that determ ne how t he nechani cal properties of the
w@aoovfogles di ffer fromthe background nmedi um TREKUSR089/031154

given by: [0050] ~t X- .- [0051] * ( b ) [0052] The
subscript p corresponds to intrinsic properties of the
particle. The force F acting on a particle is rel ated

to the gradient of the force potential by: [0053] - -
[0054] Particles are localized at positions where the

the pamagg%bl?éncya %r&c)(hé’txr%ns%oﬂ% m%w&% p&tgﬁ’(ral \ﬁeIIQHJt%b%e%Fs t8 59&&1 between

ction ca y potential mninumis colnc
the foci/\?ft”i’? {lifpge-a esoaHP °f ﬁ'@ 3@8;‘5""1@ gy fogyser! ipthe Aleechorr 4t ”Lel ’%'”Or axis and
are mdré ‘@prebdolti ig theldirpctioD 06th¢ majoeartior ce potential U for an
eIIipticaI cross section capillary line-driven in a
di pole type node is illustrated in '9. 4 . The
[0056]pot entQeapnding upan Bglaarastratiaef theglipge difhierce goteptiahiaoghogons
directidni8ican B@cﬂkﬁﬂngﬁbé@ldlﬁ'&?er& hﬂ’h@@'lﬂdSﬁét@@lnﬂ@JBr in@“@@ f@rcfe@bl@ﬁtlal for different

aspect ret&logtfoﬁrresm fi aeltla\?\e/ex [rLe inan eIPp(I)lce% chrs]s sec}Ne II|ne (prlverrhca%ﬁ)lary is'shown. For

this copfigutatien, #w rartisles preanare logalizegiiengthd masadb and l¢sh ¢ocalized along the
major éiélsr @CéHaﬁQ’é |ﬁfre(ﬁdéﬁcyr@aﬂ Qéus@@'re%te@ﬁﬂal@ﬁlﬁ)nmn thesrﬂaﬁ(ﬁ‘%le QHd less

IocallzrﬂBBﬁ op%&e ggrbOé aﬂs r ac}r aapeé:% rgﬁ#ecIOéFr)%P Hglg( t%? Rgt]er[atgf\@ejps mo% pronounced
than fop esprenttratils furthedrdnhagte.iddte the gedientor heqatentias iscnahaatin tha dirgcetion of
the ma?ﬂ ]Ca;l?rﬁ{étredu-ggd raﬁlént'lrhgglﬁé§teggkgéjlzéti@n Ef tHe pétlclesld’bng'ttgs dI@Ct’IOﬂ As

orce potentia for different aspect ratios for
the as%eﬁhr@pq %féhe qll&nﬁ%Qec‘Be‘ﬂsgr H]eé)ofeﬁtlaéWe@pqqt%@qcaeépesd?%gw |n milder gradients
and IeéSE!@IIa!lz@ﬂon [ Thaefad, iwite Ie@étisiriglaapiqct iafio, phidivias experierté b greater spread
along tﬂﬁ H1f L‘Ig%{:l)s?(;f g%nesl’llpgag c{?@é&s 1’0 lo?g B'r&d ddlg{ grﬁ!j Qrﬁﬁl (Ll'ﬁe%gj |saalls%%gspread|ng
of partigles glongathe mm@g@x@ , Ruffte wg@ﬁés}pf@aﬁxt@rgd@a@ ng}hégtr@}tlon of the major axis.)

| ocal i zati on al ong the ITHJ or axis and | ess

[0057]I OCSLLRZet%Eg[S usﬂo@ngo m%heﬁ‘feg a{e egn\{en |rr %Iéq |J:q0 %A% Elgytl:st arnoe%%m e oapartlcles

flowmqthr@ngffaﬂe"apg@@r@%s aeattqn@gplﬂaw tIngis éxammeuthe thclmreammwlmately 5.6

mm dlegﬁéiéjﬂﬂﬁ&tasc%ﬁt I&t@ﬁsﬂ?@te@ %br@'spéoﬁlcﬁmdlﬁfyrén@ bbAR) Shd HPLar@8 horizontal
uce

sealq g ol 1 BT BAPET AV RT DRl CHAreda Bt o e ciese

and th¢ bantralspecf the abpilanofThe pertigks arpsgedda@qrmgesroxmhiely half the width of the

caplllaR/(%rﬁﬂ{g'ambb&?J)fl pa%@l@é hIn %é)@\%%sthéf%w&r{oh o*c@ omtl'{eqﬁrtlcles directed
radients and | ess localization. There

towardgléec?@a(g Itr’ﬁ,gcaalg%é[?tke[e%{hp@ offﬁl'éﬁ,vthlla @;'%QB&IP‘F @ﬁ@\émplgne has been rotated

90 degres & |eclu®phemmoaehxtsrrg tttel'Eﬂlpmrmirtheidansalcm&lsbhme eaillaps ein this direction,

the gran[eﬁpéf&%th @;ﬁﬁalg n ]ls %ee(t& tcg{ grgétg%&ﬂne(n-gnﬁgf ‘t?hel p%rtlcles along the

spr artic
capillagygxist pefgileqy areeiingd @A siegle é’r‘ﬁ Coﬂ'rl‘*?ﬁﬁntl"‘f'ltht”!?&ceﬂ‘i'“"l4 e¥s Pfdﬂe epillary.
the maj or axis.)

