1 3 MAR 2006 | APPARATUS AND PROCESS FOR THE LATERAL DEFLECTI ONS AND
SEPARATI ON OF FLOW NG PARTI CLES BY A STATI C ARRAY OF OPTI CAL T\l\%ﬁﬁ A4 s
invention was made with U S. Governnent support under G ant No. -
9730189 awarded by the National Science Foundation and through the MRSEC
Program of the National Science Foundation under G ant Nunber DVR-9880595.
The Governnent has certain rights in this invention. FIELD OF THE
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A number of techniques are conventionally known that are capable of fractionating

particles in limited circumstances. For example, one such technique involves the use of a
microfabricated sieve consisting of a two-dimensional lattice of obstacles or barriers for DNA
separation. The asymmetric disposition of obstacles or barriers rectifies the Brownian motion
of DNA molecules that pass through the sieve, causing the particles to follow paths that
depend on the respective diffusion coefficients of the DNA present. Although moderately
effective, this technique includes a number of limitations. For example, because the lattice is
microfabricated, the overall structure is capable of neither tuning nor adjusting the types and
sizes of particles that are fractionated. Furthermore, such lattices tend to suffer from
clogging, requiring flushing of the system and restarting.

_Further, many conventional techniques for fractionating particles achieve physical
separation of the various fractions along the direction of an applied force. For this reason,

they operate on discrete batches of samples, and do not operate continuously.

SUMMARY OF THE INVENTION
It is therefore an object of the invention to provide an improved system and method

for the lateral deflection of flowing particles that is both tunable and continuous.




2 It is another object of the invention to provide an inproved system and
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drawi ngs i ing the preferred enbodi nents o e present 1nvention.
BRI EF DESCRifTIEON OF THE DRAW NGS FI GURE 1A is a schematic of a hol ographic
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channel i ng f@flatally H@ﬂl&ﬁn% pargtighiharcaalbk geddor INAIGzingr ray of opti cal
tweezers; FIG 2B is a p]ot %howi ng .t he tra!ject_ori es of particles,flow ng
al ong It is another object of the mvention to provide an improved system and method for
laterally deflecting particles that can also be used to purify and/or separate macromolecules
and/or nanoclusters or other nanosized material.
Further advantages and features of the present invention will be apparent from the
following specification, claims and drawings illustrating the preferred embodiments of the

present invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGURE 1A is a schematic of a holographic optical tweezer system projecting an
optical tweezer array onto a flowing colloidal particle suspension; FIG. 1B is a schematic
view from the CCD camera of FIG. 1A; and FIG. 1C is a perspective representation of a
10x10 optical tweezer array for laterally deflecting flowing particles in accordance with the
present invention;

FIGURE 2A. is a plot showing the channeling of particles through an aligned, 10x10
array of optical tweezers; FIG. 2B is a plot showing the trajectories of particles flowing along

the axes of a 10x10 array of optical traps oriented at a tilt angle of five degrees relative to the




the axes of a 10x10 array of optical traps oriented at a tilt angle of five
degrees relative to the 13 MAR 2006 3 flow direction; FIG 2C is p3mMaABt 2005
showing the trajectories of particles that are laterally deflected by a
trap array oriented at a tilt angle of thirty seven degrees with respect to
the direction of flow, and FIG 2D is a plot show ng the substantially
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al so can e use describe simlar results which characterize
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Although the manner in which the phenomenon is described is one rigorous approach which
explains the operation of the invention for those skilled in the art, other explanations also can
be used to describe similar results which characterize embodiments of the invention. The
invention is therefore not limited to the description of its operation by the following
specification and drawings.

For a comprehensive understanding of the present invention, it is helpful to consider a
holographic optical tweezer system 10 as shown in FIG. 1A and a resulting square array 110
of individual optical tweezers 112, The system 10 includes a laser beam 20 which is passed
through a diffractive optical element 30, then processed by relay lens 40, reflected by
dichroic mirror 50, and then laser beam 20 is focussed into optical traps by objective lens 60.
The optical traps (not shown) are formed in sample chamber 70 and the trapped particle array
(not shown) is viewed by a conventional light microscopy system including condenser lens
80, the objective lens 60, a video eyepiece 85 and charge coupled device camera 90.

