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'I'hls inv'eut'-iou was made with U.S. Government support under Contract No. DMR-
9730189 awarded by the Natjonal Science Foundation, and through the MRSEC Program
of the Natlonal Smence Foundation under Award No. DMR- 9880595. The U.S.

Government also has certam rights fo the invention pursuant to these contracts and awards

o FIELD OF THE INVENTION | |
Thé preSent invention is directed' generally to a methed and apparatus' for controlliug
and mampulatmg sruall pamcles a movable mass or a deformable structure. More
particularly, the present invention is directed to a method and apparatus for usmg

holographic optical traps to control and manipulate particles and volumes of matter m both

general and complex ways.

BACKGROUND OF THE INVENTION

Op‘ucal traps use opueal gradlent 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 relatrvely high
degree of confidence, conventional systems require a separate hologram to be projected for
each discrete step of a particle’s motion. ‘Com];ruting multiple holograms can be very time
consuming and requires substantial computatiopal effort.  Furthermore, compuier-
addressable projection systems required to implement such computer-generated optical traps’-
or other dynamic optical trap systems, such as scanned optical tweezers, tend 0 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.
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| STAATE ™ PUMPI NG W TH OPTI CAL TRAPS PCT/ US02/ 18152 4 March
2005 'T'his invention was made with U S. Governnent support under Contract,
No. DMR 9730189ltdswi aikfiongl ehiect Rbhe #ARIIP PFEeroRBEIVES Frethath T VB gh
" the MRSEC Pr, - ' : ' o 0 ' NG No. DVR-
0850505, Tha it uIofl s pREICRRIER Bin Wil e‘lrfcgggag’@?‘?%ﬂ“tcga?%&)t he iEﬁvenj[ion -
“pursuant to thes# isosillr sictleer anbecawdrtiats invEitEn DoQRroTiE al MENT IFaNoPkpulings ent

i nvention is directed generally t t hod and rat us. for controll | 2
and mani pul BEIKIE a1 YogRR praessufieh e s b SOBPaatndt by, PERL Rl e,

More parti Q@h@rekywrgahgﬁﬁg,ﬁsent “invention is directed to a nethod and .

apparatus for usi-ng .hol ographic optical traps to control and nani @ul %te L

particles and vollupaeerdgncariithdhe phpvp GDiSCigeAROICAINE A dIREOVYIBR SHRMEREe of suc '

- BACKGROUND CE T :?P\éﬁme i r L aRtd graai et R sRSmt 0
trap, nost %@fé&g_ Y, ..m‘L’c '(g%l%eérﬁélggl %@ér\'/%%gartr@s d()ffcf’iqir%gifter %E bnot hﬁf[v\o and

t hree di nengipdating the hoditigr afpéwck tfap byaodistapeisonll enough thatgreriipes tapped in the

conputer-generated diffractive optical elepent to create J.arge . of
oot ont O dpeted Bietp el gt i, G5 » ElePoiRen 06 S8k DRARCLARSGS,
Lany,. desiredh&eftd Sirathiméthod R eBERMisin theplaehRdmaigairie . of Alatitrobyotychyst ens -
. are known to nove particles precisely and with a relatively high ',de%ree of
" confidence, ‘b&ﬂﬁ%ﬁﬁﬂ@h&@@?ﬁf@ﬁ%alﬁ@aéﬁl plograplip ptigab AR P iEm 11 cpding Tan

pr ol ect ed T ofe p et thodihficaS 8ol RoR bhbhifondl HRIPIGRy 5@ MRkpeAk of a -
-multiple hol ogl?ams can be very tine "~ consuning and requifes substanti al
conput at i onafulle géneral holbgraphie optagad rag gisison- er - addr essabl e proj ection systens
required to inplenment such conputer-generated optical traps' or other
dynanmic optical trap systenms, such as scanned optical tweezers, tend to be
prohi bitively expensive. SHBRVBERDESERTFHONWENHENRAWINGS herefore an obj ect
of the invention to provide an inproved nethod for -

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 ina sc{cond pattern; '
'FIGURES 3A-3D shows the operative action of an optical péristaISis method;
FIGURE 4 shows the use of parallel linear manifolds of optical traps for |
traﬁsferring particles along a linear trajectory normal to the manifolds; | .
FIGURE 5A shows curved manifolds directing particles from the periphery of the
pattern towards ﬁle centers of cul;vature; and FIGURE 5B schematicaily 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; o
FIGURE 7A shows a plurality of conceniric 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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mani pul ating particles and volunmes of matter in both general and conpl ex
met hods. 4 March 2005 2/ 098617 PCT/ US02/ 18132 is an additional ' Co
obj ect of.the\jhyaRtdpn t0 provide an inproved nethdd for .npét]i,ﬁlg,%,}\ﬁﬁfq A%s .. -
along a predeterm ned path with a high degree of accuracy and confidence.

It is still' anhother. object of the invention to provide a method for

mani pul ating part iFé-(I;gg_Elzﬁriﬂ AFBRTERFAB RN OhotRaRIClh MONKINE dfrspanse fpen externally
conput at i onal yLoER, AGHkLeVL: rearrangenents. In accordance,
wi th the abov%)p%%j e‘ctgr?q%r j!ug%tplgﬁsgtﬂgig?%%n’varyi ng sequence of such trap
-patterns nmekes pd3GUBE® shpwarwe stagesof bptipal fuictiomatioh, wittapaticled affa fasteypenew

attern wupdating the position of.each trap by a distance. small enouhthat.-'-w
o thcles §r agisaebrie o B8 Teht fiaicTat sk dba Bbe Pl rpiags T i oV 1A
correspondi ng tr aFIGURE® i &%épresERRie 658 mpldMeanlibRbf ofiRarRioids ofihers a

met hod for acconplishi.ng -conpl ex rearrangenents .of matter by cycling
through a smefinamisahalogsphic epeigal &t@pPt ed hol ogr aphi c optical trap patterns.

The' cycling can UREN {1085 W ' - WA IRubalidspal
- conplexity and theﬁgxpenlslgéhgg Qg u P?/lglgéllﬁ %‘%Fﬁﬁgl%%%g%ﬁ%@ 51(?)1 ti caﬁltsygp
- system BRI EFmDESORIpREF-@ireiseddg iDRat MBI FirGuURE oftidbisiiot s an i ndi vi dual
particle being trappeddsi an optical tr ithin a manifold of optical
traps, wherein thgfqﬁgﬂﬁ@l %‘Dg’s srflffo:h?)rﬂcﬁ?gyﬁ\fn‘g%?{e%%eﬂflg‘(ﬁe Btls%wace?gﬁgtapl i ne;
FI GURE 2 showgenehedidiffaciveropiifal 8Rmicadj vi dual particle froma manifold of
traps in a fi rst'oﬁgtern to a mani-fold of traps in a second pattern; - :
FI GURES 3A-31) shoi&UWHeloiparerresrataten pohmethanirally sy rled prisat ROpalss st hod;
FI GURE 4 showggifd@arddfisiof ctﬂﬁﬁlﬁérlg%herla{eﬂ%ﬁfradmgbﬁtﬁlaldé"lerﬂén@ﬁ}dn?&i o theps for
transferring particles along a Iinear trajectory nornal to the manifolds;
FI GURE 5A shobsyipbemyvdd disani fol ds directing particles fromthe periphery of
the pattern towar > I . P X kcally
- shows -how t he patﬁ?&ﬂﬁ&%ﬁ%@ﬁggilﬁ&h@ﬁ%ﬁ@% oé%ﬁﬁga%%agagﬁﬁg%ﬁgwg%ﬁio a
channel ; Fl GUBke8 And haaing tienehject;camt y cur ved mani f ol ds used to divide a

flow of particles.i = separate.flows: and.Fl GURE 6B. shows

nonuni fornl y cur vegﬂ% #%\ﬁﬂ@’ S?lbe “Sﬁ1'°§Wﬁ%ﬁgseogé’%?%uﬁ%g@@p}rﬁtag cxtended g e,

| arger flow, &fckdnble/dviehows 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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2°r 1080557 1 0 4 March 2005 WO 02/ 098617 PCT/ US02/ 18132 FI'GURE :S is a .
represertation of two partlc.s moving in response to ext er nal :

: I
- appl.ied fiel dwanduatsopti cal peristal sis pattern; FlI GURE Spemmﬁ&/ﬁc%?%s
of optical fractionation, with particles of afirst type |.transported to'

e, Ot an oo o6 SRR SER HET AR SR APRIRSIRSC R T L s

~using dynam cal hol ographic optical traps; FIGURE 11, shows a dynam c

hol ogr aphi ¢ opt i coptichlr perissi¥sd eimolkeh NHe aist oA NS Regusicd Nof prectealculated holograms
-~ conput er - addr essed spatial |ight nodulator. in an optical EralP El- GURE

shows the neEWFeééVefdy%ﬁl tpﬁl@p‘@meat complrs Tedstgbutiopsefi laree sHmhere £ Pﬁeﬂssr%&d ’
diffractive ppld p@h &l RO Aﬁl‘e?‘ﬁFect ot 3nd FvéntibfRE BHEA PeiifNsi8fis e non-
nmechanically ¢ de optical peristalsis system using transm ssive
conput er - gen&peatﬂedraaisfblf phpiriicles Gpii ol metifoireof epticalrizapy del acgiverhpattepeioj theery !