[0058] Several characteristics of these types of modes exist:
[0059] Particles 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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[0057] Results showing this effect are given in Fig. 6
. Fig. 6A displays an exanple of particles flow ng
wa bodogiezan el liptic cross section capillary. PCI/USE089/031154

exanple, the particles are approximtely 5.6 mm

di ameter fluorescent |atex spheres (nore specifically,

pol ystyrene beads) and appear as horizontal streaks in

the image. Flowis fromleft to right. The imge pl ane

contains the major axis of the ellipse and the central
[0060]‘3‘)(I S Q|f1 th(amaealg)aﬂ'c Jeaﬁl‘fnenggﬁ en&fgh'f&!:éacsan%&ﬁt 3 Réé?)ad%rt@fég 8 the wall of

appr oxi mately aIf of the capillary formng
the deicq j phon of parti cl es I n th| s exanple, there is

enough force on the particles directed toward the axis

of th
[0061] ePa?t%f%E leacro fg%g ti&@g be\gﬁmrlg%%]tdtejé(]\% tg%dgeq%rg éghcg ihs where it is
”ecesﬁaﬁ/ctP Glﬁ‘ée P%TE*;C %"h@ ForRRPEPIFTe aspeciadly WherseerHY R quH%'Sé@ﬁl' ral

axis of the capillary. In this direction, the gradi ent

al ong the A ogt?c% %l sis d drodgr er%% ocus(:i‘r?d rlhcqes
ar eater conftirne I Cl es a

capillary aX|s Her e they are confined to a single
[0062]! i Ne GRURAYHE é‘oﬁ&e& B&tl@@&?é'aﬁis afXlsad AfflovR@tometry as well as other

[ t t
areas \{ygﬁg%gre%fr;é/ w@g%é tjc, e\llner c%rﬁg rtegré :azesre@irﬁg Ey({l ?(%H?I’PI? focusing is

traditiohalty eg@tbyed it flew crbrostry tor&]cuﬁr panticlesiintoa tight stseapf forlbser rérogation. A
dmgrar‘é’i"o‘r Q hydr&ﬂﬁﬁmc&@ ?dél?fée'a%aﬁl'clg @QeMﬁ nBEMMR ﬁ@l 7Aj' Ih 8fd é)@ﬂ\ple a

[ ection of which axis is the weak focusin

sampleyis frgected g p §e%b‘é’r%%i§é??d’@?f?'j‘?cf WEe anﬁ'aﬁﬁ‘éatﬂg%\"kl {pe sheath fluid is
typically @aciegae dufthr saith drayelinatingdny tioe< e eaocigxf the sdroplk @y in order to
hyd rodgﬁgntn Ea(ﬁk ?&wg@dfhe tcglrﬁray\%nlﬁleo;tregrn ?ntéjg g@%l%aar[é&\?sggﬂlongl?arréé GthESactlon
confinggig pasidlasdha CX}\'/F\@IC@' Pre stream eLessRAPWINA | Ht?@yéra?ﬂmaml%gv focused
core strdamAragiGSN® PivgH aopeoxpeRdcaal | y when depth of focus is
smal | . Acqustically Assisted Hydrodynam ¢ Focusing of
Partic|es @062] Hydr odynani cal I y-focused particle
[0063]st rearns tesused in flow cytonetry as well as other

areas where precisely ali gned particles in a flow n
where Qs e yplpasife dverateer] tiercats. STERA ABYY KAMR lorbe erfgTs “éream Note that
larger taluatitiid samalel dgliveryod ndipeBwenvefdcitee yisid Brget digmétersfobtti Sore stream.

parti cles into atight streamfor |aser interrogation.

am of a hydrodynam cally focused particle

[0064]st r ea?FlYid@dY’laI"LFs’ii'Y feusgd pamAte gfreama can spfferran estabiiie of the central
core stﬁe&ﬁmoeltlbrﬁad Ajub&ibr of r‘niﬁy@ac&br@ €THeb@banGifdRle Bt 8 Adt limited to nucleation

of bublfclf]as onﬁhe ce(?l wallé !?1' nalltgr s%%gr)r% Ilges En}u ethe fén W Tna? nsl}hert]eol? It is
er 'so I oNn

advantageqqgfg,asgstﬁygroﬂmnupéﬂydgq:qs?d gifstergavity aﬁpxtgrnplﬁggg th[ahstablllzes the

spatial @bSIRIn Jf mew@lr@&f@a@aﬁalpln}éma\.fﬁe%ftrﬁ%r&emtimhuqmm%@es a device
er .cr osrﬂsect onal area. This

that usSt h e@ﬂ]el n%l{'o ae Srémtl te e ore a

SEHURe QY pRgs g %é*ﬁ‘fe §PRY&@ %yl i ndrical core

stream of very narrow wi dth. The hydrodynam cally
[0065]]c ocusqi#g. 7B illustrates an embodiment of the present invention comprising an acoustically
assisted hydrodynamically focused sample stream. In Fig. 7B, an outer 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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core streamradius r is given approximately as [0063]
r- y where Qis the volunetric flowrate of the core
waeeamoaind v is the velocity of the core strekCl/USIDE031154