The resulting optical tweezer sys{em 10 generates a square array 110 of individual

which typically, although not exclusively, has a somewhat larger distance between the 0pt1ca1




(not shown) is viewed by a conventional |ight m croscopy systemincl uding
condenser lens 80, the objective lens 60, a video eyepi ece 85 anpl3 oiaarr 2igs
coupl ed device canera 90. The resulting optical tweezer system 10 generates
a square array 110 of individual optical tweezers 112 as shown in FIG |[B.
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FIGS. 3 and 4 are diagrammatic or illustrative general representations of individual
particles moving through the array 110 of the traps 112 that has a tilt angle 9 relative to the
direction of an external bias force 116 (see FIG. 1C also). As can be seen in FIGS. 3 and 4,
depending upon the relative tilt angle 8 of the array 110, it is possible for the individual
particles 113 to be laterally deflected in both positive and negative directions.

FIG. 2A shows an example of utilization of the system 10 with trajectories 115 of 1.5
pm diameter silica, spherically shaped particles 113 passing through the 10x10 array 110 of
the optical traps or tweezers 112, with about 2.4uum of space between each of the tweezers
112. The “y” axis represents about 53 pm, and the “x” axis about 78um. In this
representation, a pressure gradient is driving the particles 113 from left to right at a speed of
about 30pm/sec. Witha substahtially zero degree tilt angle for the array 110, the particles

113 are locked into a trajectory (from left to right) with minimal lateral deflection. The




dependi ng upon the relative tilt angle O of the array 110, it is possible
for the individual particles 113 to be laterally deflected in botB MAR 2005
positive and negative directions. FIG 2A shows an exanple of utilization
of the system 10 with trajectories 115 1.5 pre dianeter silica;
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Further rotation changes the array’s influence markedly. FIG. 2C shows the array
rotated to 0 = 37°, with other conditions unchanged. Rather than following the [10] lattice
rows to positive deflection, the particles 113 have now locked in to the [11] lattice direction
and experience a retrograde deflection. This crossover from [10] to [11] locked-in states
reflects the different local potential energy landscape the particle 113 experiences as it is
forced along different directions. At some threshold angle beyond the geometrically
determined crossover point at 22.5°, the jump rate for [11] hops exceeds that for [10] hops by
a large enough margin that the particles 113 become locked in to diagonal trajectories.
Rotating still further to 6 = 45° as in FIG. 2D reduces the degree of deflection while
enbancing the trajectories’ alignment with the [11] lattice direction.

It is believed that the kinetically locked-in states should form a hierarchy whose

influence on transport properties is expected to take the form of a Devil’s staircase of



113 wander. Further rotation changes the array's influence markedly. FIG
2C shows the array rotated to 0 = 3711, with other conditions -uhgmiigw
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particles 113 have now | ocked in to the [111 lattice direction and
experience a retrograde deflection. Thi% crossover from[10] to [11]
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w th no no lateral deflection when the tilt angle is about 22. 5°. Empirical data has suggested that, for a
given particle size and power level, the maximum amount of lateral deflection occurs when as the
tilt angle approaches about 17°. When the tilt angle passes about 22. 5°, the lateral deflection of
the particle 113 changes direction entirely. Empirical data has suggested that the maximum
deflection in this opposite direction occurs as the tilt angle approaches 30°, although this
maximum deflection is substantially smaller than the maximum deflection which occurs at about
17°. The nonmonotonic dependence of lateral deflection on orientation is clearly resolved. Other
possible lock-in orientations at intermediate and smaller angles may be difficult to resolve in a
system of the present size. In principle, transport through larger arrays of the optical tweezers 112
would reveal a more extensive hierarchy of locked-in states, possibly resembling the Devil's
staircases predicted for other systems.