‘of a disc; RE .14 sho urakit nj f f
trappi ng an 8‘%{&%8%8& B%%E]F “gter ot rPd’hr%?gn(‘)) Jaggflsq dﬁ{eﬁ% %Eémﬁsows
the use-of nEREi@indHa@érnORt meak 1d emmphsrsaapunangmamaﬁmendﬁm 10ghbars :mmml
- object. 3 1080557.9 WD 02/098617 qq. MV ch 2005 P Usgg\?ﬂwlS DETAI

DESCRI PTI ON @nifelg 2PREPRISRETARS ST @ sogyshy fug 0% {15 Tans 24y 6799 E the
use of a SGQHF&%EP pﬁﬁcﬁ@b%ﬁ iffeRd: Qﬁh@&rm zmwkfaeetdefémwsrm EhdREothe? so
i npl enent conplexX redfstributions of |arge nunmbers of particles over large

“or sel ected 8rapabe patidle P2 s palikelp fio. phgs ﬂlmnahtﬂmmaoﬁoltbﬂ@l withoup dalling antajag | s
t he non-

available one of the traps 24 or being blocked by particles already in the trap 24. The
particle 22 is drawn as a sphere, bu.t could just as easily be irregularly shaped, or even
much larger than the separation between the ‘traps 24. |
| Operation of the optical peristalsis method proceeds by extipgpishing the manifold
?_.O of the traps 24 which frees the pafticle 22 to move. . If another pattern.of the traps 24 is
illuminated sufficiently nearby, then the particlé 22 will be trapped by one (or more) of the
traps 24 in the new patterh. In the illustrated case of FIGS. 3A-3D a patiern includes two
of the manifolds 20 at line 23 and 25. However, the next pattern could include only one of
the manifolds, along line 27 for examéle. In effect, the particle 22 is theréby 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. Thls process is in its simplist form depipted 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 illnminated,
provided the ihterval 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 pattérn .26 also is another operative embodiment, albeit, more
complicated o 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 fine, as shown schematically in FIG. 1, or also on a two-dimensional surface, or

4 .
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specific transfer of particles fromone manifold of optical traps ina
given pattern to the nexyfpattern through the int ession or a &ki cay)(%n ‘
cof at |east tyg, inheiediate patterns. The term"p ttern"-]j@mgag) arciy 2005
enconpass at, I_eas,{ one_.manifold.. FIG 1 shows a typical nanifold 20 of-
optical traps 24 arranged in a straight line. Each of the traps 24 i’s

capabl e of withigph treerdgagnsipedl evohumeof Thet Rqtestof 3 HAPRIAR PRYP %ﬁs%geogbaééd

relative to g&&@?@fﬁ%ﬁ]@mﬂ&% i% gﬁ%ru:?%rt\iiﬁllaﬁz' b ro‘dEHls ok Bhkeal RrisBRRS

t hrough the manitc 0" wi t hout ng into a vai | abl'e one of the traps
© 24 or being bl ockBXG.IBA gmmsiic heterndatdhane ofithe prtitessd? @appedhr onpmanifdd @022

is diawn as a_sphere, -but co | ust. as_easi | e Jorr | arly shaped, or
even rmuch | &f Qé?a”f.‘ﬂ&ﬁ Pﬁﬁ@sgbﬂ%f"‘%\ﬁ i @f\Ré‘EﬁXEE-e ’t caﬁ‘gyﬂ%.tergﬁg?l }Slegntwgf :
the optical pphifshakeipdel MoKt pisRRaees ulagp@mertﬁaﬂiﬁmsrm ddaesaranitie akcbnd20

of the traps 24 which.frees the particle 22 to nove. If another pattern of
the traps 24 ekinguishid e 28dolone gaifalf joribia priermad 4 tigd exeskadgagomy; | |

be trapped bgoggﬁ%@gf-@f&@& fgsh%ho&ﬁ.a@& ﬂ%.‘]ﬁrgt]nﬁr%@gtq?,\;\edgl)pﬁ]te ikt pattbh idﬂ%g

t
~illustrated ca a pattern includes of the manifolds .
20 at |ine 23hamidatab. IiHolwe wment, tib estepe xepresantedrin BlGul 884 il didss patesn @heisof

the manifolds, . along line. 27 for example. In effect, the pagti ‘ i
thereby t ranﬁ@%“@ggd _"I”}do',ﬁj‘? &en a@%ﬁ?‘f‘%’flﬁi23&81”?%%&;{0“?%%5&%ﬁmi%ﬁlet%e

- first patter Grof tleCirdN@biiRld SMEf BE firfigausmmial ©lhtsncieby Mafele SD 0 tpadetamin
. 28. This process is in its sinplist formdepicted in FIG 2, and sh;f;%/n
nmore gener al [PptsrA 28y A8, thpex e incserasnial stept ewR RISt AC, dhe f%@“‘g@?ﬂ?‘b 1522,
the Tirst PRkhfhingd fi@heOfin@thidd SosRothidinkied, matey Wafdetilg Sepate 22

. pattern.28 is ilTumnated, pro the interval between the two- patterns
26 and 28 i s aghiorand énolgh it ompritakk it on His third ppiseBhdr thedingl tige step gs shown

"wandering off ' (out of . i i£0t: ' . ' ed by
t he next, nedf g%é avat?lf:g%fhgpat?trgépﬁ%f ]glﬁjgﬂ fﬁ&n%rﬁdﬁéﬂ{sﬁgﬂserefcﬁl g‘é?%lgt?%%%ged
before exti ruguins Wihisgrdnstersf the partigja 2?2 er the st phtscon 26 on e eat mepidnld 6¢.v@ptical
embodi nent, - al bei t, r conplicated to inplenment. A pattern.of. the traps
can t her ef or PEFHRIsH ergﬁée %}?S%PE ems’tﬁgﬁi Fipring M partile %?e og ? ﬁe’eafal

traps 24, suche aanifii&CIRiea fHRRZE R dpiicAlNRpe Bhacherst thofmatifadd v@nthe sane
Each of the mani folds 20 can include. several of the traps 24 arranged
al ong a one- dEHAIHIRBHES by GYIBE fronghResequeace ploiisrRedisnRAetSt |y in FIG 1,

or also on a two- g} NPRREOPRlerRHE dftofimeRf of tel inkerA0 2O shidkmbm of three of the

pattemé 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 gqually
spaced patterns 26 and 28 were used, the particle 22 could have a substantial probability of
either advancing to the néxt manifold 52 or refuming 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 partiéular 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 1o right in the arrangement described
.. mFG.3. Reversing the sequencé 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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.4 March 2005 WO 112/098617 PCT/ US02/ 18132 within. a three-dinmensional .
- volune. The notion of a trap g pattern consisting of: col l ection of 'the

~mani folds 20 igsYspbyl for viSualizing the process of opticp&«”ggéﬁ%%ﬁ'l‘ 2ped
. FIG"' 3A shows Tn further detail one of the particles 22.trapped on one
mani fold 20 - of a particular pattern, labeled as . the first pattern 26. The
first pattern conBreTsaz & yiicthahway Bsvineh optgrl eristatyiy sahBs pred g §ifgat useful
trapping the : : ' 16 d t] S T
(on'y one. man REPREtaR fedetical o lod qRRCoRi TEd hRaul=ARP Aol #59
' (only one ' nsangef of W} penioldd 3@ withimvnpatters dfte thaps 24 byicosinypegpcuresl Withoegh

first pattern 26:is illumnated. In.the.next..ti step. represented in FlIG
3B, the firstt Bt B seleelibedan dely B ooy Rutblale P BERE dhtsa g
i1 1um nat ed. hi®r 8&ivk@D the rafnsfoldsS20 ReuRadd éile udderstbddomd Reogriited tbymanief ol d
50 of the first pattern 26 to the nearby manifold .52 of the -second

pattern 28.' skillefietheestt 1 the exyaplentdeseibed Jerm, dhodiredipn pf partigle flophwillshee ond -
- pattern 28 is: {J J a8 the third pattern 30 is illum nated,
~ thereby trans?‘glﬁgri%dngéﬁgmgggt%?’% e 22 again and this tine to a manifold 54.
- on the third patt &@. 86howsront o€ tiei pastbrnt Rérfromtaclneas optivalvperistahic pr@p 33D, Twohe
- third pattern 30 is.extinguished and the firs attern,26.ts illuminated -
- once ‘again. FHP¥e® P?%(E&SSLPW %%F?V(?Fge@ﬁent %C ?rﬁlglf&fjsr %(f(’fptglstpgb%rg%c%n&t he
“next nmani f ol dadgGatedOnt iséqilenceP sy sivel ik Sort hefeetiopedapiriass D2 offom. left to- right.
determnistically transterring the particle 22 fromone of . the mani fe}ﬁlogs ‘
he

20 on.a pat t eReveringthresegpinre HpNSTors 38 Rapickes 32 from Behtite defipRhis BRUFER. 230

same . second &%&m 19 Be B! Heldin {dah QL B RedSBANE Q6@ biirkdHog! MEi at e
patterns. In a nost pre?erred embodi ment of the Invention, a mini num of

. 'three of the pattl6hs526nd 38 shaw 1BE pafterns eundisdng of te\varved manolds 2@ ca ke 22-

determnisticall,y from ' I : '
next | mani £ ol g% neplt BOF or BRAUEE Eoids), Rl BABL b P@hAGES Ao ire
- were used, théisgadet thelpert2R@s eduThishapsbility swhkitientsefal fqpdobaing the pariidles 28iauher -
advancing to the next nanifald 52 eturning to the i.niti.al mnifo 0.
T orner® emp bt ars ceams i cutized et it o A eSSt bl i ol Bt hap
- used to transtiRrindvidal hiaif@ds 2@ hive @uilicduirvabide adnddiaidfd the rcurddiird odtshel wseful
i I'lum nating and extingui shing the individual manifolds 20 of optical
traps 24 are epartiquiasreationy Far insengsy . inser R Pacept F3ThBe PWF&E@W%PH&C
first, 'Secondpﬁ'ﬂgest'h’i iﬁ?}rag%]&}isgg?ﬁngﬁn ANGiadH spadiBRRGekY HeYmanifelas 20 higy

nove the partfcles 22 to.right in the arrangenment described in
FI G . 3. Revedsimghavagodepaaic e Regiohtl ofi pi pasernheith magh closaly |spaged fapgiseof the

e el Wi FERBS, PRl AR, PR, B Aol i 0 e
of the hol ogr gphedomepbf Gamanifalds 2¢.s Maendensely packed manifolds 20 tend to concentrate the
' particles 22 along the direction of motion,'whil.e widely spaced manifolds 20 can be used to
spread them out. This approach could be particularly beneficial in a focusing patiern to
avoid overcrowding the particies 22 as they are concenirated.
The distribution and density of the traps 24 along a manifold also can be used to
control 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 sixhply 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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5 (080557.1 WD 02/098617 9 PCT/US02/18132 4 March 2Q05 There are a variety
of ways in which optical.¢ri stal sis can be used t ffect Useful
rearrange_nent&rot‘)}%ﬂgggl ect ‘
nodi fying-the" s é’p’es of the manifolds 20 within a pattern of the traps 24
by continuous curves. Although -a single pattern is described in detajl