that larger volunetric sanple delivery and/or | ower

velocities yield |arger diameters of the core stream

[ 0064] Hydrodynam cally focused sanple streans can

suffer frominstabilities of the central core stream

position as a function of many factors. These can

include but are not |limted to nucleation of bubbles

on the cell walls that alter streamlines, turbul ence,
[0066]and cdisiemeetipRat of feperspnt ipventiog Cafava?ﬁag@%a?cv%nga%ﬁ@f'es with
hydrodgiyahiio by gl @abdsyic foowsirgedsisty ajdeedynavhit FocagingesybtemBaal stabilizing the
absolutquc%ﬁorf &%e p%‘t%@ ltr!egrﬁﬁ%nr%? r%@rgél'fcﬁ'!:esp%?6&5#191%&%@“?&50 used to further

core

tighten; thﬁ,f@ﬁlts,nge(p@Wﬁlp |s§%n withiresy hyceody paipica iy @g:uwﬂpy:;tgp where reduction in
sheathffiuldlcdhsﬁm@h(ﬁrﬁc&ﬁﬁ:rda@e Bitse@ple tHr6ughpit s cfﬁsw&ﬂ[nﬁlo&ttlﬁéelaéﬁ of particle focus

quality[r\)N?tRm me stregm 17'h|s |s culer\rfe‘t Por%nt fer aéaggcl?g(?ns whle[e tﬁe sampl is 8|Iute. A

ent |nvent|o I Ca assi'ste
prime ¢xahpleds/rgnsnead %sttlrfgoxE u%leld s%iprmatemgqt be &ent af ImNeFucgnceWBtloahD prevent

aggreg@l—i’én‘3 rAn@fh@%éx@}nplUlsQMﬁe@é redth@ioh br shbath fui§ B%fdr|8ﬁ§ whthtsit sacrlﬂcmg particle
core str earﬂaﬁont al ni n

focus. ﬁgt&eﬂnpr@ $PeS Sé(gte'{nfj rqcf)l(lﬁ 8iocpﬂnq R not waXt thep s%m%‘qu contact
the waltey dForcbyarapie alais Wil kbercths emjldﬂmroéprstemanqi srhdlipapiales that @s unaffected by
acoustfe'r %lﬂkﬁf)@%ﬁpé i th%éﬁl%ﬂ/ vf/élllgt ﬁ?erse @%stté?ﬁé’bah tL‘ﬁge a slow, low-volume sheath to

stream nmbodi nent resent invention
entraindie,$AMALS Aé’Ek'ﬁﬁ'g{CICES'?Q)(i?ﬂéhel‘fd)ed‘ﬁe%tar“ﬁhtb’lfﬁs {hieParticles within the sample
streaml)ydr odynani ¢ f ocusi ng. Acoustic focusing assists

hydr odynam ¢ focusi ng systens by stabilizing the

absolute location of the particle stream agai nst _
[0067]ext er el expople @5acougtisa]y PpustebiddnpMmiciogy s Isgeyn indig- 7B. In this
exampfels 6l Adard h;@ifﬁd@lﬁbrﬁl&tﬂiy-fdéﬁséﬂ s@sfterﬁ h;&)uﬂl&éd WIQH Btr3bhie &fAsducers to set up

dr od ocused, S
a stan%equavte |rbtrt]1e UId o \Xt)é?’l? fpiartlc%s are |n|§aﬁ‘1 {1){ o ynamllca Igf cused UHrasonlc

radlatlcymmserettlhﬁrﬁgrgwu@ pariclesete rarf@@re mtqrﬁ@imlmmh@ Igcated at@ﬁg the axis of the

centralRBFel bR where Wisey Gtujtiier al¥nb & iwiinit (he c8htFab&m stlddhS 1S
particularly inportant for applications where the

sanple is dilute. A prinme exanple is high speed
[0068]sor t i rRpfanfing'retvite Kig:'8, @skhenatinafta dayst cimble@pappiingl aowmstic focusing

prior tc° QLE}WE rErerMpﬁ& tb IndP4 LﬁM& H}L rcﬁﬂ%rﬁg ﬂJchso& |IIL@99{E@§(§CO%¥“@ %’J)r?e
ere reduction of uid is a priority

embodifiar gijbe RSt YAy T&mmbeﬂ'@eﬁbceu@ﬂseﬁa?mwe it iggh capilary
22. SeyitfleidR4 hipdrbdyaapically feaweing partclds@bu Tramgdurans 28 @ahd sdadoustlaelly focus

parhcl%%lo%ﬂtﬂ% a(*}(gr& ﬁg tcer#t%?co‘?@é#io? to t{ygr%g ngméugrn Wﬂh tré%élkzers 32 and

bul | ﬁ el ns ‘an : t|c es t
34 acoas,‘.t@al[xﬁcéﬂru]s gafi @@s uring hydrodynamically focusing.

[0069] Measurements demonstrating acoustically assisted hydrodynamic focusing are
illustrated in Fig. 9. The image on the left (Fig. 9A) demonstrates hydrodynamic focusing in a cylindrical
channel of width 500 microns. The central core stream comprises approximately 5.6 um diameter
polystyrene particles in solution (approx. 0.0025% by volume). The central core stream is surrounded
by a coaxial sheath flow that contains a phosphate buffer solution. 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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acoustic radiation pressure off the capillary walls.

