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BACKGROUND OF THE INVENTION

Optical traps use optical gradient forces to trap, most preferably, micrometer-scale
volumes of matter in both two and three dimensions. A holographic form of optical trap
can use a computer-generated diffractive optical element to create large numbers of optical
traps from a single laser beam. These traps can be arranged in any desired configuration
dependent on the need at hand.

Although systems are known to move particles precisely and with a relatively high
degree of confidence, conventional systems require a separate hologram to be projected for
each discrete step of a particle’s motion. Computing multiple holograms can be very time
consuming and requires substantial computational effort.  Furthermore, computer-
addressable projection systems required to implement such computer-generated optical traps
or other dynamic optical trap systems, such as scanned optical tweezers, tend to be

prohibitively expensive.
SUMMARY OF THE INVENTION

It is therefore an object of the invention to provide an improved method for

manipulating particles and volumes of matter in both general and complex methods.



It is an additional object of the invention to provide an inproved nethod
for noving particles along a predeterm ned path wth a high degree of
accur acy wod2omsiT dence. It is still another object of thecCirmsenidisn to
provi de a nethod for manipulating particles and volunes of matter which
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FI GURES 3A- 3D shows the Operative action of an optical peristalsis nethod;

FI GURE 4thetetons offees aiseetbdd [far ancomplishingeeomplex réartahgements of ingdder by aqyslifgr
transferring particles along a line trajectory nornmal to the mapifolds;
FI GURE SATih Aesmall Dot Htestastated %Q!%rﬁahlﬁgp il e AR r@ep%?%ém of
t he pat r « Of ' tically
Shovs” nou TR ARG fisaBEaBe Refiosind bof bfabiaonat CoplehlTand B BOBIEACE,
channel ; fully @elirabifolsgrapbic opticalitfaprsgdtymcur ved mani fol ds used to divide a

flow of particles into two separate flows; and FI GURE 6B shows
nonuni formy curved nmanifolds to mx two separate flows into a single,

| arger flow FIGURE 7A w Igﬁﬁll VAR | ni f ol ds
transporting particles Ou ofﬁ%ﬁreglgiﬁ;ogr?ﬁmlygsgﬁom a plurality of
concentric manifolds transporting particles into a region; 2

FIGURE 1 depicts an individual particle being trapped in an optical trap within a

manifold of optical traps, wherein the manifold’s position is represented by a dashed line;

FIGURE 2 shows the transfer of an individual particle from a manifold of traps in a
first pattern to a manifold of traps in a second pattern;

FIGURES 3A-3D shows the operative action of an optical peristalsis method;

FIGURE 4 shows the use of parallel linear manifolds of optical traps for
transferring particles along a linear trajectory normal to the manifolds;

FIGURE 5A shows curved manifolds directing particles from the periphery of the
pattern towards the centers of curvature; and FIGURE 5B schematically shows how the
pattern described in FIGURE 5A can sweep particles into a channel;

FIGURE 6A shows nonuniformly curved manifolds used to divide a flow of
particles into two separate flows; and FIGURE 6B shows nonuniformly curved manifolds to
mix two separate flows into a single, larger flow;

FIGURE 7A shows a plurality of concentric manifolds transporting particles out of a
region; and FIGURE 7B shows a plurality of concentric manifolds transporting particles

into a region;
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1080557.1 WD 02/098617 PCT/US02/18132 FIGURE 8 is a representation of two
particles noving in response to an externally applied field and an opti cal
peri st al swe opavgeer n; Fl GURE 9 shows two stages of optical PCramsn2/es1at i on,
with particles of a first type transported to the right and particles of a

second type a ported to the left: .FIGJRE 10 is a representation of
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FI GURE 15 shows the use of manifolds of optical traps trapping an extended
def or mabl e obFKFREJ1 showegstynamigdhaiograpgde optiGabrapspstem e a DEFmisson-

use of oS8l el B iy B BreltiBed oo (ire to

i mpl enent  conpiGUREadishbivk e ineétfanihl $RGAE oNb RRIcACOHT AAd dophRgerover | arge
or selected areas. A key aspect of the invention of optical peristalsis is

t he non-genseated diffraatize optical elemenis;i cl es from one manifold of optical traps
i i tg.th tt hr. h t i Nt I

appl i aat o’ oFIGVRR4t SmmeraneBiasa e st Breled oefieel SFRSRaber | s
meant t oy GREAIRARSIR cd r- Qe AERNifRd ctve Eﬁtt'ﬁaf éleﬁﬂﬂt@’sarﬁang?cp{nﬁﬁle mani f ol d

20 of optical traps 24 arranged 1n a stralg I ne. Eac e traps 24 is
capabl e paipheryapid digc;a particle 22 of interest, and the traps 24 are spaced

relative to e ot her _so
l'%llcé]URE q4 shows a plurality of manifolds of optical traps trapping an extended

object and rotating the object; and
FIGURE 15 shows the use of manifolds of optical traps trapping an extended

deformable object.
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that the particle 22 is unlikely to pass through the manifold 20 w t hout
falling into an available one of the traps 24 or being bl ocked by
particl eswaloeegsdy7 in the trap 24. The particle 22 is dramTasozispher e,
but could just as easily be irregularly shaped, or even nuch |arger than

t he separation Vi) i i ristalsis
nmet hod pr oceedw%moﬁthm%W@{ﬁ%%ﬁémm?§4 whi ch
frees the particle 22 to nove. If another pattern of the traps 24 is
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25. However, the next pattern could include only one. of the yanifolds,
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process riext ipattérnsthsdughl the tintbroessiate pi applitation folf Gt leadt twm dnishnediategragerns.
gener al I,i( in FIGS. 3A-3D. To effect the transfer of the particle 22, the
first pa hes fermo Epagigrn” s resait Hy SRCORIST aty least ong dnamifold.+ KdGs dcthews pabypiceh 28
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(out of dm@apwﬁ% & Partiled? SntinteRel, nl thé 1&P 20 Qire GRaREd TEELRY td BEINGKES so
nearest available trap 24. Illumnating the second pattern 28 before

ext i nguitbal fg paréclei 2%is palikedy o 'paes ireugh sheamanifeld 2p evidrouy daling duilonamnt |
al beit, not conpld cated tqg i npl.e t. A pattern of the traps can