Yons of. the particles 22. “These mppppde bffrudd> .

herein, addiYarpngfheinersitea welbaptetseaging, obadividual raps 24 Feng e magieldietth t he o

mani f ol ds 20. woul-d ‘be easi | 0 ' skilled in
tho art. 1 n Protes e BO8 sty PAGRRRE Ry ERRGE GRRpERer M fatIB 22 PG
wi Il be indicat edrhbyendesisyl ofiibe iapedvinanifolds 20 tosdizasthe flovobf thhegapisies 82 kan 26
from a linear optical peristaltic Eur_rp 33. . Two, or 1.rmr& E trerns )(‘,mtl
shown) i nt er teabewen sl fBes HnRarHeR folte 280dsed (rPlisaey 8P 26 T
activated i NgRQAULPRPGAQhE M8 sRiFRd HanliREE20 dinRBRdoRAMdW oF 8 pdricles 0Pintd ef t
to right. Reversing,the sequence transfers tthe particles 22 fromright to
left. This ptd eWhed andinaeversst suefea patare cpid bpussé te€embINSSYOHEE BPK) IRWRH be -
oriented in any desjred: .direct] I i
Sonsi sting o e AUPGR BrvARALE 55 tpghth, Mg BARSNULTE s ehEBAT L
particl es. Cediv@l &t ythersdrom thg shine foanecs dgueamifeldh a6 kvagelshe tespdnegysat he
particles 22. This capability would be useful for directing the particles".
22 out of aftilbprecd WAMSHAERd into a confined region, such as a reservoir.
I't is not necessafy dklydple shévn iEIC 6Bl shoRNbileOkSto A0 1eixiRg Wh theQarticRE UT €, -
and varying the curvature can be useful - in particular situations. For -

“instance, a PR dwaycopbinsiiilywsarkiy erasmle thewe St snasifelds 20ne 2 Rﬂ&?‘finﬁqde%mzz
into a f OCUSIbEg{/S ﬂ#{)’ﬁ{?gpau 8 it %§S%%l m?ﬁﬁ’&cd Q98P RINESN L RSanTBIRE D@ iighe 20

al so do not equal ons of. a pattern with nore closely

spaced f or ns ndfing regionsraSuflotrdssi®e che e usafultfomenchangingahe ipartistes 22 baveat SEowl y
t han regi ons ,wi, re widel spaced, ones.of t L f ol Y sely
packed mani f Wﬂé@ 2%%['%{3@%50 %87‘?88%%% ‘gwfsﬁéﬁerﬁeé:p{?% gﬁ%gg]; glfqlz?%falgs ,[.(Ego fif
direction of pigRé templexvibdifdldd Adeinyrodpec e grobetilisio leBse@Vinomoptivel pesistwisiso The
spread them out. TQi S approach, Cocﬁl d be nE)a,rt i crl ar | é benefi ci ﬁ)é.g;h;é'ratﬁon
focusi ng pat PeRles & 2T HAAIEr BVRACHEPTE Fo Pkt 1A Fad TS ¢ 18
concent r at ed.gcThgydis iatdeid 20nhasd 18 98kl ¥ deferhiied by adtfloRthaine Grées maief ol d
-al so can be used to control the flow of the particles 22 b_etV\%en th

mani f ol ds 20.hambeff framt ensqaitemtie tre Bgxs ipa seqyRpe h dledte i CESHRESIAVD Hbﬁl%ch
of the mani fchchan?egd ch@h&xﬂd@?%&%%&%of romthe one manifold 20 to the
t o)

‘next and from one pattern € next. In other enbodinents, nore
: 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 pattei'n
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 ﬁeed 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 fpr
drawing material into a volume, or pushing material out of a volume.
| Additionally, it should be noted that competition between optical trapping and other
fa 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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corrpl i cat ed arrangenents of the traps 24 along the manifolds 20 and between,

patterns can - have uses for ’ntrolllng the flow of p icles 22 along a
-sequence of pPald@flg7 Simlarly, | | 1080557. 1 WO 02109861 p¢rudeief#a 2005
.. PCT/ US02/ 18132 varying the intensi ty, as well as the spacing, of individual.
traps 24 al ong-the, ITB.I’]I{ lds 20 in_a pattern, can have usef ul
appl i cat i onslocay ﬂ@‘brﬂe}dov ittt A JAESS of = 267 datHmingd by i) @ag soeffigipns l’enﬁ‘é'n%y of
t he shaped

Lhe Shaped Tl oSl o i s ThESH i Ol e DERRALL HAR 18% SRl T80, B

wexanple s homréaﬁ‘esﬁin@aﬂﬁﬁitﬁ '%ﬁk“ﬁarﬁ&l@’s SH&REd ARk gér%le 2017k rg?é&kk F5kcO@Rfeh | OW

of the particles 22 into . Wen run ;in reverse, such a pattern could
" be used .to coeiistationanp agwrst mﬁlloef)thim @mallarmmlclune%m ﬁlh(ﬁnrghdﬂmmswsca\;ﬁ dreg be
as efficient,. becaus e fro
others from Ehet %‘ﬁ@p 8’5‘3 #?écen'é’ “Fol" Dsr‘ﬂfeﬂlﬁéo elf’ o of ﬁ%ﬂ g%{‘/iscan,
still be usedlsb@vo@[ﬂl\@ﬂﬁlﬁg@ﬂnﬁéiﬁmﬁm&mﬁacﬁmmm:em FIG of 68 shows one 'way
to induce mxing of the particles 22 fromconbined flows. This exagple

' shows that the naHi ‘%FH%"“QI@OP‘F‘I i, woaker &ham thpeRticiloiradipnt TIFe PhR giVven PR
patterns in (B8, gy t’ﬂ”ﬁleh di:!ﬁf‘clé‘zfﬁéiéggﬁﬂxs%&{eﬁfb@(o phiddpdiRRlshsbifl SnclR rfdnt he

m Xi ng regl on Suc crossin can be useful for: exchanging the particles
22 bet ween' tahdescrlhadthea&mlyfqic sﬁﬂ mctextbtr@b@cedx presienthan the gptieal @radient force of

|ntersect|ng Q for

“i ntroduces a h%‘%ﬂFaP ?@'elé P%t ensﬁa‘ﬁ%s no’fﬁ {,n%}ggg@g ﬁlg '?B%u?lﬁs Erﬁ{%'l ‘;Ricfézzrzﬁgcl es

- 22 are given the ehangdienf mlmeiﬁbalms ekaan;tlﬁmhmm &amht;qxemﬁshcrmmmms
direction the individual art C ose .to follow is det ned by
‘random t her ndPOTF GFRRedy gjfragt 4‘1%%“38 'Faﬂsrhlg H]i‘aadblsﬂéltvi"bl%mf:(‘fxiﬂﬁ@eﬁ‘gat 1 fea

. .sequence. HenggmplkRBowd @SBINUS aSth@iPartitle 0@ moRBai@fblk @3 Grapfing Haf fal REdhd
degree of mxing. A pattern of closed formof the manifol ds 20, such as the

exanpl e showPartelefar is Jgsa sapely Briluengsdyhe prsmalificdd fhan e segand paricly 2.
out of a regifp g g%@g&pg%@gﬁpé o HallspfRABR Gl RalYferisdl 18 fah@ Sarf §%0 11880 "The

depends on the or , e sedquence” of patterns 1s projected. The
- exanpl e in Fls@ong/Apartila§2fiumofostrarighadiivg bshaepaternad [figk! 2®l pagses ghroagh &g on,
P S 4 Ot i 15258, RhableiRt SREAK B obhdth Efh SRARHAREFRACO"

| sol ated part

The two types of the particles 60 and 62 in the example embodiment shown in FIG.
8 are distinguished either by their affinity for the optical traps 24, by their responée to the
external field, or both. Choosing the sbatial distribution, strength, and other characteristics
of the optical traps 24 in such a patiern makes fractionation of pérticles possible, with the
selectivity determined by fhe particles’ differing physical characteristics.

The optical fractionation technique has a pumber of siéniﬁcant advantages.
Fractionation occurs along the direction of the applied field in electrophoresis. Opiical
fractionation can transport the selected fraction laterally. This means that : optical
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 readlly to
dlfferent fractionation problems

For example, multlple stages of optical fractiqnation can be applied one afier
another vsing the same method and épparatus. 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 coinponents laterally away from

8
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Sdch'patterns need not be circular, nor need they be confined to the pl ane.