As explained in more detail in the Example provided hereinafter, passive optically-

induced lateral deflection in accordance with the present invention has been observed in a




defl ection occurring when the |aser 20 is extinguished (See FIG 1A). As
can also be seen in FIG 5, there is virtually no |ateral defl ect8dhRallls
all when the tilt angle is O either 0 or about 22. 5, nor should there be
a deflection for 9 of about 45. It shou} d al so be noted, however, that
there is also no lateral deflection when the tilt angle is about 22. 5.
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anal ysis techniques. The | ateral Ir?y defl ected particles 113 can he coll ected
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refraction,

Reducing the traps’ efficacy either by reducing the laser intensity or else by
increasing the external driving force allows otherwise locked-in ones of the particles 113 to
cross more easily from one row of the tweezers 112 to the next. This reduces the degree of
mode locking for a given angle, and thus also the angle of maximum deflection and also the
maximum deflection itself, until finally none remains. This threshold should be independent
of the array’s extent.

Loss of deflection upon depinning also provides the basis for a very general
continuous fractionation technique. The particles 113 more strongly influenced by the array
of the tweezers 112 could be deflected to greater angles than the particles 113 driven more
strongly by the external force. Consider, for example, colloidal spheres for the particles 113
which differ only in their radii, ﬁ. The optical gradient force exerted on sub-wavelength sized

£6.02

spheres varies roughly as a3. The well known Stokes drag, on the other band, varies as “a”.




on quite general considerations of their physical properties, with control
paranmeters including scale, symetry, extent, and intensity of thg Magtiltsal
trappi ng arrays, and the nature and strength of the external force. In the
exanpl e shown in FIGS. 2A-2D, the exter ngll force was provided by
hydrodynanm ¢ drag. Further, separation of particles can be effectuated on
the basis_of sensitivi t%( to driving force, |laser. beamintensity, and

optical gr&aigehsbheshanpe thgpwtigen! Falbercdere aefispreparionalgly Mpgiced py
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density, magnetic susceptibility, nonlinear optical properties and index of
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particles 113 driven nore strongly by the external force. Consider, for
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spheres vari es rou as a known Sto on the ot
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parti cles refore, r o nat fluenced by the optical
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fraction can be collected conti nuousléabf or instance by flowi ng the

separated aFymBeTioHgerizitated glsairetce AperbirgiomionchigRey gal kRt ef1%ect ed
fraction cg apsfihu B[ratmar twefeEéi‘ﬂl?éb%bo%@ecgb{ﬁg’!QéH &yn%aéau%fgﬁ?mgfmetm&r opti cal

t weezers 11 downst r eam of first. TheSe additiona ages can even be
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suit the separation problem at hand. Unlike posts which present a fixed barrier to all the
particles 113, the optical tweezers 112 can have markedly different influences on different
materials. Choice of wavelength therefore opens up additional possibilities for continuous
optical fractionation. All of these performance-determining properties, furthermore, can be
varied continvously during operation. Comimon failure modes such as clogging similarly can
be remedied by extinguishing the trap array. Also unlike systems based on microfabricated
sample chambers, optical fractionation requires quite simple sample handling, all of the
sorting being accomplished by patterns of light rather than by distributions of matter. Recent
observations of molecular drift mediated by optical gradients allow one to conclude that
fractionation based on transport through the arrays 110 of the optical tweezers 112 can apply
even down to the scale of macromolecules. Straightforward consideration of the forces in the
implementation of passive optically-induced lateral deflection described herein demonstrate |
the ability of highly sélective fractionation.

The above described principles can be used as a method for separating the particles

