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
for Acoustic Focusing Hardware and Implementations”, to Kaduchak, filed on January 16, 2008, and to
U.S. Patent A WWG&“?M@,@@{%@@%%W%B"ﬁl@%’ﬁWa@&@ﬂM?‘eﬁMEﬁhW@@ﬁvare and

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 of&lﬂ% ometry and more specifically
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.[6002] Embodiments of the present invention relate to acoustic cytomeiry and more

specifically to acoustic focusing hardware and implementations.

Background
[0003] Note that the foliowing discussion refers to a number of flow cytometry systems,
Discussion of such systems herein is given for more complete background and is not to be

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

{0004] Flow cytometry is a powerful tool used for analysis of particles 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 single particles ({including bioparticles such as cells, 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 fiux at this
focal spot produces scatter of light by & particle and/or emission of light from the particle or labels
attached to the particle that can be collected 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 interrogation point 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 micron¥ By4#8RAA Sheath fluid around the sample stream at a very Mg §itiHatit 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
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highly concentrated 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 tHT§hout theSBHAIRMEI Aoy gt sl ms rabitsdRe iPH Sri benPermalitypRmRIFeHERANels but
particles flaseudeHinidladicisasiers 21e vankible venessratbodrdingsuisireckandraofiownp refitdintiad develops in
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[0009]Other approac%es ave een demonstrated to manipulate particles using acoustic radiation
pressure iWea"%{’HB?%??"é‘a‘ftfﬁﬁ.W&%‘%B&W@%Sﬁ@‘p@ﬁéﬁf‘?ﬂ%\}&%@%&‘@%ﬁciﬁb%8%@‘?&%"500rdinates.
Applying &ieatoiistRefield yeherdiekiceniasiigad-dimeraimitg fortiusictipwineforeisety phtticles into a
ribbon in asstttarguiaselambeesirardanm naidiovsrd haresulbingdistomitions ahpastigiesrasress 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 also flow & 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
[0009a]According to an aspect of the present invention, there is provided an acoustic focusing



capillary, comprising: a capillary; and at least one vibration source configured to acoustically focus a
plurality of articles in a fluid within the capillary; wherein said at least one vibration source possesses a
groove machined thereon, and the capillary is coupled to said vibration source at said groove.
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particles in a manner suitable for use with flow cytometers.

BRIEF SUMMARY OF THE INVENTION

[06008al According to an aspect of the present invention, there is provided an acoustic focusing

capillary, comprising: a capillary; and at least one vibration source configured to acoustically focus a
plurality of articles in a fiuid within the capillary; wherein said at least one vibration source possesses a

groove machined thereon, and the capillary is coupled to said. vibration source at said groove,



particles. This method preferably comprises 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 to the fluid comprising the
partic is methpd can also_camprise ' 41] 0 There is,also disel a
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align thenpariciasudlisiaethng saralsato merisranalxing, theiakoped particiesst PRLGIERere is also
disclogg& a g}gﬂ@gd ﬁf p)g/a(;!rtgg)ép%rpécally and acoustically focusing particles in a fluid. This method
includes ffowmg atuid tom rising particles therein, subjecting the fluid to acoustic radiation pressure
in ond Wi ar directtihd® (LI BETEThie s aHE8 SETBARFTI GRS 4 EhiBa i TRIRFT 3 SRIEBHd planar
directiomtiveieby lydifedy naunieélly & demsingrieibieic i sthecseamhthplaheeslirestigivradidarteercfocus the
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acoustic frequency. 'Pﬂese eﬁmds a0 mgPud)f—:' providing a fluid stream through a channel and
vibratifigf thRO LR8I RR QIS A" a R HPe Qe P [5'E8PEre & AISF L8 IBYEE R SispX Rt thik:
acoustioahpdiecticasaaiticleshisterebotimsitHamamaveaneferabnirior cesei dr Bhin slioparatas praferably
comprses a-eanilary with an oblate cross-sectional geometry and at least one transducer coupled to
the capillary. The capillary is preferably elliptical. This apparatus can further comprise an imager for
imaging the particles. [0019]There is also disclosed a method for acoustically focusing particles into a
guasi-planar arrangement in a fluid comprising particles. The method preferably comprises flowing the
fluid comprising particles therein through a flow chamber comprising an oblate cross-sectional
geometry and subjecting the fluid to acoustic radiation pressure. The cross-sectional geometry of
the flow chamber is preferably elliptical. This method can also include imaging the particles.
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[0020]Objects, advantages and novel features, and further scope of applicability of the present
invention will be set forth in part in the detailed description to follow, taken in conjunction with the
accompanying drawings, and in part will become apparent to those skilled in the art upon examination
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hydrodynamic fluid therethrough, a central core of the flow chamber for flowing the particle sample stream

therethrough, and at least one transducer coupled to the chamber producing acoustic radiation pressure.
The transducer is preferably coupied to an outer waill of the flow chamber. The transducer can

alternatively form a wall of the flow chamber.

[0013] ' There is also disclosed a method of hydrodynamically and acoustically focusing & particle
stream. This method preferably comprises flowing a sheath fiuid 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 fiuid. The particle stream of this method can be hydrodynamically
focused and subsequently acoustically focused. Alternatively, the particle stream is acoustically focused

and hydrodynamically focused simuitaneously.

[0014] There is also disclosed another method of hydrodynamically and acoustically focusing
particles. This method preferably comprises 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 o the fluid comprising the particles.

This method can also comprise analyzing the particles.

[0015] There is alsc disclosed a method of aligning particies using acoustic radiation pressure.
This method preferably includes providing a fluid comprising particles therein, subjecting the fluid to
acoustic radiation pressure, rotating the fluid 80 degrees, and subjecting the fluid to acoustic radiation
pressure a second time to align the particies. This method can alse comprise analyzing the aligned

particles.