~I'n principle, . two-di nengmonal forms of the manifo 20 in
_three-di nensi onal atter ™ can be useful for drawmg. rrateri,tﬁlus‘r,z‘hf,\;ﬁ%hzoof’ .
vol ume, or pudi%efdterial out of a vol ume. Additionally, it should be

not ed t'hat corrpetltlon ‘bet ween optical - trapping and other external. forces_

can have usefhgl fl@pphid peibaps rafportsgathehe o @bamels QT @ﬁrelﬁéltfﬁrvé’éﬁgoﬁﬁﬁhﬂ&%t
trappl ng and ot her gxt ernal forces could be particularly useful. _
fractionati nBreE”I%S}b Sries 22 froma distribution. As an exarrpl e it is -

~hel pful to consi dyfe deh@ple@iboGibREt Hdwa Nk FEG.NEBLidN on sfﬂgtﬁ/\frm:ftlosajlonotamjb)’lg
fluid. Each of 'the partl cles 22 is transported b

1080557, 1 m@mﬁo@eemmnpeﬁgeetmmﬂefmtom% Theee témrﬁ! Birer fé‘i“?ﬁ 8‘i‘e |P€r5‘f1"'§/m2% ha -
force f = yu %rtﬂl " S%g?rpi’é c}ﬁe%teﬁchro w el il fisChhiedh, 151RIed®0 §1PFE} &, aklettadi us

alnafludo i SCO coefficient is gi ven % —6aand
i ncr eases | | lpm‘ﬂeyoﬂrﬁrtshtypdnm pnrrmomdsehfsn toeidie vight, mvt@ngebﬂt pat edl ?‘@gf@@c&es

greater force_when he atio agai | Bcle.
Wi le the foroééecﬂ%ije‘y%gg i%%ﬁ“sm’&‘fﬁég 3’ ﬁ(glaé‘??a Weﬁ@&@gﬁ 822?:1&1%5 ’thgérce |
others such age{Bos hot8odely flabslt éxatiplRE oNMBGNADS 24 tnntelmhsatalnsaowr@apeiqsau n
in this enbodi ment described herein. |If the extern force is aker %

the optical gRaditersecondivpe 8§faway fiolehe B’H%m@ffortcﬁeASB W J0S Seegpd Stage paf
the particle S%Q[ragtgéoptg i [h]@?éfp%'tﬂl ey eF&Pthﬁ@hteR@ﬁa!rﬁi‘oﬁ'b‘ét@eWﬂH frattivs Sauald  as.

descri bed heréin or e. t’he external fofce is greater than the optlcal
" gradi ent f or . oflttdueh dptivoaitages ap fradtionationraropresenied 3 cPneePRRLY SCIRERF

oL 0 41 TRLLER IS RALL L ek O ok R bl 2 it con

i deal i zed exd¥Bld one e particle 22:1s nore
~strongly attragtsd gherdinel eptidhaik mmpsagagr aﬁcham incprriosatel tianefprTing fraveionated
external field. In the exanple shown in FIG 8, a first particle 60 is’
mor e amenabl el-"at”(!ﬂ?srfafp‘iﬁlﬁﬁmt‘han a second particle 62 or is less strongly

i nfluenced by the axhighlali {yoed, doﬁtﬁalngérnetsssewaﬂe padpettieel 2yclinghérdugh st
particle 60 is therefore transported y optical peristalsis

col | ected. Thequepeeofiteppiemaesres. 63hg @)’“amf@l%fqpﬁﬁéb’ﬁte‘% TePET© a%ﬁﬁ%‘“%&%?‘éyr nal
field and passebsIGchEé)%h it ;}g afffﬂg:} néf%&l 9{1 1é1ﬁl§1taft16ﬁ‘p$n ik, cab€ rh@puteaddyessed

diverted to a certain ex ent ts |n|t|a course. The two té/pes of the
particles 60 qmdatsragmmnodmwxamprceeaeenb@mqmﬁgurstmmf ilaser-|bgpms g0 geeded ¢

di st hed: eith th f
Tesponse Lot PSR a et B 4 opfel Kod V4 EnfRed S nelesaiy prdse dbulaioh

di stribution, ofbrgNgivefro@nd aatiipex 1asdsraremmt1ee i3t pnmnplo,fsut:the spyie €all inlerpant 24

in such a pattern makes _fractionation art C t
sel ecti vi ts darlepagrEReel Ob RIS WF’EWSC?@S d?"?fvéfl?rﬁé’fpﬁﬁca ?Lﬁswlm B pRCice,

- characteristi fiswever, the spatlal light modulator 102 has phy51ca1 Jimitations such as. spatial resolution
which limit the complexity of the patterns Whlch they encode. Alse, such spatial light
modulators 102 tend to be costly.

" In the embodiment shown in FIG. 10, optical peristalsis can be petformed with the

~ dynamical holographlc optlcal traps 114, a typical implementation of which is shown. An
input laser beam 100 is reflected off the surface of the computer-addressed spatial hght
modulator (SLM) 102, The SLM 102 encodes a computer-generated patiern of phase shifts
onto the wavefront of the beam 100 thereby splitting it into one or more separate Jaser
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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.
- The optical f

d field in

ractionation technique has a nunber of significant advantages.
Fractionation occurs al ong ts direction of the applé
tio

- el ect rophoresk,v%mmd;al

nation can t ransport

laterally. This neans that. optical fractionation can oper ate

contlnuously,

rat her than on one batch-at a tine, Because tica

fracti onat i ofiocusssicach @rihhigbesdeaphie4 BYR p sEnaraly lecﬁle%%gi o y qug oééi‘f]i“‘%‘e‘s

adapt ed readi
st ages of opt

Ica

same net hod abjcieneatsati? whild aliowigg dasding fiagination expasatiroughp dheteby: pprgitting :
fraction of anlnltlal d nmulti pnent sanpl.e.the S the *
sanpl e into Ba&H t8rbe %Oémgi)ﬁfe)d%ﬁfl%wiéégﬁ F@’rﬁ’f:q?y LTPQEB]I“%CI}P ?ld)lh%sﬁel%g‘gfrkﬁiog :

conponent s | af&fia4 wuﬁ\sm flmoeah&sla nlaeﬁ&&% of e M5 QN4 208pea\TycBRg ASARH7
PCT/US02/ 18132 1 the flow, and perhaps transporting themto channels or

reservoi rs usi sguense fofaptiesd: pemt@ws cragesps e ghis j panger TRRCMERts ) €0t

shown in FIG

ui | n gﬁaéﬂk e A3
second st age 2 ?":agp?elng%‘f?&rgc %og% a‘f'lge EIH]% ext er nZ*}"a P{gﬁé ucrﬁdl"\% Eg&t hg !
particles 22 replascatsGhpehdial imppnematicn ofd)pne:ﬂtpeﬂsmlmmmmmeAcmbocbmefpéhQVéTW

| abel ed 80 I n

to the right, FIG J&r e Hlj“a“li%ﬁ"lﬂ%ff‘ BPPERL ARy SISt e é\é‘pn%?msé%t u{ep_em
86. The S%‘aﬂa@seatsﬁagiﬁl Kot Eo@RAb 026U inQiR, opliih ehiachiewlsk SiMiBR1o thatiin Fgaumr e .

‘nDre |ntense

Cability to di Vs syssaralsoapde used20 ipplepprs optieal perptalsin BY 8%

ext er nal forc
left, still f

- '86. Although.

FIG .9; select articles of first t

or nore closely spaced exanples of the traps 24 wt
5T ine dotharheirEee
this second stage pattern 82 transports to the
S Bt B,

ing the separation between the. fractions 84 and

t he Implmsmaxgeeptmal peristtisivdaes oot mcessaWe@GW@dheageﬂefﬂlty and

conceptual l'y se

the opti cal tfﬁ%‘afrfgﬂﬁs? 2%%08%{'?1?5 yﬁlra%lcelsh?l%nakﬁg %g S%@gg rtléeﬁ?;f quég%aﬁ{ 0

i ncl ude nor e GhAgREaHOptical peristaisip @rﬁénablynm&f}&ﬂdgtrqgud mcamupaym cqpable ot | es

for collectio

d d ab
. repetitively g%‘?@?%‘!i fmigqﬂ“%cg\égaﬂ@%z%gg?“ g%g&sﬁgf“p?}t ?@Pﬁg Ipeylfﬁrere%forﬁrgm c

- hol ographi c Sﬁﬁﬁ(ﬁﬂﬁeﬁsﬁﬂfs%ﬁﬂé RehladHesRdy Bedhhiically tyElidgShrohgh alsdquéﬂbeaxf phae

fully general

Inmpl'enentation. I'n this case, a conputer-addressed
patterns to implement a corresponding sequence of holographic optic trappmg patterns.

One particularly useful embodiment appears in FIG. 12. As shown‘m FiG. 1:., the phase
patterns' needed to implement a.parti‘cular 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

B 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 thg- 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 patierns can be employed, if desired or necessary. -

- _Mountjhg 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 bea_m 100, as shown in
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‘spati al I'[ght nodul at or 102 creates the configuration of |aser beans 104
needed to inplenent a gi’n pattern of optical tr 114 by encoded the

necessary. phas dul_ati o
In principl e,wg’d}g}ﬁggnsyst em can inplenent any sequence of trapping

patterns, and thus any variant of optical peristalsis. In practice, :
however, theFpal3 at intp ghefleabuinticdrirainin seggenshy Jinisiso HapPpigntiad ABPISHIS as
spatial reso]ution . which ]im.t e ' el ey
encode. Al so{?eyé?ﬂ‘gﬂp%"é@lf?‘éﬁdﬁ’ﬁi Jhf i@‘n%%ggg%}‘or é{eﬁ%ﬁﬂt&éﬁ% d{&gﬁa tgvrec g?‘ﬁl]ﬁéhﬁﬂt@t he "
embodi ment  shewwa0b 408 £ad 410 is afpdtecCiato prropsita ltirstoqacjed enp eattapn wE thevdptitelt he -
dynam cal hol ographic optical traps 114, a typical inplenmentation of which .

is shown. AnPCIfSiS SCH¥EES- beam 100 is reflected off the surface of the

conput er - addr esse@kar(?j&?éﬂbaive_'o& GihsmiBQO bk Ritivé Sbidal $0@entd Ben B MbtRze®namdes
a conputer-generated. pattern of phase shifts . .onto the wavefront of. the
beam 100, t hémeiy sigds| davini tnghe diffiantion Limé, omn haye esscetjshy seruinpapsaihase@gAding 04,
each emanating, frompoint 107 in the. f t O
Lenses 108 aﬁlgd'%_p "g 'e@%rgha ‘6'1% % h%’géei'ﬁlr}’taf%?rgbcga ﬁca?fgflﬁtpgfntgh%ﬁg@h%%ﬂa%g
- 'point 112 at spdiigl Tige mcdlatks. t Bechbdakempemt bie prodficed riich hmddé chixplc vid/éo -héns
112. This objective.lens 112 9 1080557.1 WD_02/ 098617 .9 - P&L’T/ USO ”hgg?’e% 4
March 2005 f 6tQUde < OEPHCHI0 QPRENS. DB Sqauenre of ®ASTRT 15 SiEhsd SYFom gmbﬁ'?f g trap