113 into two different flow streams. FIG. 6 shows an example of a microfluidics channel 120




gradated characteristics. Continuous fractionation offers obvious benefits
over traditional nethods such as gel electrophoresis which separpd #A8 2005
sanple's fractions along the Iine of the applied force and thus can only
operate on a discrete anount of material gat a tinme. As described in the
background, conpetition between m saligned forces has been applied to
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fractionation. The raRRNuE: 9&{51%11; g@xﬁﬁfﬂeghﬁ S5 ga&aﬁﬁc&aﬁdpmlﬁlsr@mod for
separating the particles otw different flow streans. FIG 6 shows

an exanpl e iofendomi cr of | ui d| cs channel 120 13 MAR 2006 9 that branches into

a first subchannel 122 and a second subchannel 124. Before the division of

the mcrofluidics channel 120 into the first and second subchannels 122 and
124, an arrBpanpR6 of optical tweezers 128 is angularly offset relative to

the flow u from

e Lo b oM, oL ngl oL ey 295 B o8 L 8L A BAL L e 190
spheres {Bangs Labs) dispersed in deionized water and confined to a horizontal layer 15pm
thick between parallel glass surfaces. These spheres are considerably denser than water and
readily sediment into a monolayer about 2um above the lower wall of the sample container.
The edges of the sample volume are sealed to form a flow channel. Two glass tubes bonded
to holes through the upper glass wall provide access to the sample volume and serve as
reservoirs for colloid, water and clean mixed-bed ion exchange resin. The ends of the tubes
are connected to continuous flows of humidified Ar gas. Blocking one of the flows causes a
pressure imbalance which drives colloid through the sample chamber and past the 75 x
58pm2 field of view of a 100 x NA 1.4 oil-immersion objective mounted on an Olympus
IMT-2 microscope base. By controlling the flow of Ar, we can induce colloid to travel at up
to 100pum/sec over periods of an hour or more.

The individual spheres’ in-plane motions are tracked with a resolution of 10 nm at

1/60 sec intervals using precision digital video microscopy. The resulting trajectory data




the larger particle 130 incurs nore |ateral deflection than the snaller
particle 132 due to the particle's larger radius. As a result ofl3MAR 2005
action, the smaller particle 132 will travel in a substantially straight
line into the second subchannel 124, whillde the larger particle 130 w ||
travel into the partially offset first subehannel 122. The nethod of the

invention gy LfitéSmbBiod BRGphdiesd piafdseityoh paRplidl ¢Atr: P imdschP&SBat we create
applications include, without limtation, the separation of chronosones,

the purifi &hilight-of particle types and proteins, and DNA sizing.
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In symmetry-hindered dxrecuons for which the trapping force exceeds v1scous drag, the flow

still can push-a particle far enough to the edge of an individual trap that it can make a
thermally-assisted jump to the next well. Lower potential barriers in symmetry-favored
directions may only modulate the speed of a passing particle. A particle hopping from well
to well under these circumstances chooses a path through the potential energy landscape
based on a tradeoff between geometric proximity and energetic expediency. These tradeoffs
lead to interesting kinetic transitions as the driving force’s relationship to the trapping
potential changes.

Our silica spheres enter the hopping state for flow speeds of 30 + 3um/sec and laser
intensities of 100 10 wW/trap. The real density of spheres in the minelayer is low enough
that no more than 5% of the traps are occupied at any time. While collisions sometimes
occur between hopping particles, they are comparatively rare. The data shown in FIGS. 2A-
2D were obtained in this manner.

While preferred embodiments of the invention have been shown and described, it will
be clear to those skilled in the art that various changes and modifications can be made

without departing from the invention in its broader aspects.




Qur optical potential |andscapes are based on the hol ographic optical
tweezer technique in which a single beamof light is formed intol &Mift 408G y
configurations of optical traps using a conputer-generated diffractive
beam splitter. Each beam created by thi $ diffractive optical elenent (DOE)
is focused by the objective lens into d'diffraction-limted spot capabl e
of stably trapping one of the silica spheres. Wil e hol ographic opti cal

t weezers %n bg arrgtﬁ)ged arbitrarily in three di nensions, we chose a
planar 10 W40 SHIEFE Sirray with 2.24mlattice constants to model the free
ener gy nodul ations tAmphgpatdiy i ceusietddirctidtheqraldsatongnidinguer i cal
treatnments of anal agous physical .systens, The traps are focused into the
pl ane of the nonol ayeiPHs f%lr\ﬁd?lﬂralﬂys‘glpé’étickd; spheres vertically as they flow
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optical tweezers' maxinumtrapping force, then colloidal particles flow
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in its brogdgomsP&gkstion of the particles.