[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

em bowmept of the ma%aggigyaaﬁza@é&%zaﬁﬁg%f %@69&5&.Hgm§t§ateam@mmﬁu§i@g§ia&@%flowing

throu h ical ¢ |ne driye |Ila,r m fth sent
invent 2 I§| tl;"?}f dd[ Wmﬁat%{u'ciﬁco 80'I |ca1%i g%%s% 2\ tlé]%déhditﬁgattaeg l|Jgrg1[!§1 central
core §ﬂ’@é¥‘ﬁ”gf&€&%{ﬁ@ R%H'ér@ﬁﬂjr&a m”ewﬁspﬂﬁtﬁf( eHe Fﬁ@é’ﬁ‘fﬁ&‘?sfﬁﬁéﬁ’—’f@g@ RraaiY Sedustic
focuskwgwiipeistietedirertommibenettio hydithyhgaicadly facnidnfo tusiihgdaioctrd Fegaad orlenentliediare st of the
present-inventienndQRARIEigs. 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 hydrodxnamlc focusing in a microfluidic channel according to one embodiment of the
presewpmentlon There are also disclosed methods for disiodging bubbles in a fluidic system. These

methods comprise providing a fiuid 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.

{c018] There is also disclosed an apparatus that acoustically focuses particles into a quasi-
planar arrangement in a fluid. This apparatus preferably comprises a capiftary with an oblate cross-
sectional geometry and at least one transducer coupied fo the capillary. The capillary is preferably

elliptical. This apparatus can further comprise an imager for imaging the particles.

[0018] There is also disclosed a method for acoustically focusing particles into a quasi-planar
arrangement in a fluid comprising particles. The method preferably comprises flowing the fluid comprising
particles therein through a flow chamber comprising an oblate cross-sectional geomeiry and

subjecting the fluid to acoustic radiation pressure. The cross-sectional geometry of the flow

chamber is preferably elliptical. This method can also include imaging the particles.

[0020] Objects, advantages and novel features, and further scope of applicability of the present
invention will be set forth in part in the detailled 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 he 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 particularty

pointed out in the appended claims.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS

{0021] The accompanying drawings, which are incorporated info and form a part of the

specification, illustraie one or more embodiments of the present invention and, together with the



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. Wﬁ’szﬁﬁﬁ"ﬁé@éssary for the shape of the interior walls of the flRf E¥&MPEIIHe the same
as the shape of the exterior walls. As a non-limiting example, a flow chamber can have an interior wall
defined by a circular shape and the exterior wall defined by a rectangular shape. Additionally, the flow
chamber can be part of a composite construction of materials and geometries wherein one of the
above shapes defines the interior shape of the flow chamber. [0034]As used herein "capillary” means

a channel QL. Ghambal-haying aisirRAreies et i pnlerangiaL, sguare .aliplicRl Lablaiesircular,
round, octaqongl heptagonal, fexagonal peniagapal, ang.rigonal. |Lis not nccessany far the shape of
the interior waﬁs Bf’{he capiﬁgry?o e the same as the s ape oFﬁ1e exterior walls.”As a nor?—limiting
example, SCEBAERP AR &R BESnterior wall defined by a circular.shape and the exterior wall defined
by a rectangular shape. [0035]One aspect of one embodiment of the present invention provides for
ease in algoment durifg.deywecfalirinatiarfandpesdargemaco usiicsayuonapRE UseBarnather aspect of

one emboglimeast of the RreseRLdpveNntion REvidesfor . lineqdrven capillary with oblate cross-section
to obtain quasi-planar particle concentration. Another aspect provides for planar particle concentration

without particles contacting and/or staying in contact with the inner capillary wall. Another aspect
provides fPfflaging apBiit dtSIRSR AR PR PE L eSrie GanBR AV BT K P IS AP RRR S AR GCRE d.
Another afpEdteprerditety foespiydineealcd tutieresriibdtientigressure forces to assist in stabilizing standard
hydrodynamic particle focusing systems. Yet another aspect provides for reduced sheath consumption

in slow-flopyphyprodynasic sysiers ANsyis-AssishiuRAticl fasUsing R RlasRLsystems-(e-9. chip
based systergrs?). till another.a%p,fe&t”pgo%%gg igvggl%hod to dislodge bubbles from fluidic systems.
iiari It

Sl .emb ; . . . .
Construction 0 E?n%?lserl{e/@noégp aries rooved 'Source [0036]Line-driven capillaries are used to

acoustically concentrate particles in a flowing stream within a capillary. Particles experience a

time-averd$fdlacoustitidotdesisialivreg frommtat Birst dnadidtio pepHessuitt sitigcd dthesteattienline-driven

capillary 1&-apanginginecaicipielennadthe wiere ipasiteles 12 are acoustically focused to the central axis

of capillary 14 to the position of an acoustically formed particle WO 2009/091925PCT/US2009/031154
[0026] Fig. 5 Hustrate force potential for different aspect ratios for a spherical latex particle in

an eflliptical 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

seciion line driven capiflary according to one embodiment of the present invention;

[0028] Figs. 7TA 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 particies in combination with hydrodynamic

focusing according to one embodiment of the present invention,

[0030] Figs. BA and 9B iilustrates acousticaily 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.