114, only ongyof;Whhe hd SrishOMRisk Nof lai#fradivel Bptical dfeinkits. AIAli B3 Sinse, nihisr or -
116 refl ects ?'rappl ng. li'ght into the objective lens 112 while al|ow g
“imaging il | uniplamensations ipdess generalughan whasr based By FPRPYIHRAdreTeg o SPRHE! fight
formed of th .OdE%HrgIcl es being trapped. Updating the phase nodul ation
encoded by th 02 causes, a new pattern of the traps 114 to appear...
"Cycling through Besestuenige ofall mpthecalf prepdoulaedaiifirastipa taptisal selpmenthaze

manner inplenents.the correspondin optical . peri st I.S:.1Rr : se
(i syst om GEREA ® FRUGHEY GRTALPTRIaLeh cOARbR et BuHes a1 B B duedd o
i npl enent at'i QRpdlts GPduLE 8k afdback ikl for leRaBiplet eked@inironti meving phswhick cgn
FIG 11, the dynam c hol ographic optical t.r%F system u»tsslﬂes%a I ad
transm ssi on-GFSAeNtCRfRiEnEFLt 3 dvees QU 5 A0sIce | T JRPOTToRF CBYse JBRrAoR A%

- optical trai n,atbep sRedik Fhi Maghdtict Mads, irBavcigh inlfower TotjuSreients @it dinprovedn
be used to inplenent” optical peristalsis by cycling through a sequence of
trappi ng pat teempacmessipl enenti ng optical peristalsis does not necessarily

T equire the gener EiilnLtSdYng' hi@tp—ﬁluality phase holograms on film media will-all_ow optiga}l peristalsis

| to be ifhplemeﬁted with the'eqﬁl‘ivalent of film loops. By offering high-speed cycling
through large numbers of diffractive optical elements, film-based irnplexﬁentations 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 pattém. Similarly, materials such as proteins, DNA, or molecules could also be" - |
manipulated using optical peristalsis. A large object trapped on a “ped of nails” optipal

" trapping pattern stiil 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 smal! displacements, as described above, then will displace the entire object. Potential

applica{tions 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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I .
reconfigurability offered by a dynanic hol ographic optical trap system.
. Instead, inplenenting opti c’ peristal sis preferably es a hol ographic
~optical trap gyshessfapabl e projecting a (small) sequengg riAigfenh 2Oee
, static patterns. Inits sinplest preferred form optical peristalsis can
~ be inplenmented by nechanically cycling through a sequence of phase . .
patterns to Prpmbefinentof G 44 phaan g’é‘é&%@ﬁ&@méﬁd PRsicalgFaRp BT ShOPRiteRpIng
trappi ng pat ti ak! : | ¥ 12.
rs Shown | n T Qs GREPRLE UBMRE de B i TR APk PBRATRER ool o
- optical peristakdel sbjprtd@desSmaady,dfiGoldetiown theheaniflds 28 o€ optighl ‘wipsdfapping an

flecti diff ' tical gl 304, 306 and.308. Thesg el t
?384, egogyean%i{t%;@%fé%‘f\éf %%’@gﬁ @2 ﬁ%%ﬁfggg ?0}_8____1'50r5 F&é‘l}ﬁl)égagpegﬁgsd%gs%ﬁ?elrzgzor}lsS_
rotated int OoPhARS BY mévilP ke 3dons RANEIT8 11D GubBueRPbiifer®s ARl Qfrtdnemer ses

the sequence of patterns and thus the direction of optical peristalsis.
‘Rot ati ng 't heO®e4t8% 300 with the notor 302 orients each of .the patterns in

the i nput "| aser : : d} t C sthe al i d-
diffractive opti ggﬁﬁ]e?]g[ﬁ%gtaptsmg%%,s %é%éngﬁcﬁ%gﬁgl%ﬁe c“’ﬁ’gﬁ“gd"é’%“%‘g ?‘l# a%fsh%lm. :
St eppi ng t heappiostins,3i 2at foe slagabieao lpedbrit hesepiest ¢ferphisali peri_ste}qia aperatidnsp wathrent s
P ool rod o paAs oL 19 P RE prrbams SRR a A8 e TR S Perai frogtio TR
diffractive eginigial oplcalmpefigalddan ¥ebuadio 2% ANlivig delCRIO e cémérabi ng
“-prism 300 can have other uses in holographic optical trap nethodol ogies.
Simlarly, tBffeHORES @élddﬁ_’ff‘fl?"é-&fiTWOWWI‘EQS‘*@P@%rf?*§e°4’99f§eq_é!9'6’,9 %Ef"&ﬁd’%lo \
can be | ocat @g-98y B REMHERABIY0 DliesRedbitniatidd. 80k 1 AEALS ehEE‘_&nti:hﬁleB@ﬁfﬁ'
100, as shown Th 10 r 1080557.1 WO 02/ 098617 PCT/ US02/ 18132 4 March 2005
"FIG 13, or patigular teef. | Betedvar bpoiicerbe of Hiahtepty addidenah opticalTpgristalgissisqapenges

o potential appl]caty y opti cal l.Si F b
exanpl e, eacﬁ%%%t%fé%g%??@rg% (f'tvtgE (ﬁg) i"éa@%ﬁ%ﬁﬁ's%ﬂi‘w’i ﬁeg%é%géeg Fnd 410
is rotated i praakchletedptliecably remaving hmcip b jtectonpnatipad berden dfont ithe Toybagrapdilic

: peristal sis sequence. Static . reflective or transm.ssive di.ffractive

Dot ool ol onRHGY Bab sy ST oaiTGieb Sioseaiank s S G hor g et e

~diffraction Ipehdorpoedtbd iy @ sBipRGitbirah| Wheeild MdOwSsdAiaRe could Gefiangs: pareicles
thus can inplement’ a wider variety of nore conplicated trapping patterns

than can spdBiPaivo| olgROTGEiRtind s, asigeendetubrmgnense Capd HHSHSFSE RAEEIFSEEER 4or e

cheapl y. and gﬂﬁ-cﬂﬁ} locatioﬁ,eﬂhﬁrﬁ%u@se%&ﬁé@é&ﬁlr mbOrRREp AL strdfifs SEFH@NEEInRS a
patterns in uch a system can be changed ~ )
. - 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 singlé program, and these subsequences could be used sequentially
~ and/or simultaneously as needed using a variety of types of optical gradients as described
hérein. Because very few diffractive optical elements are required to implement any -one of
the sequences, only modest elaboration of the pfoposed 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 conventionélly understood to require specific optical gradient conditions to
hold a particle. For example, a plurality of deterministic optical gradients can bc'
established and incorporated into a plurality of manifolds and patterns as generally

described above. These optical deterministic gradients operate to “bold” or restrain, but

12
1080557.1



by changing the prismor disk of diffractive optical elenments. In this

. senseé, tHis inplenentat@, is |ess general than .at based on

: corrpjut-er-.addr\%ﬁgg,s‘ﬁpati al light . nodul ators. Because onlypamesefiffaiemdeds -
of precalculated ditffractive optical elenents ' are required to inplenent

optical peri.stalsis, swtchable phase grati.ngs:also.can ed . The . . .
benefits of Dghé???ﬁﬁfﬂé{p%%é@r%uﬁ@I%Be?or]%ﬂ&v’g}iarpﬂﬁ C.Tesf]‘Pg %ﬁ%ﬂg? g%ltr_lr%-l;{]/ﬁﬁga ‘
parts which sﬁﬁﬂieﬁ'ﬂfuérﬁ&d 8 timef in Aeln@AEER s@RehdveRopatsl pefifisisialefenc elnobthemt or s
whi ch cause vibration and radiate stray electric and maggneti C. .fi.el‘ds,al T
~reduction i rwqrdseepeniedly evelingthwough dirstpacend dng GrphpaIeES O dCEHUBEHHEPHC :
hi gh-qual i ty_phase | Q@I ans . i) i 1 i Bieak aksi S
.to.be inpl en%%{feé@sww%o?{]g@a%?béﬂggﬁsr%&% &%@%@%EMB?EI gfo?gdrail'%g t?i gh- speed
cycling .thraughidisitge niemsetat dfe andifionc thay erecpplishiresvdiviant & achiqve Bbased
i mpl ement ati ons of . hol ographjc optical traps will have applications beyond
optical peri @F&M%ﬂ.ﬂltcﬁﬁﬂ’a&ﬁ% lb@‘rlflgtaé]i“gf’ gro&?@ﬁtycogﬁuc&ssmef ub for particles
and ot her materi e\;\;ﬁlcsgﬁbﬂ@'a.enmogilnggés(‘cﬂtlﬂa@g{vlﬁionvﬁﬁve e chowarae desdnibed,tihe
. physi cal separation between the traps in an optical perjstalsis pattern. .
Similarly, nailkbe deas totione sslighigttes 476 hapKegious £hapgpsend raediagiony can 56“5‘ °
mani pul at ed in ti.cal, I S § S. . ohj I anpa cldimg of -
- nail s" opti cg%oﬁrdggﬁ&hgfﬁogftﬂ&eer %‘ﬂ!é:lﬂo Im)(?izgldng %§%%%§§ tsgtgﬁ)?ﬁati ng the bed
of nails. Rapfeeided harsingfedri ning a single trapping region, however, -an .
optical peristalsis pattern can establish a large field of traps suitable
~for inmmobilizing a l'arge object wherever it i's found. Updating the pattern
with smal | displacenments, as described above, then will displ'ace the entire
~object. Potential applications include translating an extended sanple into
a region where it -can undergo tests, rotating the object for exam nation,
or controllably deform ng the object. For exanple, in 11 1080557.1 WO
- 02/098617 PCT/ US01/18132. 4 March 2005 the enbodinent of FIG 14, the
mani f ol ds* 20 of included optical traps are shown trapping an extended
obj ect 80. Updating the pattern with the nmanifolds 20 will tend to rotate
the extended object 80. Simlarly, FIG 15 shows the nmanifol ds 20 of
optical 'traps trapping an extended deformabl e object 82. The object 82
is. nmore strongly trapped by denser regions of traps, and noving these
regions outward in subsequent patterns tends to stretch the object 82.
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| _
Edch optical peristalsis sequence perforns one specific operation. In sone
. applications, it can be desi le to performa series opti cal '

