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{87} Abstract: A method ol use for holographic optical traps or gradients in which repetitive cycling of a smalt number of appro-
priately designed amays of wraps are used for general and verycomplex manipulations of particles and volumes ol matter. Material -
transport resulisfrom a pracess resembling peristaltic pumping. with (he sequence ol holographically-definedirapping or holding
manilolds resembling the states of a physical peristaltic pump. - :
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prgi ately designed arrays of traps are used for general and very conpl ex
mani pul ations -of particl and vol unes of matter. terial trans

r e
‘results f.rom‘? oIRsESS resenbling peristaltic punping. w thc'r/hsmﬁitgii%rhggo%f, o
hol ographi cal | y- de Ined trapping or holding manifolds resenbling the:

states of a phy5| cal peristaltig OPTI CAL PERI'STALTIC "
PUVMPI NG W TH OPTI CAL TRAPS P&P@é&%&ﬁgﬁ/gﬁgﬂﬁ%5 'T' hi's invention .
was nmade with U S, Goverhnent suppB\fI TH QRFABRAERt No. DVMR 9730189

awar ded by the National Science Foundation, and through the I\/RSEC Pr %gr am
~of the National sausanwusmmdmaﬂmmﬁcseﬁommmmppmdeg@%@%

Gover nnent aéﬁgmr hasdﬁ%ebg}}%%&‘rﬂf’%gs to Vﬁﬁtth gHH{eSMﬁE‘ECtP?ogrrﬁﬁse-

contracts an he pres invention is

directed gengrmd Nydnal Scidiet Foshdatish @aaam\aztruzwof DMR-0PR30693.i g, Udnd
mani pul ating snakl- particles, a novahle or a def

ormable str
More part i cHPerpment plsg hb?%éﬁt“ﬁhﬁ\}‘éﬂlel ’E)Vﬁmil‘? RFFERY Q4T CORUIAEE A dj'%aycf
~apparatus for using .hol-ographic optical traps to control and rmanipul ate
~particles and vol.unmes of matter in both general and conpl ex ways. -
BACKGROUND OF THE | NVENTI ON thllﬁﬁLDth%lﬁ]gﬁdﬁgE@Hﬂ@gal gradient forces to

Cpap. st pref er Al il SLOHEL RLB08 Senc) WIFRBbo G bithock iOkhnii 00

t hree di nensi ons m of trap use a

conput er - gengrfinesipulidideretliparicrptd :ﬁadabtalmmta aefomabwmbmregeanrrbers of . -

~optical traps froma single |aser bgeam  These traps can arr nged in
- any, -desired P@WWIFT@U%P@WN imering i firegiRd fol‘f’emﬁg%({j aﬂﬁ’%ﬁ%‘s gugh syst ens

are known tOhHBgl% ﬁ@%&ﬁ&l &psRb 8L AREbuTd ParficléstdratvolSiey ohmghcr 1db@hee of
confidence, con Rtl ohal systens require a separ ate hologramto' be - .

proj ect ed for“eneeaahddtbrslclﬁlemysstep of a particle's notion. Conputing

mul ti pl e hol ograns can be very tinme consum ng and requires substanti al
computational effort. Furthernore, conmputer- addressable prol ection systens
required to inplenment such coBr@ﬂK@ROgMOEtTétEBi)VEH'&IONr aps' or other

g?’gﬁlmbft IO\F/);: ;alextpr agi;z@ x%%)s? gs‘é op%uﬁ gradl fent 16 20448 3B, tnG&! prEféﬁﬁﬁrerxlﬁcroﬁm%ﬁséaﬁ be

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 clonﬁg‘uration
dependent on the need at hand. | _