trap according to one embodiment of the present invention. (The embodiment illustrated in Fig. 1 is
applicable to any vibrational mode of the system whether it be monopole, dipole, quadrapole, etc., or a
combination of modes.) It is possible to drive different mode configurations with different spatial
configurations of sources attached to the caplllary [0037]Another aspect of one embodiment of the
present invention provides a line = 2 AT} AR s stable acoustic signals
within the capillary and possess consistent, repeatable electrical properties of the electromechanical
circuit that Eﬁ'é\éef the system. J9938]in ene.emhadiment 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 corl@@®ittators and sraintersinstisst thasmeebimhenb etteprEgd dagritiritdraling Withattfon source 16 is
preferably cemypsiseehnicatprigaaeaqtsie raatasial obxRORIESIOfRIRE QRlgHHS Maieiialainclude but are

notlimited fQ B4 D plohals: AUl AdGomanalione daingl, VIRIEIRSAUEEd G gan also be a

vibration generator such as a an evin transducer or any other material or device that is capable of
generating P\iBAHER" & %%F?Sééra?s?ﬁé%%?%?ﬁ %ftﬁg?ee’gﬁ'ﬁ?fM'%rﬁﬁ&%é%@?%?%pe%%%%ent of
the presentciavetaisandmyiprisiseer webhdslinethfecirsder sherdrind tepilterothall viefidecab¥rger acoustic
source apefigranirn shgiandadediagyconrtach ¢08B8Aee0sdingtisr arererehirdisrentabing present

invention, gragye,d 85 SIARONRIUR KRR s QBEGE A DLW CARILALY ads Gradiag, as

illustrated in Fig. 2. A diagram is shown in Fig. 2, which comprises line-drive capillary 10 with grooved
vibration soti f% a small PZT slab with machined circular groove 18 is adhered to capillary 14 to
improve manufacturability and acoustic performance. Groove 18 is circular with a radius that matches
the outer rgdosajof capillasydet phisier sapmil-glueinyer cehadnoneben séraraaves siisatosdsaurces
attached toﬁ%"f\P}Q@{éﬁéu‘}a‘rSé? LI e %&9&#&9@%&3‘8&%&%@ rRAMEShYIPTRLi sRprce is

advantageous in driving different acoustic modes that require specific spatial dependence. For
example, a"SINBRETRoAE LWL\t HrERTgRE ¢ AR e 8‘?%?/ 95% %@UP&&@‘&PA&%&E’%‘%&%% walls of
capillary 14hafeteeeths s0ege gf dessesisrion plkseARegipadiainteeraotite i drvitanispatiahiig sources
at orthogonalepositinz{&: degreraisatdioanone anetben-ardiesyen oriceigbasendper capillaries of
non-circular cross section, groove 18 will typically take on the cross sectional geometry of capillary 14.
For example an elliptical cross sec ion ca |II \E uire an eIl tical c section groove.
Capillary 149 % Br&referab PeRTREY P&?o% éJ 5&&%5‘??’8“& |89’é’+ ééﬁ%&ﬁg a
plezoelectrﬁi*@w%lda@ﬂﬁ@%M@@%&@%?lﬁ%‘ﬁ@@f@@émuwe Wertures. Another aspect of
2009/091920p entbtmzed 903l Ao dehtiviecatve gelrival feoadusting loayarliagidergsoawacildhat is cut into

the crystal. s@%%twGH%W&%W%M&%H%%H“ AHORYLLBReNE RRRNAS IR SUALRS

[0040]Another a fect of one. emb dlment of the rQresent invention provides ease of device

constructiof [OOATHP 8%%%% LR UFBNE FIMBLHAHSAMN ?%W@"E)F‘é@e P IRVEESH ProRttes for larger
acoustic Soﬁ@@@%ﬁéﬁ%ﬁ@%‘@ﬁ%ﬁ@@'f@ arpiretipns-dhiyepefEg/Reespread over a plane in a narrow
depth of field. Another aspect provides for applying acoustic radiation pressure forces to assistin

=

stabilizing standard hydrodynamic particle focusing systems. Yet another aspect provides for
reduced sheath consumption in slow-flow hydrodynamic systems and to assist in particle focusing
in planar systems (e.g. chip based systems). Still an'other aspect provides a method to dislodge
bubbies from fluidic systems.

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 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 io the central axis of capillary 14 fo the position of an

acoustically formed particle



[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 embodintERtZ8#44&1 AT sent invention provides for a larger glue surfac@@pEfzvdsiodi td+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 geometry. Quasi-Planar Focusing Of Particles In

Line-Drive, Capillaries [0 46% rring now to Fig. 3, line-driven ¢ pifl ries with circular cross
sections oo AR R e e S RS IR e n o

\ g J .
dipole mo@BPlIFi L PRb YRR BPHfSUReSUREMVERTSH! s REoBRDSESe At RRYS 5E deidrable in
certain apphieatieiatef rdsizethe prattieles by iteranspedificoplametinithifiredtpilibsyatiabt to a point or
line. This isotiigueaisesfor donagingtapplicatienawhgre 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 syiRAly of (e SYRisi. B uAking. Ik Shosaecton. of e copilancgre ghiate (0.0
elliptical), It Is possible to keep t spatial localization in one dimension while allowing the particles to

|

be spatiall§PRISHMSYRET iwaéﬁgfh‘é‘%&‘ﬁﬁé‘ﬁgf%ﬁ?‘%@ AU RBY SPRYTR GOE reTseps RS R uiring
particles pIeRREPRIC £ priisaroeraisasit Blanissraneiigembrtcuitye 2009/09 39R6P.CT/US2009/031154
[0047]For example, an acoustically driven capillary 10 with an elliptical cross section is

[0038] In one embodiment of the present invention, line-driven capillary 10 i compr'ised 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 capillary materials. Vibration source 16 is preferably comprised of a
piezoelectric material. Examples of piezoelectric materials include but are not limited to PZT, lithium
niobate, quartz, and combinations thereof. Vibration source 16 can also be a vibration 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. Ancther 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 contact,