These systens can use a slow, |ow volune sheath to
we@iopae2s he sanpl e. Acoustic focusing can t hePCDHES208%0B1154

to tightly focus the particles within the sanple

stream) [0067] An exanple of acoustically assisted

hydr odynam ¢ focusing is shown in Fig. 7B. In this

exanpl e, a standard hydrodynam cal | y-focused systemis

outfitted with ultrasonic transducers to set up a

approxﬁﬁﬁagh ﬁéﬁ)\fﬁhlt‘l Qn(ﬁ IPE sgr#]‘:ﬂe gor@ @N(—i:atny is inTrjagucQ@E\M \gltﬁrﬁatrﬁ:rﬂ%w rate of

initially r odynani ca focused. Utrasonic
betwegnRd) t%p@%rﬁ'cﬁ’i@g%wrffﬁ@ﬁlyfa @&Oftaﬂ%rmﬁ'ﬁ?tﬁliya PRaicqh/myn. The frequency
of the dcolstie epakiationtis 2 MHAzNiIMiainhage at @@ rghio agadoagticaikid $s afivatduethat is

desig n&& E)L&&JUC(%Q Egrtléé {r%aﬂ% L S(lst(l? e C%Eees(?&]yetsg%m all-"érgpgsqmthm the core

e cen re stream erring now
Samp"ﬂ’t grepmgre f8”heré{>‘°§tﬁ‘ié\ﬁtﬁﬂ”@ e drege\py e acayripiidd of
appl yi ng acoustic focusing prior to, during, or both
[0070]22::8{ ::sﬁ%c no agogurg e osélsr[,mcﬂi@g E{/r}aﬁuca ufz)cé‘u‘gs%%i IsalxrrlJPVeZt {re%ms include but
are noffiiyited trbodi nent conpri ses sanple 20 fI ow ng t hrough
. Cﬁ@éelala@reyoc%gon cﬁhﬁ@geia hidie dtrehy hydr odynami cal |y

focusing particles . Transducers 28 and 30
* alvgigatqdPalticly f‘?célﬁ‘ﬂ%'”ﬂ%ﬁe( VI hysody npieRllY FReusedisieasps thergby
C edidig) the sifeathfluidaéquireméntsl 1 eayona s atiafyo@ushidddo svbtrdagn smaller in
t 34 acoustically focus particles 26
EQM&QHﬁgﬁéorg’gtre%H] cally focusing. [0069] Measurenents
°d @ﬁ@ﬁ%ﬂdrsamph @rmgbglgtof diitel spmales whileaiaipfgiding dght sipdtigl positioning
o T 0&YSHAY oBLBuIbhdeUBl bk ESktdriBr iffi@nced on tHEadt TRAFNAA tHe MG used
left (Fig. 9A) denonstrates hydrodynanmic focusing in a
cYA%&ri cal channel of width 500 nicrons. The central
o CHiethod torigddie oy stees fl@papilaryabiel iy a Systeniwhdle areabdrainant particle
p ¥ % by
EPUT ERRURRL ) Fbihe e HLLa BRRe RlverdaBeY
coaxi al sheath flow that contains a phosphate buffer
[0o71]sol ut i mere a_rb%ainmg@reﬁll’brrbh@nfe'hgMhe(el'_tiom acelﬁ)tlcﬁlb‘ﬂwﬁsmg and
hydrodﬁnadmcagy%cusugg c%agga % v%tn{agercw ﬁeié é{sep?ﬁlr{/]a i(ej\ ge\lllgg\{\llh t\IN8 ansdacers
attachegtto g hv@rp@wﬁemmf@cwﬁlh@w"r dheaustisdieldeenbapisd dxé pallttiedt {5 cirodar,
squarel @r ahy Ofh@r gﬁ'@otﬁfefﬂl—/ Tﬁerhuﬁhﬂgr @E@ﬁs@ﬁ@a@ Showh Irﬁ:@ a’B@s two. The minimum
ximtely 4 oL/ m n
rumbeg BB o AR M0 BTGRP £ G PagK Ghontor the
acoustigdieldedhin 3@ dhembg0 Additanelly transduzerd My &F eftzdbby inathagonaitdgections to

create ercéﬂéﬂfs%t %to?llrﬁlzétg’gr |9€,rrpal-p/ﬁ/l_m€{bn Trhgn érﬁlﬁﬂih’ﬁéﬁ%{f ttQaf prggé%t invention,
acoustic excitation i I mage on

tis adyariagposdn foats & prricirs el Temigi g s g S?@pﬁég?agﬁe'a another
embodingenpofakioresent ipantiors ités ddvapagebonty fddoe patidles i0bnd di@ers@mneand allow

them 1S QTP PRA A oA Ghe Wi thi n the core sampl e stream

urt "ated wthin the core stream by the
acoustic f | eI d [ 0070] Aspects of acoustically
[0072]aSSi StThB gb.hydwae@‘ml@w h3sistcatyGodnsaRPd B sifd biPARBIes is also
advantlaé]ecolug%r appli catlons in microfluidics. Hydrodynamic focused particle streams in
microchannels, microfluidic 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 fluid 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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are not limted to: « Repeatable |ocation of focused
particle streame Increased particle focusing in | ower