Although systems are known to move particles precisely and with a relauvely high
degree of confidence, conventional systems require a separate hologram to be projected for
each discrete step of a parﬁcle’s motion. Computing 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 methpd for

manipulating particles and volumes of matter in both general and complex methods.
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SUMVARY OF THE INVENTION It is therefore an object of the invention to
provi de an i nproved met hod f mani pul ati ng parti cl egnd vol unes of
0

addi tional object of the invention.to provide an.
i nproved nethod for noving particles along a predeterm ned g@%h wth a -
high degree of abdutbedfitangl ehient pHbA&wentiqn 1p pravide an IMRHYEHBE JEQOVBE t he

~invention tQ.provhdG, ?R%%Qﬁqmg@ mg%ﬁ% Hae%‘i‘%&duﬁtc@%n@%ﬂ&'é%émes of

matter which renoves e conputati of achi evi ng conpl ex

'rearrangenents. ltmsaamd:toaxdnlmequam oh tehinvelipuetoofzioeidt s, methofl det magpdating ne

varying sequence. of 'su at ns _nmakes possible g

reconfi guratlta’('f’r‘fiee@)fa“‘E1 Vé’ gﬁ“@% }’ﬁ%\ﬁerﬂﬁ‘fctsetﬁ CORBYARGT] %gr & 8%% |htleiv31ﬁ of
each trap. byegy Qﬁ&@,@g@]ﬁaﬁl enough that particles trapped in t he

ori gi nal pattern -naturally fall into a corresponding trap in the %xt The

present inventi ol atcREiaBEHMED SR ahaye HDPEIENBIPITHIE AEIATYIBR SFRYEREH A5 Sush

. rearrangene gtcftf) 1B Qtemg%%] sibié C({lﬂnglﬂlc fe'%r%é@&h@n Sdpatr&ps NYReEack fnew pattern

precal cul at ogr aphi ptical” trap patterns. I ng can ~ be
per f or ned nmpﬂamgcthi pcys,moreabwlngrapdwta ubstm}mtsatall @natkghctbmmaemmswam ltlﬁ'@

DESCRI P O e e My HICRES TOHSBT S G0 A PPl e P g

.trapped in aferpfRfd S@rs hrrﬁ&htyd fdi”aﬂco@hphﬁlﬁﬁﬁ E@hﬂeypfeaﬂﬁﬁgeﬁ@htstdf &mﬁer wherckig t he .

mani fold's position is re resent ed a dashed line: FIGURE 2 shows t he

it ransfer of tBIPUBihaspalliam ?fétftPFQ?P’éulﬁ%‘éﬁ?lagWﬁlﬁF PRI BEP PRUCHRS- The §yelng £

pattern to gJm ptotrﬁéddmgé hahicARS rbi enpgﬁ&fp@e'm 5&0?151”@0 cﬁl&iggﬁ%éﬂ%@m

an o |ca eristal sirs netho shows the
use of par al fuby grersd hologmphitc opteal tip gysteincal traps for transferring
particles along a linear trajectory normal to the manifolds; FlGJRE 5A
shows curved manifolds directing particles fromthe peri phery of the
pattern towards the center §MEF®ES€MWI®N@F¢}H1HHREVB\H}SChermt|caIIy shows
how the pattern described in FI GURE 5A can sweep particles into a channel;

? EL?HRE e into tdBCORE etk FLOMEUERALGY R AR B M MR IO M L e

mani f ol ds 't omanifoxd bﬁ/@usﬂpﬁaﬁ)@,t\ﬂwf&mm manifoldss [isitigh és repeesgned Hyl aglashed line;
FIGURE 2 shows the transfer of an individual particle from a manifold of traps ina
 first pattern to a manifold of traps in a second 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 |
transfernng particles along a linear trajectory normal to the manifolds; |
FIGURE 5A shows curved manifolds directing particles from the penphery of the
pattern towards the centers of curvamre; 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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FI GURE 7A shows a plurality of concentric manifolds transporting particles
out of a 'region; and FI 7B shows a plurality concentric manifolds T
transporting %ﬂ"%) s iMo aregion; 2 r 1080557.7 0 4 Mapchualpis?005 ..
02/ 098617 PCT/ US é 18132 FIGURE : S is a represertation of two particles.