- peristal sis. opgs Mdotds: W th"the order of the series perhapssepdigtngien
t he outcone of the preceding operations. For exanple, optical peristalsis

can be used to.nove a living cell into the center of.a nicroscope's field
of view for F&MM8uci bl e observation. A second sequence then coul d be
.engaged to rotate the cell into a desired orientation. Then a third

sequence an inpl eRBRnH ofR?ahﬁfE&ﬁlF @hpatiRRbervRah AfnARIG BRopRedl Gaps cohprifia)
~~test, additional optical peristalsis sequences can be selected to collect
the cell or d?emg'effof it: Each of these sequences can be pr ecal cul ated,
opt1 ol trap syar Bavehy b SREBRL COF S bCCtlences of optical
| Sﬁr i stal si fs opfr a_ﬂiigm, ihe béash ofdﬁ:sgir ﬁgtnﬁmo;aquﬂl_enlitjt,v of mdd&im@ltb?hrei it lasgr ight; .
erein a first subsequence could separate.particles into or. nore
distinct flows, af%E%%ﬁ’?_é‘%g%L@%’éo if’ﬁ fﬁl@&-@ﬁéﬁ%‘éﬁ%&ﬁ‘l@w Sﬁ\gl?t}%]rﬁ?s’
particul ar I ocati ghwidingd fist, decohtD 388 HBRIGRKEAY Indiuding at phraip BAeqbientially eans of

.. particles into a "single flow, a fourth subsequence coul d concentrate - a .

plurality of spaed mehiée\ds. each manifald domipaising agietsh ongepiicArp ifiomedie Sarmss
"moved" from,patiern. i i ' : . A
variety of coiet B PabdnOfsl hn hl R bk UraflelShentB Bt D
“coul d be i naempfisiag edthipatian arestpaydted by agraifold ahehchlvé e ofebpatgnsnamls coul d

"be used sequenti al | and/or simultaneously as needed using.a .varie of
types of opti cal é‘?‘é‘ﬁ’i’tﬁ‘é’ﬂf élP“éE“a(ﬁ'@% B’P‘fi%‘&gmﬂﬁ?ge?aﬁﬂ Ogglggageénsvlglrn ﬂ?egﬂ\;/\?amts 6O
~diffractive aqpf} gt aBlogiFRid SoleBoup Gttty @€ ekihgiBRhg OEME prRjouopatent to caprere
sequences, only nbdest el aboration of _the proposed i np| ﬁ()?}gen]tlat.i ons woul d be
needed . to semgdmngeifhePaiels MomQne snield 4o feaadiacent spppiold cwharep the capmre

mul ti stage opgRRLLASH BYiHidOBRbsYhe daktidiS 1oAl81 REH Shedn® nlafiftll 36 hedhet he
present invention wthout the use of " optical traps as conventionally.

under st ood t pattemup the repleadjacens mopiold an tepr sadie @attersondi tions to hold a
particle. For exanple, a plurality of deterministic optical gradients can

- be ‘established and incorporated into a plurality of manifolds and patterns
as general | y 2.descltemethad ciim Thebmeio phe roalifotiistof eadhrif dteirattgrnagicaligesd
operate to "hold" or restrain, but 12 a it.1080557. 2/ 098617 .

PCT/ US02/ 18 | 3pbstgntiglly Eﬁaé%%e@h Aer. 30, Sibgisiny ?PV%?IS &Wm‘y\ég?mg%‘&? %g’ Gl for

- individual  pajifehchecedr) RBALS ine ladifoldPostht bR Jf @i gtterns.

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 mauifolds_ 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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sufficient period of tinme in sequence to generate. an optical peristalsi s

effect~ I'n other words, peat edl y- cycling throu first, second, and ‘
third patter n@o%wgﬁqger mmi stic optical gradients Wl noyepuipAiferduaos ...
particles along a designated path. The optical gradients are determ nist

in a’'sense that the conditions that are-applied are sufficient tq @(S:hi eve, :
the i nt ended.r esihe mewhpR ohelisn ¢ narhr somPHSIAEE SisP SharsTying §n Greray ek,
VWil e prefertac I RNt hgy, | i SbnSheWwiriindagofi bed,

it wll be %ﬁg%ﬂ@%aﬁ?g%ﬁgﬁcﬂ%éﬁhérn. %%%&%rn?ﬁ;{ﬁlg?ﬁvg?i ous g%anges and -~ .
nodi f i cati onmcicaithdptwadasingiticisats djpser fightpliersahn ditrstiometeat idagisotog of e

broader aspects.as set forth in the clair royi ded.her ej r .7 .
1080557. 1 WHAFHIGdEY? ‘019?51‘5]1{9%6‘?&’/ Qf%’éparg‘ﬁ‘ﬁ?a‘?%‘xy%ﬁgak&i‘ﬁk}gﬂ{.h%)ireﬁe&%ﬁod of -
- transferri ngofandakdhs eidet ween mani fol ds of *optical traps, conprising the

steps of : providing..abeamof |aser |ight;. dividing the beam of |aser
light into a plurallty .of. additional beans of laser light; : focusing the

addi tional bears '191];: e %rogl%f%tﬁ Rgergiﬁttﬁ@%ﬂﬁggh ﬁ‘elF’ bprabd d0Vas@b n@RAtL@E 1T aPS; ‘_

~providing first, ‘second, . thir atte tncluding a pl t‘JraI‘ltﬂ)j/ of

- sequent i al | ydisqaeredf armstfsotnd of thegeticleans hey taved fomi th¢ iy menifoldaottheopext.
optical trap, fromthe beans QE | aser light with the first, second,. ‘and
third patt er FRmegigtely, aliscedt WAMd: ( he manifol ds conprising each pattern
are. separated by a manifold of each of the other patterns; and sequentially-
i I'lum nating and -extingui shing each of the patterns using th beatﬁrs anf '
“laser light &t i nthsryeshas of|daid 4 oGk e PAHCIE BePaEbat 2 TRASS F‘ﬁgﬂé?f e

previ ous pat t WeRnec ML hdiAash Spridad GaRaintda@l 6 the ApRiRIS, BRI fol d to
the a adj'aceh@s’{r?r:gnsl ]?aqoﬁg}n \/?heereei n t‘hle cathﬂr e. aIQ'agnd transfer of the particle
causes the pahtieinltie movemeny ef the partivle fiwmotie opempaniflditoghe gxe ingRediatglit t érn to
t he next adjagent, manifol d or . he nethod of claim1,
wherei.n 't he ﬁ%ﬂ‘fef“orf'%%fo%%eg'g%ﬁn%Eﬁlfslicgr%g@@eaﬁlﬁigfatp%mg i gned substantially
parall el to each other, and wherein the particle travels along a

substanti al | | i pear  trajecgt.or ormal to the manjifo . 1 f the
patterns. 3. g1I'he ‘Hﬁbog#’ﬁg?% %“%,er% F@i’rﬁmlteﬁsep%gﬁ{af%%gg% f([)%s Ig&ggﬁ@%?mt%he :
pat.terns i nchupgeafsephradbdBerRéenahy iailidog, opticd mapesedath tdagifglay dndoterdin teel s
along a trajectory substantially towar_gs t he center_. of cHrvature % each
of the mani f @aqysment of the particle from one manifold to the next immediately adjacent manifo

results in a physical rotation of the mass.
10.  The method of claim 1, wherein the particle comprises part of a biological mediuni.

11, A method of manipulating a plurality of particles using a beam of laser light,
comprising the steps of: |
providizig 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; | _
seqﬁentially illuminaﬁng and extinguishing each paitern using the beams of light at

intervals close enough afier the extingnishing of the previous pattern to capture a particle in

15

1080557.1 -



- the mass. The e

4} The method of cl ai m 1, wherein a plurality of particles are transferred | .

. across each of the nmanifol 5. The nethod of clai m. wherein the each

- of. the mani f%g%y@;{a”concent. cally arranged so as to coneenusahéfaeie2005
plurali ty of particles in a particular region or disperse the plurality of.

particles away froma particular region. 141 1080557,1 0 WD 02/ 098617

PCT/ US02/ 18 1®Qp1uwllwquiartg®E€S5WBeremhhe pretichodavsts feara p anifold gp oRRpattern to the

.conpri sing* the | ying an external field to each.. of the

plurality’ Bﬁﬁch}té%an érein the sequential illuninati on and

. extingui 'shrrent of each of the patterns using the beans of l|'aser I.ight

alters the direction of at |east sone of Iéhe..l articles reI ive to the

direction th¥ tAdemathodafelhipdly whereip dhe WéW?SB%m?‘]e? ?‘PD?HWeﬁlr %Sgﬁce

the external ydh&l & a vidiogical &gt hod. of cl aim6, wherein the applied f| eld

oper ates so as to not a%ter the direction of-at |east sonme of.the.

particles as they travel fromthe one manifold to the nexty, imrediately

adjacent man ’.{.Ol dl‘ eé%q%e?ﬁaﬁmqﬂewﬂer ySIeZ%ﬁrah ngltlﬂleg ﬂqm@@{ &Mﬁghﬁud&wt

" 'of a mass th I on ween
- i ndi vi dual Opetpm@ﬁdn betRgs tBhindBedualodptitdl erapBun éaah dsmeamaﬁxfomm@mémahetehethe

novenent of the particle fromthe one_nmanif to.the ne
‘adj acent  manfPHIRENE e patticleRerosyiglt pLte HHB'?‘EJS 5o BP cél %{fgp 0g.gleThe
- met hod of C'ﬁlufﬂhéw offARicfdsn the particle is part of a mass that is |arger
I