we 2000091995 hydr odynam cal |y focused streans theP&bysS2009/031154
reduci ng the sheath fluid requirenents (particles
spatially confined to a stream snmaller in dianeter
than core strean) ¢ Increased sanpl e throughput of
dilute sanples while maintaining tight spatia
positioning ¢« Less effect of turbulence and ot her

chann@%%ts%BWPrHyyo‘Pgdy%HG%%u% I&J&ﬁze@%gﬁlt:leé R G Hoﬂﬂ)n‘fgl dﬂ'&ﬁon and acoustic

focused particles - i solate sanple str
focusigesliea pRI P et dﬁe%i'o%y%‘isér?f RISmEn BB BafEUSte and
hydrodgadriiit tolcas”fgon plshan gevices toavdoraplisbleddly thscmietinent. gThigtdnaiso work if the

force dlf)ar ﬁa%’? H rF%f (? is gotatlea 85 dzg{rée\éﬁ Ny&i a#:béth Q{)o\@tﬁ[fgc%;;lé arﬂ\ﬁfd ﬁ)d?r{a?nlc

erent arran acou
focuswfgc?&@éﬁeﬁ@ saed pwy@jﬁ?wrmﬁce'ar $RPCIPHEQR FoTtAcERghhp ghannel wall.
advant ageous. Fl g. 7B di spl ays a device with two
[0073]%L2n22\33§1 4 em %l%gﬁgéhne eeselr]psllrév ﬁ}é agov(\éseflo[ é)egr:lﬁ e}co&tlc %cusmg in
microﬂelﬂp@gmlaatlonsq%@petlc fepusinmgpriiechien figetaetream of Padiclas imseruagf
rectanétﬂaﬁ@ﬁﬁé@&ﬁ? @4391‘6& fbcﬂjsgd @rtickB iftSa Fib¥dn- Ilﬂ_@ﬁruﬁﬂum MY Bder to preserve the
of ransducer
ayered RERE 110 POV MG P Mebi AR Mo IGS dp B Sqiaus Regtrepedne
placenfeinedf thevtiankd ugers frepacdilaiiees. Hudi 4 inethad foyfodus aarfdercietos naayw spatial
conflgLpﬁloﬁ‘irjr'v@ﬁ&%ohé?lcgﬂlﬁ‘&ggﬁ’d‘ﬁgrtlc@s RGh lp@ﬂé r$t9t|n%rtr%o§/ tfy@bg@grees and

hat are optimzed for a given application.
then a%ﬂqstgﬁﬂyga?%ﬂlag%rf injor{e m%rgﬁgoqah@@m ITB?I netiresuft &s a narrow spatlal
distribiaidiv afffagtiglee.us/hemthe cansiutdn & ysad tol extiesa cﬂpdlrgdyﬁb fhod eawithitt tbe flow
L e
chambgr:‘rfb% Cli'(lylgrru‘é htyt&gﬁclgg ngpc%\ﬁyeféggtg!ﬂ ?%@éﬁ? %@Ara' {l(lsad? %*}B&/ chamber.
advant ageous to focus particles in one dinension and
all ow them to sgubRIDiSIstiging fidth AIGkROSRRMs di recti on.
[0072] The ability to use acoustically assisted
hydr odynam c focusing of particles is al so
[0074]adv antiatjecdtitiesalffloy cappetye Alibies shat adherecte wfalladf @iflgigic system are
probleﬁﬁh{tﬂzr Q'qé’y'@mlrﬁerfe@&b&ﬁrﬁgl r’@ﬂérﬁlhé}l f%wfﬁﬁéseéff@itlﬂlgnocal reactions, deviating
channel ?gf mecr of | di g

ocusof SR AP. Cororeihe ettty Sheiadi i auiee preve v

effect danwvibg therpsitimed tHeyhydrodimemically-facused santpld gheawi s amegdement appears

as a mﬁan%}{tr@me%pﬁ&%ﬁﬂe&go th'erﬂJserb%d %m%r%ﬂ% r@&uufea ea technique to
esent invention and to reduce sheath flu

d'S'OdQ?dWE*EJﬁ%Jff‘?"bPPC'eé‘H%‘ %‘F?ﬁ@ﬁ'g'f’kﬁﬁéﬁtemﬁrS?%aﬁww@f"f'%%ﬂﬁeﬁﬁ g 4Py
desiralde used, as illustrated in Fig. 10. A conbination

acoustic and hydrodynam c focusing in a

m crof | ui di cchannel is shown. Hydrodynam c focusin o
[0075]} ocal |Az°é%5t'ﬁéﬂdta|’“%'l iRI8SSUE ﬁaﬁ@e?{bﬁhp‘ﬁﬁfﬂ'ﬁi"e al'at"g?c‘%ffeétr?”é’ﬁgb'es in fluids

due to &@04t§é m@match 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 embodiment of the present invention, a fluidic system is engineered such that
when resonated at an appropriate 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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focusing localizes particles in the vertical

direction. Ease of inplenentation for both acoustic
wa@eawdkydedynam ¢ focusing in planar devi ces iBCT/US2009/031154

acconplished in this enbodinent. (This can also work

if the force diagramin Fig. 10 is rotated 90

degrees.) Using both acoustic focusing and

hydr odynanmi ¢ focusing al so keeps small particles and

nol ecul ar species fromcontacting the channel walls.