nmoving in response to an externally applied ficeld and an optical®
peristal sis patt etFﬁ@UBﬁ@JRE'T@T%B%éOQ 9§W§tpa§@§s‘ BOVEEHR ESPOTRs WeniesiERIbN, e
with particl eg@f @ad Lrst b ed to' the right and particles of
a second typgﬁ'i)gfr?ged %}%%i%r%gﬁtpgn%tﬁg@?gﬁré’ FIGURE 10 is a representation =
of the inpl ement alRIGHREI shptws twd stpgasios ppifical Sactighatign, wifinpartided of dirsdymphi ¢

tical t - FI GURE 11" sh . i ¢_hol ogr aphi i cal t
05l nga tr ano RN © 6 st oS aha ot B B AR B I R ot o 1 -
optical train; Fl GUREREZ0SHaWpréRaaiBCoRn salientyitlibf 6f @ftical pRASMSE agnOf

statiic conputer--generated. diffractive optical elenents; FIGURE - 13 is a
repr esent at i ofynepical hetogmaphicapricsl wapsl ed optical peristalsis system using

transm ssive conp meefieha iffracti YoJoI I ¢hpon
the periphery of. HOYRENSHANER A heE REIoL MO Bk SR B B oS o

- optical trapsmbicappipngr-adiressekspdea ligbbjnedaterid an optatal wgnt he obj ect;  and.
FI GURE 15 shows t he u. f .mani.fol ds of —optical traps t in n. ext ended.
def or mabl e ‘obj-ect %g%&ﬁ??%qﬁén@%%éﬁ%ﬁa%aW@WEQE%%PC %%?}%EEOZ/ 18132

generated diffractive optical elements;

FIGURE13isa representétion ofa mechéam'bglly cycled optical peristalsis” system'
using fransinissivé computer-generated diffractive optical elements arranged on the B
periphery of a disc; , o _
FIGURE . 14 shows a plurality of manifolds of optical traps trapping an extended -
object and rotat_iﬂg the object; and _ | ' '
~ FIGURE 15 shows the use of manifblds of optical traps trapping an extended

deformable object.
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DETAI LED DESCRI PTI ON OF THE PREFERRED EMBODI MENTS ' Opti cal--peri st al si S,

i nvol ves t he

: use of a sequel? of pre-cal cul ated hol o_%ms projecte ver
otimes to i npl eEAkagerrPl ex redistributions of |arge nu ersm’i‘mg&%&ﬁ&égoos

over large or selected areas. A key aspect of the invention of optical

- peristalsis’is the
optical traps in a

~intercession

term "pattern” isopRanperistlEncODashatust st samencevsfi prtdlculldd. hdoghows a
+typical manifold 20 of optical traps. 24 arranged in a stF)ai'gFt l.i-ne. Each
of the trapsPERiccied o¥e[ R 1@ implemEplLompPl radissEbytiops of large gpmpers B Y

traps 24 ar elaggégglegﬁl]&%ldg%géa}[éﬁeﬁ%egia%gﬁc@to@Eﬂﬁe ﬁ@ﬂﬁtiﬁ)ﬁ'%}f OF

unlikely. to.

avai | abl e onspeffict tressfer apparfidesofrotsednegmiifoirk efioftipal feaps ile [acgiven pastarytoi the t he
article 22 |.s .drawn.as a sphere, b q . Iy be
sttt frofli® RERANA g2 PRERS of 2t leaf e nlcHibai e piREhs

trap 24. The
irregularly

or application of at |east two internediate patterns. The

e Rafidcish 9s AR dok-
d 20 wthout ling info an

rou a

traps 24. Opghatdérpafierhhe maint ¢akncpsphsiablaitsonsrianideld prEiGeadsholry a typical