“than the physic separation between the individual optical traps on each
mani fol.d, and wherein the novenent of the partlcle fromone manifold to

the next immggi atply gﬂgﬁgfaglpgﬁnm%gﬂe% BIRHA of PrRIR Yt oA that Qleathly Qa1 OF

n the ‘particle conprises part of
"a bi ol ogi cal smaﬂannmbetibéen the m\mm:u o;ftlcaﬂamppuhaar:hm@ﬂa mpdnifoldsi angl vdrergiaftei cl es

o b fol th f
'2ser 1 gn - TRYGRER A et il AR FoRR 859‘1‘* Rty e‘@ﬁlw%mﬂgﬁya? iR SR ©
addi ti onal beg@rfnmgﬁtyloaggrmjegght :

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 whercin 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 hght the
| additional beams of laser light estabhshmg a plurality of opncal traps;
first, second, and third patterns including a plurality of sequentlally spaced”
manifolds, each of the manifolds comprising an optical trap formed from the bean_as 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 patierns; and
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focusing the additional beans of laser light to estgblish a plurality of .
optical traps; providin plurality of interwove atterns each

- conpri-sing atwoaasssone mani fol d, each manifol d i ncludi ng acTsadtbiaga2005 . . 3'

optical trap with the beanms of |aser light and |ocated adjacent to
mani f ol ds of other_ patterns: . ntial by, il um i £ L Rgyi.shi ng - -
each pattern usi _56635?1iéor%%%%%ﬂagﬁqﬁf%lh%ﬁéta}{d Fﬁpg%%ﬁé e%?é’gg&éﬁg‘ﬁaﬁ%ﬂf %ggr the
ext i ngui shi ngf gt itieeprniidas sng@@h taéterhd extingpishingofahg previond patien d&ptui®80557. 1
WD 02/ 098617 -PCT/ US02/.:18132 March 2005 the plurality.of tjcles, wherein’
- the particl elE¥SEyeA Bartiflg dom orgnBioy IBH‘ed}?éaﬁ%‘;F@r“i‘?\;‘PfBIdt E@w eé%‘P.Sﬂ?fdj acent
mani fol d. 12.,.he,ethRel of th‘élp?ftmejbqlmslem,@'bﬁlitﬁlcttgfrapéﬁfoﬂi ik ¥n@fhaldd bc| es

a :

conprise at least a portion 0O i ol ogi cal -medium 13. The met hod of

- claim 11, whérdirsi petvan i the akktnargfoldad thej seme paftesn ar ger t han t he physi cal
sepatation between the individual optical traps on each of the-manifolds,
and wherein the novenent.. of the particle across each of the manifolds
results in alphysTiealppiratudiof ciaind17,twiercin ht paaicietiy pat ofxaplufatityest padigles Fiae
met hod of claim 11, wﬁ‘er-'ei'r)-the plurality of parficles is |large } an the .
_physical  sepdrges Bar hepReasl ?‘TP@W‘H‘HPWB%&PC G'g‘c"?déléll ORiIFa] eapy, Ao g“&ér‘? the
mani f ol ds, a@lﬁpﬁaﬁ?{, ah& whbRin B ¥RNERNt 6f hepaRcB 3okl Sk Inemafissd RAGPnok t he

mani folds results in a physical deformation of the plurality of particles.
15. The net hduimediately aidjacent manifplé resitlts isachydeal dpfermatiniod tepliplity Hf pyHees-
substantially parallel to each other, and wherein the plurality of
particles travel along a- substantially linear trajectory normal to the
each of the mani f Dhedspparhbus of bizind? hwittraid the Ipaitizielid panviofa pluralithef eaetes gfat t he
. mani fol ds inglude radi ys .of curvature nd wherein. the plurality of .
‘particles tr d%@geéﬁﬁﬂa’ea"%ﬁ'?l%ﬂl STRHHR Wgéf“a‘ﬁ? F’gfvﬁ‘ﬁ'?f??@%htﬁ?g?ﬂgacéé%t&& of
curvature of gaghdsanihWkftin thé moABméd patha pesSicleFroniiiziope hxhifelg t@thphetal ity
of -particles, conprising: a beamof |aser |ight divided | n&,o plurality of
addi ti onal bémmgdiptely adiasent pRagpld resylts mARRYSiEY AQiptioRofife ppr lafs%rpamc t
establishing a plurality of optical traps; first, second, and, third
patterns including a plurality of sequentially spaced' manifolds, each of

't he mani f ol d20coniihé appacptesrof ol d A wharelp tetirepidpn ofdhe paricle aniiravss frem de

light, the first hi

ma%i fol ds of Oélg (r:tﬁmoc;ﬁﬁ ?ﬂgﬁt n@ﬂthﬁhiraglypa%}a%ﬂt ﬂ'ﬁmﬁfilﬁquf'egedsﬂzcﬂﬂe Eﬂﬁfcatfolﬂ%f an
external field to the particle. : :

21, The apparatus of claim 17, wherein the direction of the particle as it travels fr()m 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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1 . . . .
patterns are separated by a nifold of each of the other patterns; and:16
. r F 1080557/ r WD 02/0986]7 aCT/ Us02/ 18132 4 March 2 nmeans fore

- sequential |y Wdambssat i ng and extingui shing each pattern usporgsthfBRHAS
-of light at intervals' close enough after the extinguishing of the previous.
pattern-captyfes rticle from , ifold to the npext
adj acent rran?%'ol d%%ﬁgﬁr\rﬁﬁg?%?%ﬁ? Hg vﬁ%zgep ﬁlre gn%fgl Pg%g? gfﬁ E%‘f mleﬁ%e apffrd %“lgc?Fe
causes the peanmvataleparidowherainehe partule thelsudengrmajéoddrgl sabbtantidlly thidrdd thpat t er n
io the next manifald of the sane P tern. 18., The apparatus of claim 17,
wherein the PAFOfeUvpRrgohsackmanifoll. yrality of 'particles that is |arger
t han the physical separation between the individual optical traps on each
of the .manifolds, 'and-wherein the novenent of the particle fromthe one
mani fol d to 2he nElrappamsmsdf slain 7.adjeacie e phirality of chanifsldd are anranged pich diac al

| def ormation gqf. L i of ;patticl.es. 9.. The apparatus..of ¢laim17,
~-wherein the gigrst&i}lllgp%llﬁg pazr‘%lor_loa%dﬁ_mo = %‘Pg P geac%]p at_beg? Pffpgﬁ%gsg ‘a}feﬁ’i'{ml&Y Q?I arger '
t han t he physgarteles meparledst two frefipseé partibles.i ndi vi dual . opti cal traps on each

=t

' of the manifolds, and wherein the novenent of the particle fromthe one

" the directio

mani fold to the next imediately adjacent nmanifold results in a physical -

rotation of the Py flphiavisQff i 17,61i8Sein 4R -pldilly of RRAKGEL e Hrarbtdbu®h b
wherein the direction of the particle as it travels fromthe one nmanifold
to the next iherreieatialiiluraiaptoremd exingnishing of eachipatéare doryinesiiee plpplity et i on of .
an external fised.d: k- arti -2d. The apparatus of claim 17, wherein
Rg%l?]’egﬁ%@%gl?l |ec%%<ga é}glplg?w%%avel s fromthe one manifol d to the
next 1imedi ately adjacent nanifold is not altered by the application of - an .

ext | fi to,th icle. .22 Th rat f claim17, wherein th
partiote compi sed P i Birng Sandry PR RR SR S fr S of

claim 17, whepsdahgiabilenwpsvrfipsthg defstpaoh of the patterns are aligned
- substantially parallel to each other, and wherein the particle travels
~along a subst ant i BIoVifing 4 bram oflasss Meltory nornal to the nanifol ds of the

each pattern. focusing the laser light to establish 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 arréﬁged such that the manifolds comprising
each pattern are separated by a m‘anifolé of each bf the other patterns; and '

~ sequentiatly illuminating and extinguishing each df the patterns uéing the laser light
at intervals close enough after the extingnishing of the previous pattern to capture and
transfer individual particles from one manifold to the adjacent manifold, wﬁerein the
capture and trapsfér 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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17-1080557.1 W 02/ 098617 PCT/US02/18132 4 March 2005 24. The appar at us of:
claim 17; wherein the pf ol ds of each pattern i ude a radius  of | C
~ curvature, and w&g}r‘egn tW& particle travels along & traj eci@mykoyFs)areh 2005 ..
subst ant i ally“_?8 , P the center of curvature of each manifold. 25. The
apparatus of claim 17, . wherein the plurality of manifaqlds are ar (rg%ngeaq such -
that the s&@uenfThameitiol ofitiaian 2 brwherrin e plopddiy efnaririons e haa feqmysical -
separates the pluraljty -of . parti LNEQ o & : ein
ot ol os. et dabicky B jufBhbEbRd LAl B cichRE I RORE R wBprein.
nani f ol ds arge poVRRBEHT &idk partibiatacrobsheacis efbemtnifldsi tesultsrmapliysisaland
exti,ngui shing of ' each patitern conbipes the plurality of particles into a
single grou e&Fmﬁt&%&?féﬁ%@PTaf?’.OfRa %hod of transferring a plurality of
particles between nenifolds of deterministic optical gradients, conprising
the steps of. providing a beam of |aser Ii‘giht ;. focusing the laser lLight to -
establ i sh a #.ur dbrppasfugief caimi2T;, wbereingha plemality o smentplpgare agagged Pegoes ¢ st | -

second, and third patterns..i.nc I:NQ..a: Dl Wr.aki of i : paced
mani f ol ds, eé‘ﬁﬁe‘ﬂ"}gﬁﬁ %fgn%gh%?lgﬂsj&}fg&é é)ggi?éhdjtﬁgergps%l gﬂ%qg%ggl}alelﬁt&f romthe
- laser | ght paidids ibdaet dastvo gempoofipardad. t hi.rd patterns arranged such that
the mani fol ds conpri si.ng " each pattern are separated by a manifold of each.
of the other patterns; and sequentially illum nating and extingui shing each
of the pattegps Uﬁjﬁ%pér%'s bPasm 37, Hhkreindhe plafaBtyVe Sankiblds ercamangdd saét tat t he .
extingui shing of the previous pattern to capture and _transfer ind} vi dual -
“particles fromsementish#iundhaion end eréingeigjingce aChpfieIAcRDINGHEE BIMAN BT capture
“and transfer_of. each i ach particle to travel fromthe one
mani f ol d on p?rhgesolﬁ% %%Hléegllr?ﬁ?gﬁpﬁgaﬁsgxt ‘adj acent manifold on the sane
~pattern. 28. The method of claim 27, wherein the plurality of particles is

| ar ger than e physical . . . aration b . I AL\ J i
gradi ents ont?'gach m?tﬁ%d ﬁé‘ﬁ)’?} g ?‘ergﬁlgﬁ?\:\\ﬁger@tel%ﬂpn&# %gkt\r?t}\g)g@ng nctgﬁ%%‘ﬁ?jﬁeny
particle acr @spareaednsahestth@eintacth el ds naeisald testhi nexa ipinpdinclyl adjactramiapioldf t he

lurality of particles. 18 1080557. 1
prur y. ispaltered by the appﬁcation o?an ¢xternal field.