6. The apparatus as defined in Claim 5 wherein the angle of deflection varies
with at least one of size of the particles, index of refraction of the particles relative to that
of a medium in which the particles are disposed, shape of the particles, density of the
particles, dielectric constant, magnetic susceptibility, and surface chemistry of the
particles.

7. The apparatus as defined in Claim 1 wherein the external bias force is adjusted to
modify a deflection angle of the particles from the direction of the external force.

8. The apparatus as defined in Claim 1 wherein control of particle motion is
obtained by a laser beam source having varying laser light intensity for the formation of

the optical tweezers.




13 MAR 2006 11 What Is Clained Is: 1. An apparatus for controlled
deflection of particles, conprising: a source for a plurality off3 MAR 2005
particles; an external bias force froma bias force source applied to the
plurality of particles; and an optical tweezer array including a plurality
of optical tweezers having a trapping'®orce associated with each of the
tweezers, the optical tweezer array oriented at a tilt angle relative to a

direction of the bi f orce generated .the bias force s ce. .2. Th
appar atus as deli ned eADRAAMT SR 8l CIAHA TR NG Qoo et BEREES {0
optim ze féaﬂ\ﬁe\p?éf&%ﬁa\nfygg%%r&ed B dntdli@Soned of HiPaARRALS St Hef i ned in

Caiml wherein the opfic tweezer array conprises a plurality of optical
pot enti al appkrdpsiatedasehligivitaesity. speci fied optical intensity for

establishing a gesir [ - ' n for
establishing a 1%Sel g&%ﬁ&%ﬁﬁ%ﬁ%ﬁ@!ﬁe g@lﬂi}g 0 trﬁge&%%rﬁigfbngll% e%%?ce. 4.
The appar afhdsptasl tedferdretray o Grhicnddlcvdtre particlehe optical tweezer array

conprises at least t differen ot ent]j al | | .dept hs. for nani pul ati ng
i feront i ze Npar tHERERAES Auoetlied Bl GHap i FyPestio JRAERISAHERERS. 5. The
appar at us fsmgf 4:86¢lcdnBis g’ibf‘&cﬂlloi’éﬁﬁgﬁﬁé‘lest, hictonidlecdng)] Bolbsicadicust abl e to
sel ect direction of deflection of the particles. 6. The apparatus as
defi ned i nbiGlogiceh Gatisiese Fhrorieeomery ed wixteres theteof.on varies with at | east

ed i rbiclc s hronissoneighed ui fon v i |
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particles, density gfrotilieg afhimt ofgaetilesdi el ectric constant, magnetic
susceptibility, and suyface chem stry of the ticles. 7. The apparatus
as dofined in O ai meDPAE SRRl D oiPh i tﬁBP%@g{ﬁﬁr‘*&é is adjusted to
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light intensit Y 3f. or "[thr%qnét%mtdeﬁﬂeff(n Clhﬁ?l?ﬂﬁ{.h&ailnclﬁﬂﬁg%l%rs?eps of changing

laser beam intensity used to create the optical tweezer array, thereby controlling flow of

the particles.

14.  The method as defined in Claim 12 further including the steps of changing
strength of the external bias force, thereby controlling flow of the particles.

15.  The method as defined in Claim 12 wherein the particles have a range of at least
one of size, shape, density, electronic charge, magnetic susceptibility, magnetic moment,
dielectric constant, and linear and nonlinear optical properties which have variable response to at
least one of the external bias force, laser beam intensity and optical tweezer array, thereby
creating a range of deflection angles for the particlés.

16.  The method as defined in Claim 12 wherein the angle is adjusted to change
flow velocity of the particles.

17.  The method as defined in Claim 12 wherein deflection occurs continuously.

18.  The method as defined in Claim 12 wherein laser light is provided to form the
optical tweezer array and wavelength of the laser light is adjusted to control particle
motion.

19. The method as defined in Claim 12 wherein at least one of the optical tweezer

array, the external bias force and angle of tilt are changed dynamically as the particles flow.