Cher ef or i ALAUE GHE e ST oReObPeiT R (5] bt Blreads s, P But PR ¢ Pps
24, suchyafcldi BCLEhawhWREZ §hifere, bl OuRITRRH a8 RAilyObe tixl?@%dlﬁ‘l'f RhdRA; oFERGEh Of
the manifolds 20 can 1 nclude several of"the traps 24 arranged along a

one- di mnemsclolaager tharr the separdtionchetwmeensthewnaps2hematically in FIG 1, or al so

on a two-di nensi onal rface, or., 4 1080557.1 WO 02/098617_ PCT/ US02/18132
within a thr eQP%FF‘H%Ith ﬁr?a‘PPU‘Fél Deristalyig anethed grpcegds b ?’&H’&Pﬁ&“’&a@? dpgpifold

st L oot . . o0 . o
the. pr ocaogf e Frapk Ol sl BBeLhe ARiCRERL O hRey I aciTatibn O o PR "0,
t he par tillahgsatétPsiffieippdneanby ndenehiel padlicle 20 witlfbeardpped bg Wwnar(opaiokerof,the

| abel ed as the first pattern 26. The first pattern corgrises two manifol ds
50 and S&apsTifeinyheinewdrastesy In digdllngiratedecase of FEG8s3 481y adpatarn ncludes e ond

of the manifolds 20 at line 23 and 25. However, the next pattern could include only one of

the manifolds, along line 27 for example. In effect, the particle 22 is thereby transferred
from one of the manifolds 20 of the traps 24 in the first pattern 26 to another one of the
manifolds 20 in a second pattern 28. This process is in its simplist form depicted in FIG.
2, and shown more generally in FIGS. 3A-3D. To effect the transfer of the particle 22, the
~ first pattern 26 can be extinguished first; and then the second pattern 28 is illuminated,
provided the interval between the two patterns 26 and 28 is short enough to prevent the
trapped particle 22 from “wandering off” (out of the optical gradient) before it can be
captured by the next, nearest available trap 24. Illuminating the second pattern 28 before
extinguishing the first pattern 26 also is another operative embodiment, albeit, more
complicated to implement.
A pattern of the traps can therefore include one or more of the manifolds 20 of
discrete the traps 24, such as discrete tweezers in one embodiment of the invention. Each
of the manifolds 20 can include several of the traps 24 arranged along a one-dimensional

curve or line, as shown schematically in FIG. 1, or also on a two-dimensional surface, or
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extingui shed pattern 28 (only one manifold for this pattern) and a third
extingui shed pattern 30 (only one manifold) are also shown. In the first
time stepwoonlogssthe first pattern 26 is illumnated. |n tPha/usexi818i ne step
represented in FIG 3B, the first pattern 26 I's extinguished and the
second paitern 28 i.s Ilu na ed. C transfers t he par.ticle

from  natpif of dideofiinldl ok (TheSadfia 8,4, BBP0E Paienh BRGEnf ol o
52 of t henseeand thdHah@61ds 28 is sl B6r ﬂ@\i%ltllzfﬂgrfﬁe bf&@%@@pﬁbal?eﬁ@taﬁﬂom in
FIG 3C, the second pattern 28 is extinguished and the'third pattern 30 is
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mani fol ds 20 on a pattern of the optical traps to another of the manifolds
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pattern to the next manif only two of the equally spaced

pat t er ndrong the fire gnanifodd ﬁ@exﬂ‘ the Fest m’aﬁcmcz@tczﬂledmatby manifold Bubistharsecerd
robabi | it er advanm ng to.the nex 2 or returni t

Phe r i ertgrnas: Tl b B e B R 8 Ft e 1R AStond Tt

pat t er ngxg4Royidfaail 4R ﬁlﬁlaolgagt _Fkigr@@i %Cillﬁrhﬁﬁ&fderthéi‘ bhh&tRin 2% nﬁh ficle 22

particul ar d| rection. Meth | um nating an ext| ngui s

i ndi vi dlagiun anirthi‘scthﬂrst@ﬁ)nmhfolntﬁm thierthipd p2derar3@. e ke ﬁmﬂian&tsbqﬂas shotwne

art. pe%§ é cllrag throu h the first, second and third @atterns 26, 28
& N

and 30, I 3¢ i exsinguished and the dirgispasisrn 268 illyminated pngght i n
h
(he et o e oy B T S SRI ESR EL

mani f ol geriglsishitherefare ftset TR H@tehﬁﬁﬁ@i&ﬂly tiafspaigl ﬁll’:Qﬁl‘t?CZe bacitomadié dort h
over the entire field of view of the holographic optical trap system 5
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In a most preferred embodiment of the invention, a minimum of three of the
patterns 26, 28 and 30 are needed to advance the particle 22 deterministically from the one
manifold 50 on a trapping pattern to the next manifold 52. If only two of the equally
spaced patterns 26 and 28 were used, the particle 22 could have a substantial probability of
either advancing to the next manifold 52 or returning to the initial manifold 50. In other
embodiments, more than the three patterns 26, 28 and 30 can be used to transfer a particle
22 in a particular direction. Methods for illuminating and extinguishing the individual
manifolds 20 of optical traps 24 are well understood in the art.

Repeatedly cycling through the first, second and third patterns 26, 28 and 30,
respectively, tends to move the particles 22 from left to right in the arrangement described
in FIG. 3. Reversing the sequence would drive them'right to left. More extensive patterns
consisting of more of the manifolds 20 thus can be used to transfer the particles 22 back

and forth over the entire field of view of the holographic optical trap system.
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shapes of the manifolds 20 within a pattern of the traps 24 by continuous
curves. Although a single pattern is described in detail herein,

addi ti onawoimpesemedi ate patterns required for transfer beCmasn2igie
mani f ol ds 20 woul d be easily understood and recogni zed by those skilled in

the art. In e_exanpl es described herei he. di.r.ection of particle flow
will be indiCETBa 3 YUY 0% YRYS AR SYch %Q@fﬂeféssﬁd% S Be oed ﬁ’eeffﬁe&f%‘?fﬂ’s 26
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act i vat eslapes of ¢liprmanifoltls 26 withen apattem ofthestrapsdpbyl cpminuons ewrva? Atthongdhef t

to right. . Reversin he sequence_transfers, the particles 22 fromright to
left. TH Y0ggdatem Ardoubed By detelhéerﬁgb taddfiongloinirmediate. pyicanhEsdRired Yehan be

ori ent ed.d [ i ' . 0

consi st ﬁﬁdélgfgfq%éhe cu@ggg%ﬁgé gpgggggﬁga%%gz%gggﬂa o%%?%égﬁ{ﬁ?%({ gglglﬁ Pi%w of
parti cl eskille@Cdn\tie agl yin theroxam@lds Riesaibed hessnieme alifasar gartictl 8@ willsbd he
particles 22. This capability would be useful for directing the particles

22 out Ipdicaed bpeneradgapi®Wend i nto a confined region, such as a reservoir.