[0039] According t¢ one embediment of the present invention, groove 18 is machined into
vibration source 186 into which capillary 14 is cradied, 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 siab with
machined circular groove 18 is adhered to capillary 14 to improve manufacturability and acoustic
performance. Groove 18 is circular with a radius that matches the outer radius of capillary 14 plus a
small glue layer. The number of grooved vibration sources attached to capiliary 14 is not fimited to one.
Using more than one grooved vibration source is advantageous in driving different acoustic modes that
require specific spatial dependence. For example, a dipole mode is driven with a single source or with
two sources atlached to 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-circular cross section, groove 18 will typically
take on the cross sectional geometry of capillary 14. For example, an elliptical cross section capillary
would require an elliptical cross section groove. Capillary 14 is preferably heid ta vibrafion source 16

with a small glue layer. When using a piezoelectric crystal as vibration source 16, it is not necessary to



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 part®B@SWIAI*ATe capillary, the acoustic radiation pressure forc? &R/ HRBHBReESible,
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, Po is
the compressibility of the surrounding fluid, and Po is the 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, respectively,

and the brackets GoEeSPORG.IRR MRS AVG 308datantits. SRS Land LAl fRalast terms
that determm%b%%vg/ i}pﬁ?omechanlcgé gé?_?h rties of th gtgétlcle differ from the background medium. They
S

are given gﬂ}h rfdﬂgrffm[ &84 eé"é’r?f) rp corresponds to intrinsic properties of the
particle. The force F acting on

[0040] Another aspect of one embodiment of the present invention provides ease of device
construction.
[06041] 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.

[6043] Another aspect of one embodiment of the present invention provides for ease in

alignment of capillary 14 with vibration source 16.

{60443 Still another aspect of one embodiment of the present invention provides for a larger
glue surface upon which to attach a transducer,

[0645] Additionally, it is not necessary for the capillary 1o have a circular cross section, inone
embodiment of the present invention, a square cross section groove in PZT is used.  Capillaries can
be constructed with many geomefries including but not limited to elliptical, square, rectangular, general

oblate shapes, as well as any cross sectional geometry.

Quasi-Planar Focusing Of Particles In Line-Driven Oblate Capillaries

[00486] Referring now to Fig. 3, line-driven capillaries with circular cross sections can be driven
to aklign particles along the axis of the cylindrical capillary 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 fo 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.



a particle is related to the gradient of the force potential by: [0053] [0054]Patrticles 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 fo @iBtias cross section capillary line-driven in a dipole tyF&HoHeG% LSt ated in Fig.
4. The potential is calculated for latex spheres in water. In this configuration, WO
2009/091925PCT/U52009/031154 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 dramatﬁcall different. This is illustrated in Fig. 5. In Fig. 5, force potential for different aspect ratios
for a sphell A latex partElETRAn HIRSHLals SCVsB B W ah WABTRAR RS SHORHE For this
configuratiBr R Baritclesatdspapedateali Asavalisnguhe 1o rrstalixissiyhsspiitetiredrlaitng the major
axis. A chakgetir freuericyrddigtiausdigre pdeiclecatizatienrédongith T maigieaxisiandfiessligealization
along the RiRh BYigeFRaSBRGHFANERCIPEEMIGHALY o N RolpRtiat NaIisPEeBseRRWEEEHthan for
aspect ratloRlIlNARTY dBi NALSLosaradhentol lne,Ratsilial ioamalesin (s GieeLion.gf the major
axis. The r(?dugced \gradlengltm%:es Iess,l?callzatlon of the particles along this direction. As the aspect
ratio of the efMpes JEtFEASI HASDSISTRS RRAHEBIAN feliEs L 81 8RRl TN RHRPHIARIEKE and less
localizatioPPi¥Her&kEre’ KotAHiéLtreasing 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 min‘gvr axs, bugto musich les g\k@q exient than in the direction of the major axis.)
[OOS?]ReslHH fhowingﬁ‘#-tIili'l?s?ﬁ?‘é?:té é? FvED T rg-g-;—fg 6A displays an example of particles flowing
through an elliptic cross section capillary. In this examplé, the particles are approximately 5.6 mm
~diameter fluorescent latex spheres (more specifically, polystyrene beads) and appear as horizontal
streaks in #8%age. P15 i@ 'Fryh PRI AYKR, Prietimererisraitliy Shibs et Aing Bt idpdadaithe ellipse
and the cérredraiiebherrrcayidiagyiuh e paniskscas sprsidod hrossegipfidindtelgbhedt¢hétheidth of the
capillary feentngaee dobonaltiyar tictes rdsptis @y ample; theretsenapah iorsertheparticles directed

toward the a2 theicariankte kear DAMQIEE WalsdmFonaB e mans RiapsRashaen rotated

90 degreesaFg 'Qg,'#??,é%@ nor a’%(is ;ﬁaéﬂ%rﬁmﬂﬁf arned jxvré% gentral axis of the capillary. In this direction,
the gradie%t a(iong the potentia well is greater eee/d?nggto a d’r’eater 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]Severag.‘c__g%r_gctfgristics of these types of modes exist:

[0050] TR

[6651]

10052] 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;