1 3 MAR 2006 12 9. The apparatus as defined in Claim8 wherein Iarger ones
of the particles can be preferentially separated fromsnaller onk

particles by selecting an appropriate |aser light intensity. 10. The
apparatus as defined in Claim1l further_including additional stages of the
optical tweezer array to further defle&% the particles. 11. The apparatus
as defined in daim1l V\/nerei n the particles are selected fromthe group
consi sting of | 1 oi articl i

bi ol ogi cal or gdiel | “%; b s dsfied RAGEITL S s B BUPOE SR idin e
control | i ngroppkbhsidtiag GDtsIRidal paiplel, $haegorhdlecuddseipisiogical cenp,rtnmbgﬁcmg a f1 ow of
particles; applyi ng an external bi as for e to the particles; and creating
an opti calotgyslsserh RISy MGOPHIHES Rereq fray of optical gradient fields
with the optical tweezer array tilted at an angle relative to a direction
of the @it er dal apphmsastfor comtrolléBdefotomef frotclas campiisiegt in C aim 12 furt her
i ncluding the steps of changing |aser beamintensity used to create the
optical tweezer array, thereby controlling flow of the particles. 14. The
nmet hod as dehipnedlifyhfehaictss12 further including the steps of changing
strength of the external bias force, thereby controlling flow of the
particles. 15. The nethod as defined in Caim1l2 wherein the partlcles have
a range of albylfRAt bAoA o biaPRERGOREABPII to UMY & RRIGE

magneti c susceptl Ity, magnetic nonent, dielectric constant, and | i near
and nonlinear optical properties which have vari abl e response to at |east
one of the extgrnal bias force, |laser beamintensity and optical tweezer
array, there creating a range of deflection angles for the particles.

16. The method as defined in Caim1l2 wherein the angle is adj usted to
change flow vel QCI ty of the particles..17. The. thod i ne n_Claim
12 wherein depogtel éﬁa-‘é %‘GF%OM EWG’SH%TI"OWS aygea %ﬁ 88&?%3‘521\’ n
Claim12 wherein laser light is provided to formthe optl caI tgwee array
and wavel engtotieoted phetiltasge rélptretoaslineiienseldhe bigs uen geapraish iy Pémﬁz@ﬁc

source whereby the optical gradient forces of the optical array interact with the bias force

to deflect the phurality of particles.

22.  The apparatus as defined in Claim 21 wherein the external bias force from the bias soutce
and the optical array and the associated optical gradient forces are adjustable to a change

in amount and direction of selected ones of the plurality of particles.

23, The apparatus as defined in claim 22 further including a diffractive optical element to
gencrate the optical airay, the diffractive optical element rotated by an angle to rotate the
optical array with respect to flow direction of the plurality of particles, thereby enabling

selected change of amount of deflection for the particles.

24,  The apparatus as defined in Claim 22 wherein transverse deflection of the particles

undergoes a change of sign with changing the angle of rotation of the optical array.




19. The nmethod as defined in Caim1l2 wherein at | east one of the optical
tweezer array, the external bias forceand angle of tilt are chapgehRr 2005
dynami cally as the particles flow 1 3 MAR 2006 13 20. The nethod as
defined in Caim1l1l2 wherein the particles are selected fromthe group
consi g ng af colloidal, particles, macronol ecul es, biological cells,

bi ol ogsﬁ ¢al pRmefuses d Rédemes? wherdinth diffiestivebetienlentht isABtRRRGT at US
for controlled deflection of particles, conprising a plurality of

particles; %Rirextaaege dfiaagles whivh dananheaphiasy B@ﬁa&ﬁdé@é«bﬂfe%eﬁ@&k& 5‘9@& o the
plurality of particles; and an optical array having optical gradi ent
forces assdoimtlizectioherfdlomt & apatibes optical array oriented at a tilt angle
relative to a direction of the bias force generated by the bias force
source whereby the optical gradient forces of the optical array interact