It is not ne r hat Lndi vi | _mani f ol d Q. _have. equal ,£uryvat ure,
and varying ?ﬁ@s %ﬁ\?ﬁl&s %lng oggﬁe B@%&sﬁﬁomi %H%egr topg‘fﬁ%zflﬁngﬁaﬁ{?d%%in%%f I@&fo

| NSt ancer riorkipaRérns RRETRWBENP RtdrRialeCHilwie e SShnlifIEVEES thiySatbd 14 drese 22
into a focusing pattern. The individual spacings between the nmanifolds 20
al so dachtehanesequetive tuulaive Qegioomuorsf trappealt partivlesi 2B fromeled s alght.
spaced forns.of the nmanifolds 20 tend transfer partjcles 22 nore sl owy
than r egroRSRg 1 SHECOCHITaRITGrs ‘ﬁ‘f)ﬁ@é‘ eg)hggrng g Eton]ﬁﬁi f H1g Batissn, aF’rﬁie‘ﬁ]d%#sel y
packed ' C (W E 223l ong the

i oot o BrRraTion e SRS e, g ek rtiol e T

spread them dIGS. DA sndipBrshashthavpdtrtrizsecomsisting of alid yurved @fanifolds 20ncaa be

focusing pattern to avoid gvercrowding the particles 22 as they are
concent riseEEp consentite aflay of partigks. demEprsely ofuniiRe the535e36quanes Jackwasds f ol d

a1 of QS B SdicORs | This Bbat bR Ga rRBRE RCAifhine dODARAR HBu
of the nreninfdpellSegionand idlol g oedirkt Foivn,f el ak Reresd@oirMeliif AbttnedEsshly thae

next and fromone pattern to the next. In other enbodi nents, nore
conpl i cahe#ndivideH qarmifolds 29 havreequah pervamre | andgvarpiag e ceryaiae e bagsdfsk ween

atterns _can. have uses for controlli.ng the f.low of particles 22 alo a
S equenca SRR SFnS, (P RS ighsaein Balérm W be usBl 6 Sner T

particles 22 into a focusing pattern. The individual spacings between the manifolds 20 also

do not have to be equal. Regions of a pattern with more closely spaced forms of the
manifolds 20 tend to transfer particles 22 more slowly than regions with more widely
spaced ones of the manifolds 20. The densely packed manifolds 20 tend to concentrate the
particles 22 along the direction of motion, while widely spaced manifolds 20 can be used to
spread them out. This approach could be particularly beneficial in a focusing pattern to
avoid overcrowding the particles 22 as they are concentrated.

The distribution and density of the traps 24 along a manifold also can be used to
conirol the flow of the particles 22 between the manifolds 20. For instance, the traps 24
may be evenly spaced along each of the manifolds 20 and aligned simply from the one
manifold 20 to the next and from one pattern to the next. In other embodiments, more
complicated arrangements of the traps 24 along the manifolds 20 and between patterns can

have uses for controlling the flow of particles 22 along a sequence of patterns. Similarly,
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WO 02/ 098617 PCT/ USO02/ 18132 varying the intensity, as well as the spacing,
of individual traps 24 along the manifolds 20 in a pattern can have useful
appl i cat iwp2fms1tontrol 1 i ng transport of the particles 2PCTNse2i8Brency of
t he shaped manifolds 20 to direct the flow of the particles 22 can also be

xapl o VKB HoaRR cox vl a8 oo eEnntt AL 0a8 B S e R B 29 ow
of the pamipaetb@Scadshal®ueful %rgpnc%kgﬁmlg fémnheufng\t%&%ﬁort SHEIR fAria@éd £ n coul d be

used to conbine two (or nor f Into on hough this may not be as

ef ficient, belmusaddney gidh¢ sidped shifotdsr@omeditdoduhenflbv off thergiartichese22 cdarher s

fromthe sage fl.ow gnce t he rranifgl_ds 20 nerge, the mecthodolo can still
L é (G2 i

be used 3% BRYsedQglirechthe Rartiskss &2 dRviHY; desicpdscongpl AR o nhey fpmp
> o’ t < _ . :
o S eSlyin $1G !X SRR hE fifhedfarfoR ARNRRE ohb iy o Beba R RIRAR 1

thi s systweirsWhaalrunén aeverses sach b amenf cdueberased @ esmBife itwo t(b£ mofe) Xildvgs
regi ons., Such crossings, can be useful for exchanging the particles 22
bet ween #itpeone; rAlthaosgh yhigimay; ped tefas glicienty bpsawseghe patgickes 221 fsemione dowewill ng

or obabi e CEEiker R ABp B oftnd bl SP BB phLReE, A pEEOIIGT B e

a choi cestiif beclise@ €3 Advagtake. travel near each crossing. Wich direction the
i ndi vidual particles 22 choose to follow is deterni ned by random ther nal
forces at thelhehexatpld showmoin Bie of B ehawstanetwiay ieeinducenmixing gfidhequrtidclence,

th j hquwn j Fl .6B [ d t Al f m xj . A
bat tor n 2 HORRPiRes flows s it v bRt B cReniidh 25 B & pplem BeihaSs
FIGS. 7 &oRin{BTne phkidrh@AS RS bystdiss Rx?fuhé &l @§ssed thith Of Wie gféisﬁf&ﬁs R YO

Whet her the ‘pattern” conpacts or rarefies the region depe on the order
i n whi chmiximey segipmencSuchfcrpsingsrean beusefol fyremdchahginghtheepaatigibe22 hetfile€n theA i s
useful for.clearing the particles 22 qut  of a region, _such as to

facilit dpgiallg dissinglnflowe SuessERPmtheIwiscintsrsesting ﬁ}ee%ﬂlesmawfqﬂ%?%%éprm

i s
Cont i ned 0% Ry BalbE B0 Ao RRCL b g bl eRiont BRS oBASH EHSHER" The

nani f ol dsarfi€led 22 bk gi0ertlhroBORE WTalirepadiised Mfvelaieal @atts efddbing O rWhidh aiveBi§on
material into a volunme, or pushing material out of a volunme. Additionally,

it shoul e pediviguad dartides b apeasetto dollaye isdaserngped byirandoap ghenpakfvgcestan dlie

t . f h | lications. | tit]
ot veen Mot of Mac it B e pdiBn PR HisPhe R 0RSimgl SR 1L ERG,
useful 6B taPlhd RNREEMEN UBSeB dF Wiigings |

A pattern of closed form of the manifolds 20, such as the example shown in FIGS.

7A and 7B, can transport the particles 22 into or out of a region. Whether the pattern
compacts or rarefies the region depends on the order in which the sequence of patterns is
projected. The example in FIG. 7A is useful for clearing the particles 22 out of a region,
such as to facilitate tests on the suspending fluid or measurements on isolated particles 22.
Such patterns need not be circular, nor need they be confined to the plane. In principle,
two-dimensional forms of the manifolds 20 in three-dimensional patterns can be useful for
drawing material into a volume, or pushing material out of a volume.