prefere[b%?lgeln ﬁgﬁg’[ BQIEI mﬂﬁp%lr Qf?merr%f actonﬁlcg&?ré@&tnohlﬂyagwgly th a source

for sefial acoustic focusin
attach%?ﬁaﬁr BulET HA the Charar e THibe gapinst PR @ %&'SPSQ%bLFOP'SW?f@ walls.

stream of particles in a quasirectangul ar cross
[0077]SeCt I Qﬁ‘ar?d?r?e'?@r‘ﬂEonQ&rHéﬁﬁe p%ééenlrt' @g&ﬁ’ﬂﬁ nfbpatlgn Bﬁép@%nﬁél K/glls at low
frequeﬁcdﬁ%% Prﬁ@ﬁb&yrﬁls%@d"Sl'qqg?rﬁ‘ﬁ)bu?ﬁ'%r &y IVipradng tha 9@k appare a sfryctural
resonah8e GFANEYEBBICRKS shﬁhc@ H%ﬁl@ééﬁﬁénts@e mh@Q@c!THmhes@fdlsbBSements are typically
larger %tgcgvynjesr grg%%%ae ! )anr nf?)aceséc%tp Lerggv\?ﬁ Isarrjgf dus ac%rg% s are Ipreﬁ‘erabny used to
break ﬁhﬁbmd\)@y\@o mgqubl@lahhq/the oliandiengy rigea- t Thelirestiaj i@toss eoypled méth localized
fluid fidwata@tnke RBarhdt® whil Qabyar@ A&l ey f88bbledsloddementaicoustical |y

focusing again into the new orthogonal plane. The net

result is a narrow spatial distribution of particles.
[0078]When tThe ptecedisgiexe@ples sarusadpdatedentbistidlaesudegse besubgiiating the
generlggﬂggr s%& ﬂ:'ar&/ Jelggrlbta!j F@Q(ct%ﬂ@gptﬁér’opggﬁndc%ﬁaﬂ dns! o§thRq‘r§v‘éh@n¢§r those

g focused about the central” axis of

““m'%ﬁéﬁﬁé?'wBﬁlWP@SEXSIodglng fromFluidic Systens [0074]

In traditional flow cytonetry, bubbles that adhere to

[0079]Wal I's fAeB%L%h ttLeqh\%lnﬁ:o S‘r?é§ 'i)gén (?er ﬁbea %QJeFa'T%h g? Jb‘?)‘ef&r@ﬁke to these

inte am nar I nes,
Pfefe”?‘é@@?"‘#‘% P@ﬁrsemtlﬁl’ meats|0ﬁ@a<ffk@de§@cfamam%tﬁ é/aé'?tioﬁaﬁ%d modifications
of the ;ﬁ@ienemadmbrﬁmll bé& oEﬁ\JldthcﬁthsérBRilléﬁlﬁ theliiiHpl @ s ihtendedftd tovai ie the
appen?%s ahmsde(\r:lgs r}]rang Izl:ch?ns a]n% %(l}it}lveagentan%? elgtlr% (rjllgcl&%’e.?t h(\.‘ipref%rences
applicatipnge p@mts @p@g@hgatlggs gteﬁﬁlgcyp@g(ﬂ{ﬁtynthe@ﬁtamﬁ@n@p@nd@éthe corresponding
applicatip &b IR h@tebNBeokpdtePbydeRrehgcal i bration is required. A

techni que to di sl odge bubbles fromnucleation sites in

fluidic systenms, especially mcrofluidic systens, is

very desirable. [0075] Acoustic radiation pressure has

been shown to have a |large effect on bubbles in fluids

due to the large msmatch in density and

conpressibility between |iquids and gases. Acoustic

energy can be used to dislodge bubbles fromfluidic

systemin several different ways. [0076] In one

enbodi mnent of the present invention, a fluidic system

I's engineered such that when resonated at an

appropriate acoustic frequency, bubbl es experience a

force that pulls them away
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fromthe wall and stabilizes their equilibrium
position wwthin the fluid streamthat exists at the
WO 2wan91ves of a pressure node (for bubbles dri vREIT/ES2009/031154

frequenci es bel ow their nonopol e resonance). The
chanber ispreferably driven acoustically with either
an internal acoustic source or noninvasively with a
source attached to an outer wall of the chanber. This
is a robust nmethod to di sl odge bubbles fromwalls.
[0077] In another enbodi mppiyd the present invention,
vi bration of the channel wallTs at |ow frequencies is
preferably used to dislodge the bubbles. By vibrating

What i$ blgimealst as part of a structural resonance of the
system | arge surface displacenents are achieved.
(These di splacenents are typically larger at |ower

1. f AegeRupiE fedising caniligey PBPERY: coupl ed with | arge
di spl agespmRkyScoasied @raekggt@bé yibrd§@holiReiheak the bond
bet Ween I(E rﬁeaspone veoraah UI‘G OSaerSrtS:)lﬁr e r\f/ ace. The
i nerti al° forces coup PeaO THSTSeaY 7 26 8ef|UId fl ows at
t he chanber wal | surface are effective at bubble