33. The method of claim 32, wherein the dii‘ection 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 applicatidn 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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PCT/ US02/ 18132 March 2005 WO 02/0)8617 29."' The method of claim 27,
wherein the plurality of particles is larger than the physical separation
bet ween the individual optical gradients on each of the manif ol d$ Maset2005
‘wherein the novenent of each particle across each of the manifolds results
in a physical deformation of the plurality of particles. 30. The
"apparatus of claim 27, wherein the plurality of manifolds are arranged
such that the 's&quentethod pf transfencing opatinld, excnpringng Shistegs of: each pattern

separates the plurality of pakticles pnto.at |east two groups of particles.
ey R EF ity Rerb o Bt

31. The apparatus of urality of manifolds are

arranged such that thﬁ-nﬁ%quﬁﬂanﬂy bif hamiaal eama g 199k iIRav el Bk Bfst each
pattern conbines the plurality of particles into a single group of

particles. 32. Th Y83 light:cl ai m 27, wherein the direction of at least a

ortion of the pluralj : rtl t.rav I . ni fold
ltoo t he next im"rFe)di at eké%égﬁéggﬁtgﬁﬁg%\l?@%ﬁa%r ?gééglﬁrogl&héﬁgﬁé&gp?%%ggfi on of
an external fi el thser3@sht,daeh sad lopticad trap lagdoniaB, with e skighe driveofdhds eddifi@mal of at
l east a portion of the plurality of particles as they travel fromthe one
manifold to the qufﬂgﬁﬂilghtél y adjacent manifold is not altered by the

application of an extgfo%iing L&l dhalidor HhfirdeE bed EQldeIfel &gg%&&e%ﬁe&ﬁh@ at

| east one of the plurality ©of 'determnistic optical gr ents conprise an
optical trap. 19pho8iDpsT mMadlldsicamenrisong aff lebstamsf @ntichlngam withr ¢dch| of, the
.conprising the st . .of ravi,ding a fir.st, beam of |aser. light; formng a
plurality of add?ﬁﬁ?%ﬁ%f’fg’gﬂ'ﬁ%ld%fpagﬁ‘gw inghs TPF STAYERS 19 st~ beam of | aser
~light; establishing ageqphtigR illbdRatfndl aRf ek@ASishidOorlr thRetaddiclihia!
beans of laser light, each said optical trap associated with a Single one
of the additi onaFadherinithe granifgldsy endbiing the eanpirdiang teanpien oéthet parti¢le feomi f ol ds

“over a time sequ SP i . ifplds gaonprijsing,at
| east one opti caﬁﬂ‘%?géﬁe\?\n %eﬂgrcsz Egoaflg{h%%%k gﬁé/ulrn(a%hfgég’owﬁeﬁﬁlrlﬁ &SI &Ehg%g‘%%d
apart in the ti mrasdeusithe patiold causes the particle to be transported by the plurality of

_manifolds.

36.  The method as defined in claim 35 wherein each of the plurality of

"~ manifolds comprises a line of optical traps.

37.  The method as defined in claim 36 wherein the plurality of manifolds
comprise a plurality of lines of optical traps, each of the lines of optical traps
sequentially activated and deactivated to enable capture and transport of the

particle. -

38.  The method as defined in claim 37 wherein the plurality of lines of
optical fraps are aligned substantially parallel.

39.  The method as defined in claim 37 wherein the plurality of lines of

optical traps includes curved lines, each line having a radius of curvature.

40.  The method as defined in claim 35 wherein the plurality of manifolds

comprise interwoven patterns.
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.sequentially illumnating and extingui shing over the time sequence each of
the mani folds, enabling the capture and transfer of the particle from one
of the manifolds to another of the manifolds, wherein the captur®Mafeh 2005

transfer of the particle causes the particle to be transported by the

plurality of magjfol Qsmeﬁﬁyld I GerfB g oﬁtgca?ﬁafﬁiéigt%gisi ﬁr%ﬁ}iﬁﬂléénp%\%g[ | n_each

of the plurality of nanifolds conprises optical“tra . The
met hod as def i nedomprigthgtheisBpswherein the plurality of manifolds conprise

a plurality of lines of optical traps,,each of the |lines of optical traps
sequentially activat e§™aH n%@i‘éstti Sﬂgé’ﬁlﬂsﬁfﬁlﬁ@m e capture and transport of

the particle. 38. ThesmBhhadlasligebi a@&tibﬁblodeainm&ﬁay&@%%%k FrdnhendPpal i ty
of .lines of optical traps are aligned substantially parallel. 39. The
nmet hod as def i ne&cam oflasgrhigB% wherein the plurality of lines of optical

traps includes curved eétialglf‘s -ngea%g _%Qﬁﬁﬁ*iaﬁgeagﬁ Er}’\%gﬁi’#J e%fgﬁf‘fi‘éé%ﬁ%ﬁ%g'gf‘lo'

The nethod as defined in c¢clarFrm t

conprise interwo¥ser fight eithscacRGail dpdcah t200msdclated with Roingdé operdromhai ng
optical peristalsis for manip Iati_nﬁ matter, conprising the steps of
- providing a fi r s fAgEanal feamyeblaserilight and or i ng a plurality of additional

beans of |aser |ight m: ' ] -y ; i shi.ng an
optical trap for at | EE@E&% gpf(l)#rﬁl?th'ec}fa I to?ci)snéafﬁﬁﬁé%%agg ps %?%gf%q ?%? W th
each said opti camanifalds apaes apdre dvasitinhe andsspagé e ambdleoforiig lid dif bptic|

beans of |aser light: a-ad providir | yral ity of ni f ol ds, of the
optical traps wi p%a%aif%fenfﬁépatﬂﬂgﬁagf)g%}j%rp‘g%‘ ulgfing thegmpatter inpdime 3d space
to enabl e form ngpdcknes of optical traps at difference spatial |ocations
for mani pul ating It)he matter in tinme and space. 42. The nethod as defined in
~claim41l wherein the matter conprises at | east one of a collection of

part icles and.a BN p‘i"h@%&ho 39 defined in claim 41 wherein the matter comprises at

least one of a collection of particles and a manipulable mass.

43.  The method as defined in claim 41 wherein the plurality of manifolds

are used to manipulate biological material.

44, The method as defined in claim 43 wherein the manipulation involves

moving a biological cell to at least one of a desired location and orientation.

45.  The method as defined in claim 43 wherein the manipulation involves

deforming the biological material.

46. A method of manipulating a biological material, comprising the steps
of 7.

providing a first beam of laser light;

forming a plurality of additional beams of laser light from the first
beam of laser light; and |

establishing deterrnilﬁétic optical gradient conditions for each of the
additional beams of laser light for manipulating biological material by

establishing a plurality of manifolds over time and space with each of the
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43. The nethod as defined in claim4l wherein the plurality of nmanifolds
are used to mani pul ate biological material. 44. The nethod as defined in
clai m 43 wherein the nanipul ation invol ves noving a biol ogi cal ¢&arch g00x
-l east one of a desired |location and orientation. 45. The nethod as defined
in claim43 wher g{;R; j i | 1 bj i.cal
material. 46. A ﬁié?ﬁ%l?@g}@ﬁ%ﬁiil%c} Ig%?nggeag%i:ég?gél cé;ﬁgﬂﬁgglt%ﬁ} gﬁfe %:n(;ﬁrr%%(:gl ng
the steps of presdblinggheanfiipgatireafithobidlased matgtal.;, forming a plurality of
additional beanms of |aser light fromthe first beamof |aser |ight; and
establ i shing deterministic optical gradient conditions for each of the

~agditional beams4pl | ahemeidals e BNLRIh biitbrlh O Phufty BRIhif3s DY
establishing a plurality of manifolds over tinme and space with each of the

21 4 March. 2005cempiisect pluratitt ¢fines af eptital weps. sequent i al |y exti ngui shed
over time and space enabling the manipul ation of the biological material.
47. The nethod as defined in claim46 wherein the plurality of manifolds

conprise a plurak8ty The hictiRd Bfdefinéd @adlaiba APFherdB eadin 6f MR IRREAS 1@ | ned
~in claim46 wherein each _of .the mani fol ds have an associ ated radi us of

curvature for th8npyspeiated radipy olccarvatyrg for the bnesmf@ptiealiigns.as defined in
claim 46 wherein the biological material conprises a collection of

bi ol ogi cal particles. 50. The nethod as defined in claim49 wherein the
particles are sep@rat &te mathal as definal it ylaph 46 ivhereinthepBiblogiak satedAl

comprises a collection of biological particles.

50. The method as defined in claim 49 wherein the particles are separated

into a plurality of different particles.
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