Additionally, it should be noted that competition between optical trapping and other
external forces can have useful applications. For example, competition between optical
trapping and other external forces could be particularly useful in fractionating the particles
22 from a distribution. As an example, it is helpful to consider the particles 22 entrained in

a flow of surrounding fluid. Each of the particles 22 is transported by viscous drag in the
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22 froma distribution. As an exanple, it is helpful to consider the
particles 22 entrained in a flow of surrounding fluid. Each of the
particl eswD22i09861T ansported by viscous drag in the 7 108083MSh2/V4D32
02/ 098617 PCT/ US02/18132 local flowfield a (F) with a force f = yu

e o o R4 0, SR A ST By 3 2P R 1
i I i thth Li . dius. A ticle feel t
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this entield srfidnage agdihdiediiowrikama shilléhgaréxt erWhile te ©ecd sueMisdout ldad t he
optical gradient force of a given one of the optical traps 24, then the

parti cl €S 2pegsampleof anspearnd forse. ofercaichpethesealugite elgciic abmagnaiisHicldss
descri bed herei.nbefore...lf the. externa rce is greater than the opti cal
gr adi ent§700W8'§d§9Fﬁalpl‘}g ﬂb‘ﬁ?f"i’&ﬁ?‘%ﬁ“&ﬁ‘?sﬁﬂz e({ ﬁeéﬁmopt ical peristalsis may only
perturb the nPihOkiSinal Rcddy Wealle tHah the opti&le fg?éﬁi@ﬂtrﬁfcef ofed gigeﬁ Bné € the

| deal i zed exanple shown in FIG 8, one type of the particle 22 is nore

st r ongl yopdicelrtzaps @d, thentthe papiclec2? baing franspdrtechby optical perstalsisrwilymeveenuch
external fjeld. .I.n the . ex e sho in FIG 8, a first particle 60 i
o Al ied Teriore . AAh SAeBERce el was eypptcal PLEnirgeg y
i nfluen t £ {al‘%sn?g r 4G j 1.t
particl glﬁgé)B ?{Csatl Pﬁg?gf g{regadtp Pgérlll?%glrs te éﬂﬂggﬁﬁ%gﬁﬂ%grﬁi I}sl{)tg(%lg?g%g (qflatz&genijbgiS

col | ect edie eXfesnal Siekionth thariddatized &2inise siywen Bit FIGhAB,Yondrtypeof thy pahtie2 ¢y nal
field and passes through the pattern of the traps 24, perhaps_bein

di ver t ocpts WrosBk ArACiek foothe apiissh (Faps 2rihan s dovenshy thehexierdl Bgibedn dhe ¢ he

G <t i nour e Hofc Bic- IR AP IO TR, RRe B Fofine Baf'poundei

r esponsepdréicit 162 or€iX e vadonflyeinflueed b9tihe eldennsifiell tHaa tBOEdoall particle 62.
di stribution, strength, and other characteristics of the optical traps 24

i n such Bhefirst parkickeriOeis therefore baripTed by optisal petisialsiseadican be collected; HBhe
Sy L T IR AT TR ——
Si gni fi CaiferPEMABLAPE34, pdrhas HeRpAdivRdas GWestal Xt ien Hb IRGdIBarsef the
applied field in electrophoresis.” Optical fractionation can transport the
sel ect ed fractheotwd types of thg pafifules G6feami62 mathe @pamplal embodamént shewn amFEGn
operate fg grné (iiig]t?noglljlfslhgd elrtl?ér%eyr tlfelq*aar}ﬁgirt]y ?onrethé3 %%)t(ichal %}ap? 251: g»}‘?'thel?re ?easllilgnese (%g tﬂilecal
external field, or both. Choosing the spatial distribution, strength, and other characteristics
of the optical traps 24 in such a pattern makes fractionation of particles possible, with the
selectivity determined by the particles’ differing physical characteristics.
The optical fractionation technique has a number of significant advantages.
Fractionation occurs along the direction of the applied field in electrophoresis. Optical
fractionation can transport the selected fraction laterally. This means that optigal
fractionation can operate continuously, rather than on one batch at a time. Because optical
fractionation relies on holographic optical trap technology, it can be adapted readily to
different fractionation problems.
For example, multiple stages of optical fractionation can be applied one after
another using the same method and apparatus. Tuning each stage to extract a particular
fraction of an initially mixed multicomponent sample then will separate the sample into

each of its components, conveniently displacing the sorted components laterally away from
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fractionation relies on hol ographic optical trap technology, it can be
adapted readily to different fractionation problens. For exanple, nultiple
st ages ofwopiiogssli7 f racti onati on can be applied one after PemaiShm18185i ng t he
sanme net hod and apparatus. Tuning each stage to extract a particul ar
fraction,of ;an initially mxed multjconponent sanple then will separate the
sl o 1B AOacht ohhant BaorERe e oR, EORR | OF drei ey digiien FBaRRsy
conponerggvibafigiedctivedway from 8 1080557.1 WD 02/098617 PCT/ US02/18132 the
flow, and perhaps transporting themto channels or reservoirs using

t echni ques previxampleyerdbadimehieshowbhia HiGa Pphulde mincdsinglet{rahionationrstdzge By 9
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but not paefidiecsf fixgt 1ype tBdcindsmovals thaa am chet ighe, SiFertiblae baessndlisdtigepadticles
fractionation, |abeled portion 82, can feature nore intense or nore

cl osel y ofifgeqnd BR&AYI ddiesecandestagepisirantiongtion, labelediporiion, 82 ocag; fpetpre more

Phi s sechia@opoiet SoRay Pt eRimtRs 3 Te (R34 Vincife ShRRY 1o AfBf paptfad "™
enhanci M $fBe 5&PAd ¥Pe® LatVeeRn thoexktmaTior@NSA84hans thiGecd hisedhnthe two

stages of fractionation are g(‘rresent ed as conceptual ly separate, they could
be i npl Semansgons taatheilefy silliurther anlwincing dhe gaparssiontbetweemath fracdens A3, arthi s
process gan | s e generalized to include nore stages and, to i ncorporate
P anet ort ndlipSh g S0tiests it Fenui Gy A Jrreue g CORCerl, Eepitc iive.
opti cal qGld 5 Bhsibhicitd S a BholcRlehd bt B Yot kiaBnkdHfoRNOD. ATHA FHURRE Card
trappi ng patterns. The dynamc 'hol ographi ¢ systenms represente

schemat iatsd by generaki¢dSto ificladed niote astages ahdl tbyingerperad tramefeeringg tieictionated n
this case, .a conputer-addressed spatial |ight nodul ator 102 creates the
conf i gurREtiges 1oF cplecliPnpeans 104 needed to inplement a given pattern of

opt i cal| tr apsydIfliteBBA0E ob IBSRARAY oRESS IRNEAL Vel Boble =

wavefront of "an 1 nput |aser m 1 princi

| npl emendequenay of GEPIKAE Paddrnd.r f’meidyﬁmﬁﬁtﬁo@dgitsphi@whédw&[pm;nm@&miatieéuy
optical peristalsis. In practice, however, the spatial |ight nodul ator 102
has physinddGS} il fandlil g aduldy gereralpaplementasion) Jnithis case, a computer-addressed

spatial light modulator 102 creates the configuration of laser beams 104 needed to

implement a given pattern of optical traps 114 by encoded the necessary phase modulation
onto the wavefront of an input laser beam 100. In principle, such a system can implement
any sequence of trapping patterns, and thus any variant of optical peristalsis. In practice,
however, the spatial light modulator 102 has physical limitations such as spatial resolution
which limit the complexity of the patterns which they encode. Also, such spatial light
modulators 102 tend to be costly.