[0053] Foa =

[06054] Particles are localized at positions where the patential 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 capiltary line-driven in a dipole type

mode is iflustrated in Fig. 4. The potential is calculated for latex spheres in water. In this configuration,
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[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). WO 2009/091925PCT/US2009/031154 [0060]In the weakly focused dimension, enough
force can exi¥¥¥E& pefticles off the wall of the device. [0061]Particles Bf& gbasiei 14 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

radidonall SRRCS 0 o ODGLIA RS PAE IS MO A K AUSAILIG lnser Igtggaton. A

diagram of a h dro namlc ocused c e stream |s Tusirate "this exan le, a

sample is % s e nﬂél RRGTEeE PEARY EHE%WQW&Vﬁﬁ?ﬁdd"ctgﬁgiﬁcg%‘ém?l6\/0‘”[%3—? 8fath fluid is
typically a®feBPrbaHerdatitio e dveaing dthnampties the velocity of the sample input in order to
hydrodynamically confine the central sample stream into a smaller cross sectional area. This action

confines theswrticles ipaadudinaiiealicote stiaass &ft%eéyﬂaarrmaaéggafeﬁm Rydregymamically focused
core Strea&‘ﬂe@ig%scér{%@é‘(&ﬂaﬂ&‘ﬁ@o&%}%’@'yﬁé gé EL?QQ%% %15096%1%9 5, force potential for different
aspect ratios for a spherical latex particle in an elliptical cross section, line driven capillary is shown. For
this configuration, the particles are more localized along the minor axis and less localized along the
major axis. A change in frequency can cause greater localization along the major axis and less
localization along the minor axis. For aspect ratios closer to unity, the potential well is more pronounced
than for aspect ratios further from unity. Note the gradient of the potential is smaller in the direction of
the major axis. The reduced gradient implies less localization of the particles along this direction. As
the aspect ratio of the ellipse decreases, the potential well depth decreases resulting in milder gradients
and 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 major axis.)

[0057] Resuits showing this effect are given in Fig. 6. Fig. 6A displays an example of particles
flowing through an elliptic cross section capillary. In this example, the particles are approximately 5.6
mm diameter fluorescent latex spheres {(more specifically, polystyrene beads) and appear as hotizontal
streaks in the image. Flow is from left to right. The image plane contains the major axis of the sliipse
and the central axis of the capillary. The particles are spread across approximately haif 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 capillary to keep them off the walls. In Fig. 6B, the image plane has been rotated
90 degrees to include the minor axis of the ellipse and the central axis of the capillary. In this direction,
the gradient along 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:
[0859] Particles can be tightly focused either along major or minor axis of sliipse with ‘lcoss’

focusing along the orthogonal direction (selection of which axis is the weak focusing direction is mode
dependent).
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where Q is the volumetric flow rate of the core stream and v is the velocity of the core stream. Note
that larger volumetric sample delivery and/or lower velocities yield larger diameters of the core stream.
[0064]Hydrodynamically focused sample streams can suffer from instabilities of the central core
stream positi®P28%/#tefion of many factors. These can include but are AStIR#EePRF HEEleation of
bubbles on the cell walls that alter stream lines, turbulence, and combinations thereof. It is
“advantageous to assist hydrodynamically focused systems with an external force that stabilizes the
spatial position of the central core stream. An embodiment of the present invention comprises a device
that uses multiple fluidic streams to steer the central core stream. [0065]Fig. 78 illustrates an
embodimagie) the Pragel iueniRALABRLANG, anAcRIRLcaly Sasialed Dudiodunamically fpcused
sample strteagm In Fig. 78, an outer coaxial flow o sheéath fluid confines the central core stream
containing Thé¥&Hple. By applying acoustic forces to the particles in the hydrodynamically focused
core stream, the particles are preferably focused further within the stream. WO
200910918261 CT/USP2eMe2o 3o 0663 hecarhiob dintentdfdherpsgisg appuaintionrepsmibsnes
acoustic feeusingyab pariciasyuiihydradynarie JorusiNaVREMSHCGIesusiRGAssists hydrodynamic
focusing systems by stabilizing the absolute location of the particle stream against external forces.
Acoustic focusing is also uRed t(%_ fu'rithEr tighten the focus of the particle stream within a
hydrodynamically focused SyR{ENT A ERS Fadfl YR X emia i St ¢ SRERMHEBN or increase in sample
throughput is desired without the loss of particle focus quality within the stream. This is particularly
important ff6dpplicatidhsredyesaidadySarngie neriilei s eAnp rmesxaniple dgdnghyspeed sotheg of "sticky”
cells that muss WeekeptatdgwrincoReBakCIMENRERYRY 1REEI BgatiQ-ANbRKA¥AMMRISHyhere
recuction plafisal) SuibisAPHAN LMoY RRCLIGRALAIICIERCHS. FIUINSLMALE.SaMP systems that

employ ac(g)ustllrcr:1 ngtflsmgdmgxﬂg Etwantt e samEIe to contact the walls, (For example, this will keep

the build-( 8P BrOtBINS ant amall particras hat ars URSHESENBY st d M SRS éssure off the
capillary WATSETRERSEG SOASTER G slrereIitinGo Rilie S rreadnl theatitflai thee shpaiduidisoustic
focusing capicign beanSetktcdighthirftvelis thepartivkeghwitklioctefseasphenktigamin)dOe638]An example of
acousticallyassjstatchydiofyoaneiosusingdsehawnda RgndBdas hisisxample taistangard

hydrodynaaaﬂfa@éw@gmagsﬁxﬁt%&&vI;f&me&raéwwmwwmﬁdHlﬁs*;ﬁyépo&m%ﬂﬁg]ﬂ%@g wave in

the fluid c%f\:’/rlgy.n]'he ,pgrtlcles are |n|t|aII¥nh1y rodynamically focused. Ultrasonic radia pressure then
forces the parﬁcf’é‘g1 {6 é”?d’r’é_éj‘é%’lé‘ﬁ%fé’i‘m?n%ﬁ?n located along the axis of the central core stream
where they are further,aligrfeg within the central core stream. [0068]Referring now to Fig. 8, a
schematig&f g}device Eé’p@éof applying acoustic focusing prior to, during, or both prior to and during

hydrodynamic Tacus as illustrated according to one embodiment of the present invention. This
embodimﬁeé%gnlﬁﬁi]seeféoliéjgrﬁr' eﬁ%rﬁtgﬁfgrée%or'gﬁg a@aapr} _é’r’fn%ﬁ.vg? ' %gt%%ﬁiao p r?/a roé\’frtl%tr}ﬁaitcally
focusing pARRIALSP delpey e Rosacenstieany fduger piamneies Féhaierig teBxis of the

central core prior to hydrodynamic focusing while transducers 32 and 34 acoustically focus particles 26
during hydoosiginamicalydeausingJ0aaEvease meatss demanstralingagmisti caths assiated
hydmdyn%}@si%%mg*i%%s a function of many factors, These can include but are not iimited to nucleation

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

advantageous to assist hydrodynamically focused systems with an external force that stabilizes the

spatial position of the central core stream. An embodiment of the present invention comprises a device

that uses multiple fluidic sfreams to steer the central core stream.