- extinguishing the manifold 20 of the traps 24 which fries the particle 22
" to nove. |f HweifpéR09hrplisehirgs 2Aaranged @ osirajelt lme | Each of thedTans 2 1% PARRbIE

nearby, thengt @‘%P@’E% A b&}uae%% d‘l’!ih%ere@@ ahli APRLHs 2% ol laé&arregmslo edchldiger sbr aps

24 in the new pa ustrated case o A-31) a pattern

n the il

“incl udes twothapfthe paticta 22 fiplualkely tatpass heou2B thenthagifld REvwiequt fallies ais tan
pattern coul d_i. ude only, one, of . t.he ifal ds.. 2l | i. 9
e 6. 1 Sy S ol Ui abn g oRRLLEY Pul Aoy i by 4

. mani f ol ds 20pafticteh?? isrdapen 29} aisphdrlehiitidosld jpatds ensily2® tegalady lsbapedner eent he
In.a second pattern 28. Thjs prqcess is in its sinplist form
depi cted in Efush larger ﬂéﬁﬁ'dh‘g ﬁﬁ?&&ﬁgﬁs?ﬁ'

the transfer of tpgedddd sfCthe opisal phidstalit HRthod Prdceddd b3 Gextaguisieng e ingifbished
first; and then t-he second, Bat tern 28 is_illum nated,
¥

i nterval bet %8eH thefeaps &b W

mani fol ds 20

YBHAUMLYLV RS, in FIGS. 3A-31). To effect
rovid

- trapped part iiﬁ%@in%@d EJfﬁéﬁﬁh‘ﬁ’%@Qﬁq] i RefpartcRiis B Hehﬁapﬁ&i i Sthe %E g:%&@fbff}he

- before it can
|11 umi nat i ng ttape 24 dcdadep aataenn e gepld
26 also is an

0855%6 é?rﬁi%@;s a{) iﬁee/ i eeifg)%lqi ﬁnlﬁl wé%ilef, Qlilet nexg%litgrc? &(ﬁm)ﬂnizlﬁﬁ’é &ﬁ)érog% oft he

I npl enrent. A

mani f-ol ds 20 thé maifsds; eloag lihe 27 rfepexale. Slicdffears thoh martiodt 22 tisvdrerby transferogde
enbodi nent ‘of the inyention. .Each_  of the nanjfalds 20 i nc] ude. ver al
of the traps BOA0F 4 @6&13&}1}8%3@ o e H?H‘?&ﬁs’?‘d#a?mt B’E}F’%Eg:}o PRoRac A& OZ San

captured by the next, nearest availablée tra

raps can ererore | e one or nor

schemat i cal | Ynhdifofds @0 id & s@ion@p&erR N8 2 MHlpBisIBRSH A8 dimptist foredepRied 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,

1080557.1

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. Illurni_nating 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 line, as shown schematically in FIG. 1, or also on a two-dimensional surface, or
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4 11 1 1080557.1 0 .4 March 2005 WO 112/098617 PCT/ US02/ 18132 wi thin.
t hr ee- di mensi onal voI unme.@he notion of a trappi ng&ttern consi ng?)?éof ‘
“col l'ection of fhe qamnifollUs 20 is useful for visualTzing thﬂ;»[ﬂ;gé& e
optical peristalsis. . .FIG' 3A shows in further detail one of the
particles 22 trapped on one nanifold 20" of a particul ar pattern,  |abel ed
as the first wihint ariprepgimeppignal | yolumep ot khey POUOB S rd SRRPIRG\PAUSHR FORYFEE €02 and
56.. The pos t: ! d

ot ngun shos eolsEi 8ot ORRIAGO DG Bl (B pRRtboRd of Brdcifpomead,

~ extingui shed pat tEl(h BABmo‘w(smmﬁ;rﬂmmktalhmu dfchelparteies 2 E@psmomne manigtlé 2pi r st