In the embodiment shown in FIG. 10, optical peristalsis can be performed with the
dynamical holograpﬁic optical traps 114, a typical implementation of which is shown. An
input laser beam 100 is reflected off the surface of the computer-addressed spatial light
modulator (SLM) 102. The SLM 102 encodes a computer-generated pattern of phase shifts
onto the wavefront of the beam 100, thereby splitting it into one or more separate laser
beams 104, each emanating from point 107 in the center of the face of the SLM 102.
Lenses 108 and 110 relay each of these laser beams 104 to the conjugate point 112 at the
center of the back aperture of a high NA objective lens 112. This objective lens 112
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which limt the conplexity of the patterns which they encode. Al so, such
spatial light nodulators 102 tend to be costly. In the enbodi nent shown in
FI G 10, wptoeogdeiperi stal sis can be perforned with the dpeartSoaisi32

hol ographi c optical traps 114, a typical inplenentation of vvhi ch is shown.

A I ted off h
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addr essegf sk jght rmdul at or 200 in an optical train otherw se simlar
to thate& ﬁ%? gaﬂa&k: This system al so can be used to inplement optical
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optical te{tt%PrPsl tr(])gmﬁ)"ftnggnt iy corresponding sequence of holographic optical trapping patterns.
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One particularly useful embodiment appears in FIG. 12. As shown in FIG. 12, the phase
patterns needed to implement a particular optical peristalsis process are encoded in the
surface relief of reflective diffractive optical elements 304, 306 and 308. These elements
304, 306, and 308 are mounted on the face of a prism 300, and each is rotated into place by
a motor 302. Reversing the motor’s rotation reverses the sequence of patterns and thus the
direction of optical peristalsis. Rotating the prism 300 with the motor 302 orients each of
the patterns in the input laser beam so that the diffracted beams created by the aligned
diffractive optical elements 304, 306 and 308 all create optical traps 114, Stepping the
motor 302 through each of the patterns in sequence implements optical peristalsis. Prisms
with more than three patterns can be employed, if desired or necessary.

Mounting a sequence of fixed reflective diffractive optical elements 304, 306 and
308 on the face of a rotating prism 300 can have other uses in holographic optical trap
methodologies. Similarly, transmissive diffractive optical elements 404, 406, 408 and 410
can be located on the periphery of a disk 312 and rotated into the beam 100, as shown in
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One particularly useful enbodinent appears in FIG 12. As shown in FIG 12,
the phase patterns needed to inplenent a particular optical peristalsis
process awe oengssded in the surface relief of reflective acifusaridise
optical elenments 304, 306 and 308. These elenents 304, 306, and 308 are

mount ed e face of rism 300,. and each i s,rot.at dlnto
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di ffractbweh@mgm&aﬂle eprismerars diskoaf diffgictivopsioal sloments. r obmtlisl semsey tHie
optical .tr ro ect one pattern of .th tical stal sis se nce.
SFat o rbieRRenc gt ess, el bttt e, SR sombue L aldikised corkuinl dight
fabrlcatrﬁgdlﬂﬁtbg feature sizes down to the diffraction I|mt can have
essentially continuous phase encoding, and thus can inpl errent a w der
vari ety of nuoBecagsenphlycat sdhili mapben @fpptecalcuiatet hdiffracaive optivhl @iemhénghtare
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compactness.

Encoding high-quality phase holograms on film media will allow optical peristalsis
‘to be implemented with the equivalent of film loops. By offering high-speed cycling
through large numbers of diffractive optical elements, film-based implementations of
holographic optical traps will have applications beyond optical peristalsis.

Optical peristalsis also can be useful for particles and other materials such as
biological cells which are larger than the physical separation between the traps in an optical
peristalsis pattern. Similarly, materials such as proteins, DNA, or molecules could also be
manipulated using optical peristalsis. A large object trapped on a “bed of nails” optical
trapping pattern still can be moved by translating the bed of nails. Rather than defining a
single trapping region, however, an optical peristalsis pattern can establish a large field of
traps suitable for immobilizing a large object wherever it is found. Updating the pattern
with small displacements, as described above, then will displace the entire object. Potential
applicetions include translating an extended sample into a region where it can undergo tests,

rotating the object for examination, or controllably deforming the object. For example, in
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benefits of such an approach include, for exanple: freedom from noving
parts which can drift out of alignnment and wear out, the absence of notors
whi ch cauwe ogiossat i on and radiate stray el ectric and magmeriusot/isabus,
reducti on in power requirements and inproved conpactness. Encoding
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denser regions  of tra and movi ng .t hese regi gns outmard i n subsequent
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the serigpticflardpaysicte pSﬁtﬁila@g arfferrém sQbdeqadR eObf 6ﬂst&app@£m1sm gpapesratdoals .
For exanple, optical peristalsis can be used to nove a living cell into
t he Centb@rm@ﬁrpgrated into a single program, wherein a first subsequence could separate particles

into two or more distinct flows, a second subsequence could disperse particles from a
particular location, a third subsequence could mix two separate streams of particles into a
single flow, a fourth subsequence could concentrate a plurality of particles into a particle
region, and particles can be “moved” from pattern to pattern in a variety of other ways as
well. A variety of combinations of subsequences such as those described herein could be
incorporated into a single program, and these subsequences could be used sequentially
and/or simultaneously as needed using a variety of types of optical gradierits as described
herein. Because very few diffractive optical elements are required to implement any one of
the sequences, only modest elaboration of the proposed implementations would be needed
to select among a collection of available sequences for such multistage operations.
Additionally, it is also possible to practice the present invention without the use of
optical traps as conventionally understood to require specific optical gradient conditions to
hold a particle. For example, a plurality of deterministic optical gradients can be
established and incorporated into a plurality of manifolds and patterns as generally

described above. These optical deterministic gradients operate to “hold” or restrain, but
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m croscope's field of view for reproducible observation. A second sequence
then could be engaged to rotate the cell into a desired orientation. Then
a third swquenegssitan i nplement a particular test. Based @oTtuse2/eisrzone of
that test, additional optical peristalsis sequences can be selected to
col | ect e cell.or. dispose of it.. Each .of .the sequences, can he

or ecal caPhBeSsarid ot BRaNTioRhis o Hvifiel WERFeS Bt P SR HOR B8R he
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optical peristalsis operations could ™ be incorporated into a single
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nore distipct fl.ows, a second subsequence. coul d di sperse particles froma
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parti cl ekl uﬁf)rbgh& faPYhe EordRiYn %ﬁ%%ﬁﬁ&ﬁ@& &ed Qﬁi*fféieppmahé@é fhe?
plurality of particles into a particle region, and particles can be