[06065] Fig. 7B Hustrates an embodiment of the present invention comprising an acoustically
assisied 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.

w]2-



illustrated in Fig. 9. The image on the left (Fig. 9A) demonstrates hydrodynamic focusingina
cylindrical channel of width 500 microns. The central core stream comprises approximately 5.6 pm
diameter polystyrene particles in solution (approx. 0.0025% by volume). The central core stream is
surrounded bY@ #8&R¥PEheath flow that contains a phosphate buffer solBGFUSHEG#3E on the right
(Fig. 9B) shows patrticles 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 WO 2009/091925PCT/US2009/031154 approximately 400 microL/min, and the sample
core stream is introduced at a volumetric flow rate of between 50 to 500 microL/min and preferably at
a rate of approximately 100 microL/min. The frequency of the acoustic excitation is 2.1 MHz. In the
image on the right, an acoustic field is activated that is designed to produce a particle trap along the -
axis of the' ¥ sampl& S FRPRIPEMiR % RiERmR e Rsres 5%15?8 Wrain e e ther idaadd within the
core streadRARaTHEBOLtIRSTidIer B0 TOIREIGSES e odstrmaitfoassnsitvgteryel Rydiabiincdily focused
sample streanhgeiftchide dthtegratioet dirmte dgonsRepeatabledocation obfoens echparniieleis vaasm
Increased adiciesfReusingiplawersvelrciiivaroayaamically facksed stepams theselyreducing the

sheath flui i n ' iall nfined 1o a stream smaller in diameter than core
stream) Ir%%ggg'g?; %?%?ﬁﬁ%ﬁkgﬁgﬁ%ﬁ c% ﬁ?ges{gﬁglipsu svﬁ%’ﬁam%?ﬁlﬁlhsrt?lﬁgsﬁtozqﬁaa'ﬁgf%gglstioning

Less effect B (B HERR 8 SR olHB ehRe O P IR RSL YRR Z R oA s B SSlRel particles

Method toRdBfats8min 5l8idtePaad hotncclpiiaky wallldhm musyBedrerivh ineprethsniislisntpantierd focusing
is conductegtileyation ustisracietione s essur exfe oot nesitravefuicapll angitfOOTb]IT bereare pmasy different
arrangemes¥is Wherebetb, asausiiialy ieaunipeand bsiedynamisally fasusing:raR Regryantageous.

Fig. 7B displaaa ey e iih M%E%@é&'%%ebr&@H&‘SP&&&R%R%%%‘?\%%%&C RRuragRl 1 Rg acoustic

field can be used in a cell that is circular, square, or any other geometry. The number o transducers

shown in Pi§ #8 RORVR" ‘f’ﬁ%s%?n‘iﬁ%[}%ﬁﬂﬂﬁ%bé"%% ARSI RIS BHEC O SIRY RSP IS thansducer
provides fEBERTAER B8TRGNIGPYRIE ERsotinticadiematHirethie taidnibeys Ielanittralyitiatsikasers may be
attached interthogonal 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 figeSambleelcsamd brapallies fBORAImeN. Al (0 RIESRALIRERIRN, ks adyapiageous to
focus partgc‘i(lae% in gr%%%!rpfps on %ndi%”PW theré] tots rea oyt |n_tan lort ogona ((j:ll ection. |[0072]The
ability to USE ACOUSTICATTy AeS Ry SR oay R AR YS ey B phmib rl ggoq g lyansducers to setup

a standing wave in the fluid cavity. The particles are initially hydrodynamically focused. Ultrasonic

radiation pressure then forces the particles to a force potential minimum located along the axis of the

central core stream where they are further aligned within the central core stream.

[0068] Referring now to Fig. 8, a schematic of a device capable of applying acoustic focusing
prior to, during, or both prior to and during hydrodynamic focus as illustrated according fo one
embodiment of the present invention. This embodiment comprises sample 20 flowing through capillary
22. Sheath fluid 24 hydrodynamically focusing particles 26. Transducers 28 and 30 acoustically focus
particles 26 along the axis of the central core prior to hydrodynamic focusing while transducers 32 and
34 acoustically focus particles 26 during hydrodynamically focusing.