tine,ste the first I 1] um,pat the next .tli ste
represen!tO ed Pﬁ%ma@wgﬁé T‘fg *al%?(a]g‘?a‘bg}et ﬁ?sﬁ patsgn 28 ﬁ?xﬁsﬂgﬁméﬁec%m gnﬁfsthve A
second pat t enppR§al S0 idhlisai ”Fl'ﬁee sitibhd Bf apHIAN (HeraRSoRk S2t i PR ihel ecdd

fromthe first manifol.d 50 of e first pattern 26 to the nearby manifold "
.52 of the - S&ingnishedpatteny2$ (Qely ong ppagifeld ﬁ@%bls {PrtEAED); 358 ﬁéh%?’&!ﬂg%@é?ﬁ REHERN i n

FIG 3C thez@ﬁ g%ngﬁam&?)er“aisﬁ sh '@@meﬁfr@ﬂgg@&eﬁ (He! S hebSf 2% RO 1 9

~i1lum nated ans artic aga
mani f ol d. 54 @ll’l.llﬁlhﬂed hlr dhqoat)ttenme :ﬁﬂep trcpreshmecllmaFICt i 3@, sthe[SlraspaﬁQUMG isn

FIG 3D, the third ten30 s ext uj. she the.firs is”
T D, o ok BR 08 3o SR UIGRRReT b Borh 3 eRObE PR %
pattern 26 Ofrdh et marafold s 6f B6 firfdyatiel 26 Pakd Sdadthysinsnifdle 52O Ke wromes |
, from det erni ni stical I]%/) transferring the Partlcl e 22 fromone o

mani f ol .ds 20 Patera 28atipdEningt Uf“ﬁé“%ﬁf“?”(‘iadls epShpn- ot Al dpe Eﬁco?‘{]%a"l"?ﬁhr% bl ds-
20 on the sangg, @%%Qn&)ﬁ{et hird gg&rﬂﬁocﬂéqlﬁrﬂﬁat{e&"ﬁ%@ FaSRAERPGR: ﬁximcle 22
_internmediate patterns. In a nost preferred enbodi nent of the invention, a
- mini num of t heaie aod thihtme et merifeld X600 28 hindlpBETEIR Indedig tige 8160 a5 SRO%he

particle 22 de I SLi r

ot tern to-t A8 Gk ety A bhShelRea e AlfpRBopit & AGARRLAGuce
patterns .26 aggn? &:mneurzmsﬁmetdc; partigle p2ird ihe lfiest atern 06 dn mmmxammmd At Qpiical
probability. of . ejther advanci to the.n fold 52 Or . n
the initial HFtP'I@‘ISdl@ 0T 6% ﬁg?’ & t'r?éﬁ% FEPE R RS 5% Ar gie Bfe b
patterns 26, R8mametbi&020CeH ﬁh@teﬂﬁﬂ‘ﬂletdbu&zﬂaﬁﬁi ﬁ)ranaﬂlﬂ%ﬂﬂlé:hl&uf(ﬁ@s 10nonathe same

particular direction. Mthods for illumnatin 1\g and exti n%w shing the
i ndi vi dual second patiern 28 by cycling through a sequence of intermediate patfern

In a most preferred embodunent of the invention, a minimum of three of the
patierns 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,
respecnvely, tends to move the parucles 22 from left to right in the arrangement described
. B in FIG. 3. Reversing the sequence would drive them nght 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.