"nmoved" ifitemdadpaulewith tncorpahdnejust a me@ prabdbdity offsucieheer ways as well. A
vari ety of conbjinations of subsequences such as those described herein
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sequences, onléﬂnndest el aboration of the proposed inplenentations would be

needed preovided keseinafieng a col | ection of avail abl e sequences for such

mul tistage operations. Additionally, it is also possible to practice the
present invention without the use of optical traps as conventionally
understood to require specific optical gradient conditions to hold a
particle. For exanple, a plurality of deternministic optical gradients can
be established and incorporated into a plurality of manifolds and patterns
as generally described above. These optical determnistic gradients
operate to "hold" or restrain, but 12 1080557.1 WD 02/ 098617

PCT/ US02/ 18132 not necessarily forman optical trap, for individual
particles in a particular position for a sufficient period of tinme in
sequence to generate an optical peristalsis effect. In other words,
repeatedly cycling through first, second, and third patterns of
determnistic optical gradients wll nove individual particles along a
desi gnated path. The optical gradients are determnistic in a sense that
the conditions that are applied are sufficient to achieve the intended
result with nore than just a nere probability of success.
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Wil e preferred enbodi nents of the invention have been shown and descri bed,
it wll be clear to those skilled in the art that various changes and

nodi f i catwornig/ogsam?’ be made wit hout departing fromthe i nveeTiusn2/igidits

br oader aspects as set forth in the clains provided hereinafter. 13
1080557.%2/ 098617 PCT/ US02/ 18132 CLAIM5S 1. A nmethod of transferring a
particle en mani folds of optical traps, conprising the steps of:

provi ding a beam of laser light; dividing the beamof laser light into a

plurality of A@ﬁﬁlﬁdd%’f&fanb@ﬁfﬁ% £ partiBRYetweedthanifd @CoBdpHBal thihs 2sthbrisna|
beans of |aser light to estab ifs)h a plurality of optiﬁggl tmri)aps; lt)p?%%i di ng
first, dexdepsofand third patterns including a plurality of sequentially
spaced mani f ol ds,. each man%ol q ﬁ(_)npri sing at |east one optical trap from
the beans of PIQVdinE 4 begm oflaser light first, second, and third patterns

arranged suchy;d; } (AR fﬁ% : t ated by
a mani fol d opn;elg%% %?B%ﬁaggaﬁéeﬂ%%ﬁgra%@gﬁ segﬁg’%ﬁ% 5 |ﬁsgﬁ18%gti ng and
exti ngui shi ndoaniy thé atdicondbeansnef lasdrright teeestabdish aqluralitysefroptica htapsdt
interval s close enough after the extinguishing of the previous pattern to
capture and Proddingdirst isecosdy andcthind paBierns Mclyding f plwality of sequgnidyacent

mani f ol J. h -1 f | t he

part ol eSS Bad Rt BBl EREIRY ok bUBLRAB L BB 12,

adj acentiasgRipfitolith gt filRg seeuii, ARl haidrpattémns hiRnS@I fied kit ted Mamifdids Wher ei n
the mani fol ds of each of the patterns are aligned substantially parallel

t o each compesingzach pritareiare soparagedrityi menifold \oé leachnpiothg othes pattarasitandl | y

linear trajectory .nornpl .to.the . mapifol.ds of .t each of the tterns. 3.

The et hod oI Tigpibflisie o8 iheiitioy frenist TS RRsR warl wlBeet oF

i ncl ude jgser light 4 SntefvalldlyRidtoBeh ARG MOEkiRiglishiM@ dTahd behRub padh o age a

trajectory substantially towards the center of curvature of each of the

mani f ol ded teénsfEhtherpartide fimin oheamanifold vhtheei adjzcept masifold ywbérejnathe icaptae ar e
each. of the manifolds. 5, The. nethod of claim4,

transferred acros )
wher of n A ETABER Ob e dREGIE FANSE] W DAFISIe 9, Havel FPRL e ne manifold on the oné

pattern to the next adjacent manifold on the same pattern.

2. The method of claim 1, wherein the manifolds of each of the patterns are aligned
substantially parallel to each other, and wherein the particle travels along a substantially

linear trajectory normal to the manifolds of the each of the patterns.

3. The method of claim 1, wherein the manifolds of each of the patterns include a
radius of curvature, and wherein the particle travels along a trajectory substantially towards

the center of curvature of each of the manifolds.

4. The method of claim 1, wherein a plurality of particles are transferred across each

of the manifolds.

5. The method of claim 4, wherein the each of the manifolds are concentrically
arranged so as to concentrate the plurality of particles in a particular region or disperse the

plurality of particles away from a particular region.
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arranged so as to concentrate the plurality of particles in a particular
region or disperse the plurality of particles away froma particul ar
regi on. IwWO0 02086%557. 1 WO 02/ 098617 PCT/ US02/ 18132 6. ThePg@tisod1882 cl ai m
4, further conprising the step of applying an external field to each of
the plurality,of rtigles erein the.sequenti ill.um nation

ext i nouttoheBecpAREdaheGRn ¢ BETHE: PabREiBE Mg amelyite o Srager Bl gn
alters tehe 6f the ?Mrgﬁ'ty(ﬁf_ p%%tidl&?%e&%ﬂﬁle%ct;ﬁéﬁﬁal MRndihdiof Sinfl Rk@hduishnicat bhe
direction that the particles would have taken solely in the presence of
t he ext eachadf the phdernd usifip ¢hevbtansdf ddsec lightralters thhdirection dfeat dgast somk 61 the d
operates sp.as tq not alter th irection of at |east some of the

parti cl S8UClesTRlg)ve Fo ey dike i %ﬁb&s Rattinigs v bays taken sy in deoprasease y
adj acentyepmpni g gl d. 584 The method of claim4, wherein the particle is part
of a mass that 1Is ?ar'ger than the physical separation between the

i ndi vidual optical traps on each of the nmanifolds, and wherein the

novenent_ of the particle fromthe one manifold to the next imedi ately
adj acent’- manifhs|rethed of elgim b whegshy b anpliedefield wResatas sefas thBOASE theg. The

han. ¢ nairefigihoRate:t ekl Br it TaBRtiteef ol SRR RbpE s ool BT 8 ot S

mani f ol dmnRAfhteM a8aLEt odiforvenent of the particle fromone nanifold to
the next immediately adjacent manifold results in a physical rotation of

the mass. 10. The nethod of claim 1, wherein the particle conprises part of

a bi ol ogj cal di .. A method of manipul ati a plurality o rticles
Hsing o tboam e metlhg of faint < o SepABdE Bredt Sef B inbrohal Bt of
| aser |i SURTe IRV T : < i i :F

addi ti or?gpélgggﬁgdrﬁwggg?e%?g%@@ldpggﬁéﬁcﬂé heo'Il ar%gtll t6 f glr?gfl ﬁfl)feogtdr?l%gfcl) | aser

| i ght t ovlesdinlhd mbvemaitwfahe partice fropi theadnetmapfold topthe nexli inomedigrelyr al i ty of

i nt erwoven patterns. each conprising at |east one nmanifold, each nmanifold

i ncl udi ﬁ&la‘a‘?ﬂtl%@fol%rf‘@%%l}%alllysmabgefmmﬁmﬁé%a}%&of |l aser |ight and

| ocated adjacent to manifolds of other patterns; sequentially illumnating
and extingui shing each pattern using the beans of |ight at
9. The method of claim 4, wherein the particle is part of a mass that is larger than the

physical separation between the individual optical traps on each manifold, and wherein the
movement of the particle from one manifold to the next immediately adjacent manifold

results in a physical rotation of the mass.