[0069] Measurements demonstrating acoustically assisted hydrodynamic focusing are
ilfustrated 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 pm 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. 98)
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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advantageous for applications in microfluidics. Hydrodynamic focused patrticle 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 inverfi®F¥HEtE#2duce sheath fluid consumption, one dimension&HyasaiRamse focusing
can be used, as illustrated in Fig. 10. A combination acoustic and hydrodynamic focusing in a
microfluidic WO 2009/091925PCT/US2009/031154 channel 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
accomplishadktinPmbRriiant, cRImcanAisamolil e faie disgram i fig. i is ojated 90
degrees.) Ysing b5otft1 aggustlc fo,cusm%éan gdrodynamlc ocusing also keeps small parficles and
molecular XPEeiES S ESHTSCINY 8 LRSS AR RIGPEIRIOAITS: O NBESHBR: SheHEHRSEnt
invention &fBweTecdertaipistc Measing rmarsa oflthaitolbplicatiens fipld dastivaed thdhg applied to a
flowing strémsinnef papticles mpartiplaisiretiante aiscrbss sectionmharaber fecitsesyartinkesoato a
ribbon-likesstipistereainRQIIrRdOLIRse Meithad yeraf sansinecticnsusaddn many microfluidic
assemblies, it is advantageous to preserve the placement of the transducers in parallel planes. Thus, a
method to 5%9?}][5 particl}g\as intto a narrow !spati_al, configuration involves acoustically focusing particles
into a plane. Totating theRRSW By G epeass SUpe Wi AeB Rl Ry T SRR AG R RS AR B w
orthogona®Bl1aridmiteeiPiet result is a narrow spatial distribution of particles. When the transducer is
used to excite a Bgeketypatodeiwithiedperfionsetmmber, the result is particles narrowly focused

about the cenjrakqxisQf %igﬁ%ﬁéﬁ@meﬂw&%Bﬂ%%gﬁ%ﬁ&%&@%%&‘éﬂ?%493974]ln traditional

flow cytomety, bubples f0at adhle toaals ol ide systep ateproblemalic, 1hay Can inerfere by
moving laminar flow lines, a ecting local reactions, deviating focused pariicle streams. rfl—_OI' example, n

flow cytometers, FRBBRREH LHTIRRY stem can have the effect of moving the position of the
hydrodynamiealljrfsegedepsain e ustireiatrel, diikis sarovenveyit appearsakiobt prisaligesitientof the optical

system to thesusessangea: it aalileatio ans spaiesticAlrehnigus e disladaedenbbiesdamnucleation
sites in fluidic SYsless especially microfluidic systems, is very desirable. [0075]Acoustic radiation
pressure hasebecﬁptﬁhgwn tP have a Iar%e effect on bubbles in fluids due to the large mismatch in
density and compresaitiity BERTEEI RETTAL A YAas VAR B RS IY E R BEMEEER iR Iodge
bubbles from fluidf@E)& e RNAreeddvAQirissrliatay s ToumeRs dhe-diviodritant of the present
invention, a fluidic system is engineered such that when resonated at an appropriate acoustic
frequencyjdomipbles expedense matgreadiat Mllgdhens anvay famibesivall andssiabiizes their
equilibriurg, psionwithidhe, fuld sream,iakaist aheJacation, ot a RS HiG.A0de; (for bubbles
driven at fg?kgc %g%eash?grloo yng%érforggsri]r? (%He [!'el'zseoart]::gl?s%%)ﬁe-ll;%h{%r? gea [E,eg gnlz cell that is circular

square, or any other geometry. The number of transducers shown in Fig. 7B is two. 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 sampie stream. In another

embodiment of the present invention, it is advantageous 1o focus particles in one dimension and allow

them to spread out in an orthogonal direction.

[0072] The ability to use acoustically assisted hydrodynamic focusing of particies is also
advantageous for applications in microfiuidics. Hydrodynamic focused patticle streams in
microchannels, microfluidic chips, or other rectangular (or guasi-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, cne dimensional hydrodynamic focusing can

be used, as iliustrated in Fig. 10, A combination acoustic and hydrodynamic focusing in a microfluidic
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WO 2009/091925PCTRIS2009/031154 preferably driven acoustically with either an internal acoustic
source or noninvasively with a source attached to an outer wall of the chamber. This is a robust
method to dislodge bubbles from walls. [0077]In another embodiment of the present invention,
vibration of tH&@RHEMAEIAAIIs at low frequencies is preferably used to dis|JSGEUFRBIBbIES. By
vibrating the wall as part of a structural resonance of the system, large surface displacements are
-achieved. (These displacements are typically larger at lower frequencies.) Large forces coupled with
large displacements are preferably used to break the bond between the bubble and the chamber
surface. The inertial forces coupled with localized fluid flows at the chamber wall surface are effective

at bubble digladagment, [A0LBI NG RRCEING XAMRIEs can e eheated wih similar suggess by
cal Be

. . COUSIIC .
substltutlnf% the generically or specifi escri reactants and/or operating conditions of this

invention foF tROSE TLEE e pIEER IR A XURTHas ot 70 RRFBGRR BT Ih R ASH S S Been described
in detail wit¥PEitiaifa faeriie icdans tHede picTerrat Bhe duifisemecdarmet. criiiorinisnweriif Biehieve the
same resuhigeViagatioinggnt modidfichtibtgekthe psegentinvantiohnidlrigerbviousiatiose skilled in

the art andolfusiipipsieedosrRVE R APReRERS shatms miksuskaeiificationsiaagequivalents. The
entire disclosures of all references, applications, patents, and publications cited above and/or in the

attachments, and of the corresponding application s,% are hereby incorporated by reference. CLAIMS
What is cléflgréh is: 1. Eﬁoé{‘c%ﬁgﬁe%é?lé?ﬁg %ﬁﬁ?ﬁlﬁy, EIHEANG: 'Y EilRGsPR eSS east one
vibration sBifeRESHGIEET® AcerriGéenty rocrsigpivirdInyioT Hieried Redcingith witkdathe capillary;
wherein sasdtaidgastronssdtivatiombelfrcespe sseiske $ gnivve-ikmashitied. thevetn jemekstine capillary is
coupled tozgaiddbratRRcs QdEBEN R FJIhiIOMD assemblies, it is advantageous to preserve the

placement of the transducers in paraliel planes. Thus, a method fo 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 a narrow spatial

distribution of particles. When the transducer is used to excite a dipole type mode within the flow

chamber, the resuit is particles narrowly focused about the central axis of the flow chamber.