2. dirgd RdeeERRtsind QRS of IamPNaeRs £ Q¥asT ||sec%u9@d1tok3§|d vibration

ted with simlar success by substituting the

Sourcegagg%ﬁ??@g‘ﬁ y or specifically described reactants and/ or

operating conditions of this invention for those used

3. ' fihd Q:%uﬂ% %@ghgﬂ&pmé@@&ﬁ% 1 v[lr%%?@;alcﬁérgm%gpaﬁ gﬁ)roxmat?ly same

i nvention described in detail wth particular
cross-gegiuRseRe A RECBPIREf err ed enmbodi nents, ot her
enbodi nents can achi eve the sanme results. Vari ati ons

s, ongl AL kGa %hgg%%ggr& fé?éjmplrvﬁ% i sd d“é’agﬂ%ﬁ/%rhr%ér

obvious to t int eart I'S |ntended
to cover in the appended clains all such nodifications
5.  angk £Qudtic fdcesitGcapillivg oLdMiinr1enHrsicsnsebpmsry @f elipplidal.
references, applications, patents, and publications
cited above and/or in the attachnents, and of the
6.  cOhe zoopsiiaficHginagapllany at ¢lam(1syheggiresdickeapligry istdatpor at ed
by reference. CLAIMS What is clainmed is: 1. An acoustic

7 LSRR Eblled SR U et G e MR o e

vi bration source possessi ng a groove. 2 . The acoustic

8. f %é‘%&ﬂjgtlccfétms’nb %ﬁ{llaﬂfofgllafm Wﬂer%%&@\n&aﬁ@d g)ch@Qan!)r%reya
i S cou to Said vibration source at said groove. 3

p'ezoe'eCWﬁ@ag%ustl c focusing capillary of claim1 wherein
sai d groove has an approximately sane cross-sectional

9. gﬁm%ﬁéﬁc ‘?o%us?iﬁd &pfﬁé\'@ iol’ élﬂﬁ%'where said groove increases an acoustic source

aperture of said capillary.

10. A method of manufacturing an acoustic focusing capillary comprising:
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.

11. The method of claim 10 wherein the groove has an approximately same cross-sectional

geometry as the capillary.
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4 . The acoustic focusing capillary of claim1l wherein
said capillary is circular. 5 . The acoustic focusing
w@apphd@ey of claim 1l wherein said capillary iBCT/US2009/031154

elliptical. 6 . The acoustic focusing capillary of
claiml wherein said capillary is oblate. 7 . The
acoustic focusing capillary of claim1l wherein said
capillary is rectangular. 8 . The acoustic focusing
capillary of claim1 wherein said vibration source
conprises a piezoelectric material. 9 . The acoustic
focusing capillary of claim1 where said groove

12 foa maEeLor sl e e PR 5B o of sai G
capillary. 10. A nethod of nmanufacturing an acoustic

13, f?rgle%ﬁétﬂgd GBI} H%Nerﬁﬁfﬂafcbﬁhmrs emét_%\éf. ding a capillary
and at Teast one vibrationh source; rmachining a groove
into the vibration source; and coupling the at |east

14.  OMiE: MéthsBdficRin SOWRdEN the chiifargBRbliear y at the groove.
11. The method of claim 10 wherein the groove has an
approxi mately sane cross-sectional geonetry as the

15. célp methedof tRIm Theharein Hegaplarcis a¢atang@amher ei n t he
capillary is circular. 13. The nethod of claim 10

rein the capillary is elljptical. 14. The nethod of .
16, ot et R Bk whRehbstqest e vERian tiice DN PezSoecti
materigtet hod of claim 10 wherein the capillary is
rectangul ar. 16. The nethod of claim 10 wherein the at
| east one vibration source conprises a piezoelectric
17. nﬁteeerp?tgcpd_ offl?!m #Q]fgrtrheélcﬁraarlsgp increasing T@ af:ﬂjrsflchg)[urce aperture of the
capillagonpri si ng i ncreasi ng the acoustic source aperture of
the capillary. 18. An apparatus that hydrodynam cally
and acoustically focuses particles in a particle
18.  sf\p arpgrateripatingdragynamicelly e espuatisally: fogsevrarigesdba Partide gfeam
comprisiag:d fl ow chanber for flow ng a hydrodynam c fluid
theretQﬁou ghmg_central core of said flow chanber for
fl ow ng The par%icle sanpl e streamt heret hrough;
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.
19. The apparatus of claim 18 wherein said transducer is coupled to an outer wall of said flow
chamber.
20. The apparatus of claim 18 wherein said transducer forms a wall of said flow chamber.
21. A method of hydrodynamically and acoustically focusing a particle stream comprising:

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 particle stream within the sheath fluid.
22. The method of claim 21 wherein the particle stream is hydrodynamically focused and

subsequently acoustically focused.
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and at | east one transducer coupled to said chanber
produci ng acoustic radi ation pressure. 19. The
wappaoaes of claim 18 wherein said transducerP@BUS2009/031154
coupled to an outer wall of said flow chanber. 20. The
apparatus of claim 18 wherein said transducer forns a
wal | of said flow chanber. 2 1. A nmethod of
hydr odynani cal | y and acoustically focusing a particle
stream conprising: flowing a sheath fluid into outer
confi nes of a capillary; flowng a particle stream
into a central core of the capillary; and applyin