wth tidge bias a ls : Al it rticles. 22. The
apparatus as dg in%éa?ﬁe%ﬁgiI%@gaihﬁe‘?ﬂé#%ﬂtr%%a’%%ee@ﬁﬁ?ﬁ031'"X’%h’FeéP"&étOfﬁh%m t he
bi as sourc optical array and the assogiated optical gradient
forces ar e%.g%ljﬁ B’g &éc%tfoen 1?3‘:133‘(’:9}%4’9@}!&%5ﬁggmﬂng%ff@ﬁeﬁﬂéwmte@ﬁalmb@ft ed ones
of the plural,ity of particles. 23, The apparatus as defined in claim22
furt her in&qlﬂa?%aogtb&ioﬁm?%léﬁavét whcieslAngies efimtatiandor ge néfattive dicgipt i cal
array, the diffractive optical elenent rotated by an angle to rotate the
optical arflpeRf.th respect to flow direction of the plurality of particles,

t hereby enabling selected change of amount of deflection for the
particles. 24, The apparatus as defined in Caim22 wherein transverse

5 , \ ! .
def | e@¥i onThé appreatposd detined in CREB NGRS Mﬂwﬁrﬁwzlgéaég%mﬂl%gg%gngl ng the

angle of rotation of the optical array. 1 3 par atus as
defined i n)guHaiafR &ais Bhtlord Sl LV .dcal.ele t is yotated to
a particul ar rag%e o? angltrl;osrI whi Chﬁc{%g%@%&[ erg%fgﬁ?ghhﬂ?pg“f’aﬁﬁgﬁi $8Y t 0 be
defl ect ed . irection of .flow of the particles. 26. The apparatus
as defined”| ng &é{(’%ﬁ%ﬁeﬁ qrwsph{bpd: -deflection with respect to the
angle of rotation is achieved by nmeans of generating a different | ocal

ot entj, al er . . .
P Eé The aﬁyaratus as defined in Claim 27 wherein a hierarchy is established to provide a form

of Devil’s staircase of plateaus in transverse transport of the particles with increasing

angle of rotation of the diffractive optical element.

29.  The apparatus as defined in Claim 21 achieves the plurality of particles comprises
different types of particles which respond differently to the optical array and the external

bias force, thereby enabling sorting of the different type of particles.

30.  The apparatus as defined in Claim 21 wherein a continuous source of the plurality of

particles is provided and continuous fractionated portions are produced.

31, The apparatus as defined in Claim 21 further including means to monjtor clogging of the

apparatus and to remedy clogging by extinguishing the optical array.




| andscape of the optical array at selected angles of rotation for the
diffractive optical elenent. 27. Thgsapparatus as defined in C aj MR 2005
wherein the different |ocal potential energy |andscape causes formation of
t hreshol d angles of rotation of the optical array, thereby achieving

| .ockeg,in i [es;of the.particles. . 28. . .The apparatus as defined in

d ai m%'? \/\Eé?%ﬁf‘sedreglpg%w ?@ma,éh 2 F'R?g‘“%“bg %P@Wﬂé opmigetitidist  Devil ' s
staircase Oﬁagﬁl ateaus .in transverse transport of the particles with

i ncr easi ngCRAREE disppsed e selleshthsrindividual marticke fipwehameoatated byremitrol 20.  The
apparatus as defined in Claim21 achieves the plurality of particles

conpri ses thgioptieal arrey vfthe floof ofyartidled @satedbicthe besrond febnk ferent fopeet 0 t he
optical array and the external bias force, thereby enabling sorting of the
di fferent goupe. of particles. 30. The apparatus as defined in Caim?21
wherein a continuous source of the plurality of particles is provided and
continuous fractionated portions are produced. 31. The apparatus as defined
in Agm 2tpd ' ' LtQr . Gl i t ar at us
and o T ey e T e hCre e ol a5 b les bbe RS 00a 32
The apparatus as defined in Caim21 further including a plurality of

m crofluidic channels disposed to collect the individual particle flow
channel s created by control of the optical array of the flow of particles
created by the bias force fromthe bias force source. 33. The apparatus as
defined in Caim?21 wherein the optical array conprises optical traps.