Bubble Dislodging from Fluidic Systems

[0074] In traditional flow cytometry, bubbles that adhere 1o walls 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 hydrodynamicaily-focused sample stream. This movement appears
as a misalignment of the optical system (o 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 farge 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 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 equilibrivm position within the fluid stream that exists at the location of

a pressure node (for bubbles driven at frequencies below their monopcle resonance). The chamber is



2. The acoustic focusing capillary of claim 1, wherein said groove and said capillary have substantially
the same cross-sectional geometry. 3. The acoustic focusing capillary of claim 1 or 2, wherein said
capillary has an interior wall having a circular cross-section. 4. The acoustic focusing capillary of claim
1 or 2, wherel§@aM%68pMary has an interior wall having an elliptical cross-Bettisneod e acoustic
focusing capillary of claim 1 or 2, wherein said capillary has an interior wall having an oblate
cross-section. 6. The acoustic focusing capillary of claim 1 or 2, wherein said capillary has an interior
wall having a rectangular cross-section. 7. The acoustic focusing capillary of any one of claims Ito 6,
wherein said vibration source comprises a piezoelectric material. 8. The acoustic focusing capillary of

e of clai 0.7, wherei id groove, IS co figured to increase an acous c source aperture of
22%1 (():r;pllla%%gg gl ﬁ of i ?hce%ﬁﬁangﬁ 5%80us% ?8&%:"%990{:50:; ATVESMENR TR providing
a capillary? é%ﬂ“?‘ﬁ f%ﬁ&%ﬁé"(ﬂ%?éﬁﬁr?’?&lﬁ%e TSR ralst &?@Wﬁ?ﬁiﬂ?ﬂ%ﬁ?é@%&fﬁﬁb@’&f acoustically

focusing a plurality of particles in a fluid within the capillary;
[6677] in another embodiment of the present invention, vibration of the channel walls at low

frequencies is preferably used to dislodge the bubbles. By vibrating the wall as part of a structural
resonance of the system, large surface displacements are achieved. (These displacements are typically
larger at lower frequencies.) Large forces coupled with large displacements are preferably used to
break the bond between the bubble and the chamber surface. The inertial forces coupled with focalized
fluid flows at the chamber wall surface are effective at bubble dislodgement.

[06078] 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.

{0079)] Although the invention has been described in detail with particular reference to these
preferred embodiments, other embodiments can achieve the same resuits. Variations and modifications
of the present invention will be obvicus to those skilled in the art and it is intended to cover in the
appended claims all such modifications and equivalents. The entire disclosures of all references,
applications, patents, and publications cited above and/or in the attachments, and of the corresponding

application(s) are hereby incorporated by reference.



machining a groove into the vibration source; and coupling the at least one vibration source to the
capillary at the groove. 10. The method of claim 9, wherein the groove and the capillary have
approximately the same cross-sectional geometry. Il.The method of claim 9 or 10, yvhereln the ‘
capillary has an interior wall having a circular cr@gsg@ction. 12. The method of claim 9 or 10, wherein
the capillgfy-hasap,iterior wall having an elliptical cross-section. 13. The method of claim 9 or 10,
wherein the capillary has an interior wall having an oblate cross-section. 14. The method of claim 9 or
10, wherein the capillary has an interior wall having a rectangular cross-section. 15. The method of.
any one 6f clains 9aey 4t fogheinginathierat demstioing vibration source comprises a piezqelectric material.
16. The methodzafaamyrengaof claims 9 to 15, further comprising increasing the acoustic source

aperture of the %‘?@élﬁréfne vibration source configured to acoustically focus a plurality of articles in a fluid
within the capillary;
wherein said at least one vibration source possesses a groove machinad thereon, and the

capillary is coupled to said vibration source at said groove.

2 The acoustic focusing capillary of ciaim 1, wherein said groove and said capillary have
substantially the same cross-sectional geometry.

3. The acoustic focusing capillary of claim 1 or 2, wherein said capiliary has an inferior wall
having a circular cross-section.

4, The acoustic focusing capillary of claim 1 or 2, wherein said capillary has an interior wall
having an elliptical cross-section.

5. The acoustic focusing capillary of claim 1 or 2, wherein said capillary has an interior wall

having an oblate cross-section.

6. The acoustic focusing capillary of claim 1 or 2, wherein said capiliary has an interior wall
having a rectangular cross-section.

7. The acoustic focusing capilary of any one of claims 1 to 6, wherein said vibration source
comprises a piezoelectric material.

8. The acoustic focusing capillary of any one of claims 1 to 7, wherein said groove is configured’

to increase an acoustic source aperture of said capillary.

9. A method of manufacturing an acoustic focusing capiliary, comprising:

providing a capillary and at least one vibration source, the at least one vibration source
capable of acoustically focusing a plurality of particles in a fiuid within the capiltary; .

machining a groove into the vibration source; and

coupling the at least one vibration source to the capiliary at the groove.

10. The method of claim 9, wherein the groove and the capiliary have approximately the same
cross-sectional geometry.
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1. The method of claim & or 10, wherein the capillary has an interior wall having a circular cross-

section.

12. The method of claim 9 or 10, wherein the capillary has an interior wall having an eliiptical

cross-section.

13. The method of claim 9 or 10, wherein the capillary has an interior wall having an oblate cross-
section.
14, The method of claim @ or 10, wherein the capillary has an interior wall having 2 rectanguiar

cross-seaction.

15. The method of any one of claims 9 to 14, wherein the at least one vibration source comprises

& piezoeleciric material.

16. The method of any one of claims 9 to 15, further comprising increasing the acoustic source
aperture of the capillary.
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