10.  The method of claim 1, wherein the particle comprises part of a biological medium.

11. A method of manipulating a plurality of particles using a beam of laser light,
comprising the steps of:

providing a beam of laser light;

dividing the beam of laser light into a plurality of additional beams of laser light;

focusing the additional beams of laser light to establish a plurality of optical traps;

providing a plurality of interwoven patterns each comprising at least one manifold,
each manifold including at least one optical trap with the beams of laser light and located
adjacent to manifolds of other patterns;

sequentially illuminating and extinguishing each pattern using the beams of light at

intervals close enough after the extinguishing of the previous pattern to capture a particle in
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intervals close enough after the extinguishing of the previous pattern to
capture a particle in 15 1080557.1 WO 02/ 098617 PCT/ US02/ 18132 the

pl ural i t ywofo2jpgssi7 cl es, wherein the particle travels frompaTrsny/isiBz on one
pattern to the next adjacent manifold. 12. The nmethod of claim 11, wherein
t he plur articles conprise at |least _a portiqn of a biol ogical

lity of .
medi um  tA%plumAlgy ngﬁaaleésr WBETEIiNG partigedraviels frere apmanild op ope padGIRite fes i s
| ar ger %g{ﬁﬁ&@npﬁxﬁ%@gg separation between the individual optical traps

on each o e mani and wherein the novenent of the particle across
each of the manifolds results in a physical rotation of the plurality of
particles. 14. The nethod of claim 11, wherein the plurality of particles

i s |argd?. t hdhetnhethphoErlein 11 swhereii the pluselityed particdesi oegipyiselableaspt i cal
traps on each of,the.manifol ds, and wherein the novenment of each particle.
across QQEW%QP%WQP%%?WH@T esults in a physical deformation of the
plurality of particles. 15. The nethod of claim 11, wherein each of the
mani fol ds are aligned substantially parallel to each other, and wherein

t he pl urldli t yThefmethod of tlaim t1d awbérenl the gluaality lnd particles ik Yargér thamthetphyjiealt or y
normal to the each of the manifolds. 16. The nethod q | aim 11, ,wherein
the eacHCRATAHGRDGHAFT gﬁedgdll%ﬂ%‘cél tFapgiogLash of g{?rW%ﬂlEﬂ]&’ agchy Wg?en t he
pluralit el es: et 4] . ds the
Cent or croRneBEot HE VARAE Rifhe AuRBPYR HRIE S BRIl Yon LV 10
pl ur al i tplurafitypefrdartidless, conprising: a beam of |aser |ight divided into a

plurality of additional beans of laser light, the additional beans of
| aser |ight establishing a plurality of optical traps; first, second, and

third palt er i fobiuslongrsf B UL ALER R bIASAYEIhAldd 1SRAES I A A0LES

each of ‘the mani conprising an optic p Torne rom ans of

| aser Isegdthtior bhétwbéd e indioRRACbptRACGrdplionttabiabf BeNfardfoldy) 48d whefdin teat t he
mani f ol ds of each of the patterns are separated by a manifold of each of

t he ot herovsareneeheachpadticle acrogs@sh pf the manifolds results in a physical deformation of
the plurality of particles.

15.  The method of claim 11, wherein each of the manifolds are aligned substantially
parallel to each other, and wherein the plurality of particles travel along a substantially

linear trajectory normal to the each of the manifolds.

16.  The method of claim 11, wherein the each of the manifolds include a radius of
curvature, and wherein the plurality of particles travel along a trajectory substantially

towards the center of curvature of each manifold.

17.  An apparatus for manipulating a plurality of particles, comprising:

a beam of laser light divided into a plurality of additional beams of laser light, the
additional beams of laser light establishing a plurality of optical traps;

first, second, and third patterns including a plurality of sequentially spaced
manifolds, each of the manifolds comprising an optical trap formed from the beams of laser
light, the first, second, and third patterns arranged such that the manifolds of each of the

patterns are separated by a manifold of each of the other patterns; and
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WO 02/ 098617 PCT/ US02/ 18132 neans for sequentially illumnating and
extingui shing each pattern using the beans of |ight at intervals close
enough afwero2ogss1ext i ngui shing of the previous pattern capClss2/ia
transfers a particle fromone manifold to the next adjacent manifold, and

wherein th t d. 1t f f t t.icl t h icle t
Cravel from THETS I SeHrebid thitingtee fidofifguiing actooitien Hiad Bedsis) o or

t he samgfspdht /5 L i , ' g k&l gl S
part of ATl raer b ERRER Rt kil lle O i PRARR PRy

separ at itomsfort apanticlehieom rosie mahifeld tophe nexdt atljaagrs noanifeld; and fwitehain threani f ol ds,
and wherein the novenent of the particle fromthe one manifold to the next
i mredi at@PYrejdHE enalhe Baiclesaites RATHCIp ) Spvel /fromm s SRerMHIN O he
pluralit ' : claim 17, wherein the

parti cl etM? gisit)g?tt%rg?& g%p?eﬁg}%ﬁgﬁoﬁﬁgﬁaﬁﬁ%@?hat is larger than the
physi cal separation between the individual optical traps on each of the
mani fol ds, and wherein the novenent of the parti-cle fromthe one manifold

to the néxt Thembapmius| of claiatle vthersin iedragticle inpars of s plirgity of panticlesthat i on

of the ral.i f rticles. .20, The par.at of. claim17 wherein the
directi g%]ﬁ rtth%n glgrp?’? 81%;%13 §arﬁ?oq ?%‘\ygefnsﬁxgrug%%{lﬁil Opcglﬁgl tmiopoe]’a&l'l Pg he next

i mredi atginifoRd] A€ Mhefd tfeahOvenfenbt @B prikYe #bM BERBLE GRIIBR t8fthéfext €xt er nal
field to the particle. 21. The apparatus of claim 17, wherein the direction
of the pamedistely adjacentmanifoldresultnintahysicaledefemdtiondf tie plhelitieat particles.

i mredi ately adj acent manifold is not altered by the application of an
external field to the particle. 22. The apparatus of claim 17, wherein the

particl ggconmpfy Qtd I; ' s”%ﬂ’ - s of
claim 17, wher gisﬁ)%?%gg mandil;%% gfs’ @epééggﬁ%a? a(%lﬁé a% P fg% Rgég%tg%gpiﬁgig%g%aw
subst antis &rger than dielphlysical sepatatiat betweerathe indieidaalopticsl gpaystanadaeh bf theel s
along a substantially _linear trajectory norpmal to the manjfolds of the

each pat®aieldss and yésgrein theymoysnespt 06 partisteriromote pae Jendald twike Bgsbar at us
of ¢! al Mintrertia19 aflalerc MartBl LBUESin W pifRfIH RRRI} dl{ﬁlgji"ag@ i éﬁﬂuﬂi of

curvature, an ern par ] along a
substantially towards the center of curvature of each manifold.