23.  atlrusetned oT53Imae ] WhergR 3’@5’;’6?'@'315@3%”?1@ aﬁ%‘t‘rsf"faEY focusef @

hydrodwhdrhicatly tdaeses Baltineolisly.d. 22. The nethod of claim2 1
wherein the particle streamis hydrodynam cal ly
focused and subsequently acoustically focused. 23. The

24. npimedwd ef hydrodymanpcally aifacevsticalii éocyeing pasides SPersing s
acoust pr@ab.hyaf|m@u&ﬁa.smggam@brtawnam cally focused

si mul tﬁmequS| ath%wd into (r)n?er cor(%ifnes opa}/f%(/voﬁxngm cal | y and
acoust | caI ocusli ng artl C es comnpri sing I‘OVI di ng

a flui fﬂomrmm fluid wtq@rmqth@ basticlgstieip e|0ﬁntraf ¢ocwwfrt@e fiowsdheabér; and

fluid brFHI gHeb@fic Fé@ﬁfld)rﬂﬁ&sgife t@thfelfIQWCGrhﬁim@rthe ddrRwsNg
the fluid containing the particles into a central core

of the flow chanber; and applying acoustic radiation
25. prlesmethad ¢f olainih24 mlfthﬂrdomprisplgiasélv@gtth@pqltixMSi cles. 25.
The method of claim24 further conprising analyzing
the particles. 26. A nethod of aligning particles
26. uéln}?&oaef)%lgf“f‘%p?r%"rsautslnaﬁc?i‘rsﬁ“s@ﬂ'?té’”cpbﬁﬁﬁ"%?rﬂﬁf's'”g
provi dprogdiag & flud dorowisiy barticies thaeini cl es t herei n;

subj ecgdbﬁ&h@nﬁ?ﬁ ido %6&%“@%&3[‘?& pq‘e éﬁ\gl ation pressure;

rotati rees subj ecting the
fluid t'&%tﬁ’@é‘t"ﬂgoﬂ%ﬁ%t P'@S’n pressure a second time to

al i gn sibpecpaythd Mlies.acdlbtic rhbtidiBirés8dre@fse€drditifle A®align the particles.
further conprising analyzing the aligned particles.
28. A nmethod of hydrodynam cally and acoustically
27, f Beausethe Yalein 24 Eshdrsomprisingiadalingghé alioned Particissi ng a
fluid conprising particles therein;
28. 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.

29. A method for dislodging bubbles in a fluidic system comprising:
providing a fluid stream through a channel; and

resonating the channel at an acoustic frequency.
30. A method for dislodging bubbles from a fluidic system comprising:

providing a fluid stream through a channel; and

vibrating the channel walls at a low frequency.
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subjecting the fluid to acoustic radiation pressure in
one planar direction to acoustically focus the
w@a0woeves; and flowing a sheath fluid in a seROHUS2009/031154
pl anar direction thereby hydrodynam cally focusing the
fluid in the second planar direction to further focus
the particles. 29. A nethod for dislodging bubbles in
a fluidic systemconprising: providing a fluid stream
t hrough a channel; and resonating the channel at an
31. AR H&Jalra‘?usftﬁﬁqmﬁééﬂy f%guseépﬂﬁél&qufa%ﬁasq lp%hé}q\gr'aﬁ@ement in a fluid
bubbl'es froma fluidic systemconprising: providing a
Cm“”@?%ld stream t hrough a channel; and vibrating the
channeh cmlakys/wmtana;blatemdsseqmemgeé}nelry; aa appar at us
t hat a&t%bit 6n%6”aln¥ducgr%gu¢’;ﬁgd t8§5.8 %Anf‘ag/ into a
quasi - pl anar arrangenent conprising: a
capillary with an oblate cross sectional geonetry; and
32.  arhd &psiatu@RECIAin® SHhdRaT safdpiliadistetipsaal. d capil lary. 32.
The apparatus of claim3 1 wherein said capillary is
elliptical. 33. The apparatus of claim3 1 further
33.  compnpsiatig ohelainid dethef eamprigragiamigrapérdorpapdgingcthegartides. A
met hod for acoustically focusing particles into a
asi - gl anar enment in a fluid conprisin . ,
s O Pt o Se B BRGeCanEF? et ar AP TR o (e
CompriSIogrpartldesn@emthOd(cbreerSIrlger ein through a fl ow chanber

conpr i ﬁd\/\pr% tﬁ@fltﬁ(p!:cﬁﬁp(?lsﬁé Béﬁclé%férélﬁ ﬂ%ugg%(?lmv:‘vtcﬁé/mbe@@gnpnsmg an
subj ectin ul t0 acoustic radiation pressure.

oblate gigss- WEO’WEQ%BGW)@”%I ai m 34 wherein the cross-sectional
geonet supjesfingtthefidid wwcealzsadmaeiationspredstiiept i cal . 36. The
met hod of claim 34 further conprising imging the

articles.
35. IDThe method of claim 34 wherein the cross-sectional geometry of the flow chamber is elliptical.
36. The method of claim 34 further comprising imaging the particles.
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