20.  The apparatus of claim 17, wherein the direction of the particle as it travels from the
one manifold to the next immediately adjacent manifold is altered by the application of an

external field to the particle.

21.  The apparatus of claim 17, wherein the direction of the particle as it travels from the
one manifold to the next immediately adjacent manifold is not altered by the application of

an external field to the particle.

22.  The apparatus of claim 17, wherein the particle comprises a portion of a biological

medium.

23.  The apparatus of claim 17, wherein the manifolds of each of the patterns are aligned
substantially parallel to each other, and wherein the particle travels along a substantially

linear trajectory normal to the manifolds of the each pattern.
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25. The apparatus of claim17, wherein the plurality of manifolds are
arranged such that the sequential illum nation and extingui shing of each
pattern swpacatsss7 t he plurality of particles into at |ea®CTiuso2/gg162ups of
particles. 26. The apparatus of claim 17, wherein the plurality of

mani f ol are~arranged such that = the .sequeptial.il]lum natiqgn,and ..

exti nguidzzlhi n3%%@3‘%%%@#&%%%%?%Ehetfﬂ@“ﬁ%tl"i‘ﬁ%ﬁ?afb .pg?fterndgcﬂ? %t .Eaém}srﬁfo a
singl e gsnekRure] alPivhérelthe pariclé\riRINAGhOA trhfedfosy ShbstMGiafly Riwidd by Of
particles between manifolds of determnistic optical gradients, conprising
t he st epenisf of prrygtugd ofcaghmesmifolf. | aser 1ight; focusing the laser light to

establish a plurality of determ nistic optical gradients; providing first,
second, and third patterns including a plurality of sequentially spaced

mani fol dg;, e [ o) g i Sd . I . i i I, t he
Taser  Loant Rl GREPL, S el S AR S M AL B Soch T L 00
t he manithebagemtaniihininagon saléxtinghisking of eachsRirarieparanys the pRRdlftpbd of each
of the other patterns; and sequentially illum nating and extingui shing each
of the pREHGGSHBOR;lpAst e ereupeef patples.” at i nterval s cl ose enough after the
extingui shing of the previous pattern to capture and transfer individual
particles fromone manifold to the adjacent manifold, wherein the capture
and trars er Tie HPEANRAIIIANE] T atfeesin GRGuPHEL dCheniteds ﬁl%\éﬁfan%éd)éﬁch higatone
mani fold on the one pattern to the next adjacent manifold on the same

pat t er n.thegquaniial ilumination ard extingRishingkeé eadhrpattaen gimbiags thy pofralpggiofi cl es is
| ar ger thatn t he physical separation between the individual optical

gr adi entRATEHCS pﬁagtpglt%rgéomﬂfp%ﬁggs,. and wherein the novenent of the
particle across each of the manifolds results in a physical rotation of
the plurality of particles. 18 1080557.1 WO 02/098617 PCT/US02/18132 29.
The et R¥d ofA oledhion & aransfeering a pluralitplofipatticteg betwezarmanifodds ofsleteamgmsstict han

t he physical separation. between the individual optical gradients on each
of the rFE’HF?lcﬂrG‘ﬁ,m&n‘EPW% the steReohpvenent of each particle across each of

t he mani f ol d%r&ﬁﬁiﬂgtasbé'a‘ih afﬂpéﬁig(ﬁﬁ;i deformation of the plurality of

particles. 3 e “apparatus of T m 27, wherein the plurality of
mani f ol ds ar doeusirpnpe dasetitiphit tb@btablish a plurality of deterministic optical gradients;

providing first, second, and third patterns including a plurality of sequentially
spaced manifolds, each manifold comprising at least one optical gradient from the laser
light with the first, second, and third patterns arranged such that the manifolds comprising
each pattern are separated by a manifold of each of the other patterns; and

sequentially illuminating and extinguishing each of the patterns using the laser light
at intervals close enough after the extinguishing of the previous pattern to capture and
transfer individual particles from one manifold to the adjacent manifold, wherein the
capture and transfer of each particle causes each particle to travel from the one manifold on

the one pattern to the next adjacent manifold on the same pattern.

28.  The method of claim 27, wherein the plurality of particles is larger than the physical
separation between the individual optical gradients on each of the manifolds, and wherein
the movement of the particle across each of the manifolds results in a physical rotation of

the plurality of particles.
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the sequential illum nation and extingui shing of each pattern separates the
plurality of particles into at |least two groups of particles. 31. The
appar at uswofo2odssim 27, wherein the plurality of manifol dsprarasartsasyed such
that the sequent ial illumnation and extinguishing of each pattern

nbi h | I
The ot riSa orftehethod ¥t Sim PR iRy PhfuRs it R e Bl e bl R (e
plurali ts%yar@tﬁorﬂ%t@vh&{ i lﬁéivfdhﬁwoﬁtfcﬁ %%hdléﬁt%h chélPo LM RiHold! dnd RuéRe next

i mmedi at el y adj acent nmani f I's altered by the applicatioh of an external
field 3Be m‘ﬁhenaﬁtdf@dclbpambm acrB8 gachheithé manifeldsiresatts ima physicl | east a

portion of e rality., articles as they travel fromthe one manifold
to the r H?FEHFQF’EHI ity %fc&ﬁ?dﬁsam fold is not altered by the
application of an external field. 34. The nmethod of claim27, wherein at

| east one of the plurality of determnistic optical gradients conprise an
optical 30rap.ThtQppd@&RaF€ldim 27, wherein the plurality of manifolds are arranged such that

the sequential illumination and extinguishing of each pattern separates the plurality of

particles into at least two groups of particles.

31.  The apparatus of claim 27, wherein the plurality of manifolds are arranged such that
the sequential illumination and extinguishing of each pattern combines the plurality of

particles into a single group of particles.

32.  The method of claim 27, wherein the direction of at least a portion of the plurality
of particles as they travel from the one manifold to the next immediately adjacent manifold

is altered by the application of an external field.

33.  The method of claim 32, wherein the direction of at least a portion of the plurality
of particles as they travel from the one manifold to the next immediately adjacent manifold

is not altered by the application of an external field.

34.  The method of claim 27, wherein at least one of the plurality of deterministic optical

gradients comprise an optical trap.
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