1080557.1
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meni fol ds 20 of optical traps 24 are well understood in the art. Repeatedly '
cycling through the first, s?nd and third patterns 24 28 and 30
the

‘respectively, &899@8({}9 nove particles 22 fromleft 1o rj,@hgs{'ﬁl ’1%59,?@_32%5
arrangenent described in FIG. 3. Reversing the sequence.would drive them .

right to left. More extensive patterns: consisting of nore of the manifolds
20 thus can be us@here ara # ¥Histepl WAY iparhichconssal peripaleik cat g usedrtp fifes) Bcfilhe
entire field iew of & h& QR AL alrpblctReS YRt Bhd® modiRP hel WO
02/ 098617 9 %}%ﬁ%ﬁ%@@%?ﬁ@&%&aﬁﬁe gliree a vari ety of \é\n.l?ﬂ;lggsl n '
- whi-ch opti cal shpes bbthe nsingolda?0 Mithinsephtttm @ fliectcaps @4 &y wbntinseus comrps mevihenahf
collections of ithe particles.22.. The met haqds i ncl ude di fving-the

shapes of the? ﬁ‘Bﬁ‘F P%FH%I _queﬁ_ilﬂ Azgfaag}ef‘:éﬂ’ ﬁaglfm aﬂé“‘f”i"%?ﬂ’_rsg‘%zflﬁ‘%lg/“%%‘ﬁ’ 0 Bus
curves. Althogglfer BetbOe MAFRISN0 SvodRSKY éviel uhderstedrintd Rebgiifed by those
additional internediate patterns required for transfer between the

N |
‘mani fol ds 20 sdlsddn Be asksin e ernyaplet deseribed devedts dbh Aizetion P! prsle fowavili ey jn
~ the art. In the. e 3. Lbed herein, the direction of -particle flow
~will be indi c%?lg é@%}pé)v\%}g?l?gﬁg&’g?roms. FIG 4 shows one of the patterns 26 .
- from a linear optHGad4 simevsicat af tieqapenmp 2@ Som Aviineanoptival perigatticpumg 3pndiwo.
- shown) interleaved betwee he ymanifol ds 20 of thi ern. 26. ¢ '
Reivhted i SR RRET S OSn R DS e i ol o] & Qs HutR e B vy
to right. Rexgvsitdsh sbRefRqueacee tdnangf ok tlgpeRapirti@ibse32 2Rorhr 1efn ti Ggtt. to .

left. This pattern, and all of the patterns to be descriibed herein, Cﬁ:ln be"
‘oriented in aR§verns thesraunee BaRes Meaaricsa 23 Arpmsnekide joft nhips paliefe@pdall of

consi sting of thtczggtte Y 86 adtBAbd i eflSn 20n 68 Brilifed MSRY dbGreg @RGSR At e a Tl ow of
particles. Conversely, running the sanme sequence backwards di sperses the

. particles 22. Thi FI6apabiand 55 showl tHattpatterse fansisfing ofithe survied gnanifeldp 3P cawbes -

22 out -of an_gpen reqi i . Opf | r |i9§, : | r.
It is not nec‘ésseggc} §/°nf ?lgg g % 'ée{N Pﬁéﬁﬁaﬁaﬁ&ﬁgﬁ%bﬁ%s mi%\%% %gﬁﬂfg %ﬁ%?%r e,
and varying t tigpetsss whatpartieles 2. Mhisuspshility wonlddenisefolifadirestingahd panticlesP@rout

~ instance, a lipear punping pattern can be used to sweep the - particl 2
into afocust Rypmeh SEen PSR Ar R et tpa i g B s TR Bt
~also . do not BRvfditiGuaDenafidiad 20 Be@ @8l @fvatur@adnderafying the oibvature bassd yseful

spaced forns of the manifolds 20 tend to transfer particles 22 nore s|lowy

than.regi ons W BHUGHSF S10yHIIERS. y Fos Btees. grisarormniee Refi? 6L B¥Y FRECHMSel y
packed mani f ol A5qe0t SR folus@NGRBEY abik ih&l%dpa] 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 widély
spaced ones of the manifolds 20. The densely 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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particles 22 along the direction of notion, while w dely spaced manifol ds
20 can be’ used to sprea hem out. Thi s approach Il d be partlcul ar |
benefi ci al %ﬁ“ ol (ulgl ng Pattern to avoid overcrowling t hgcprkdlefgeh é@O%S o
they are conc 2d.” The distribution and density of the traps 24 along a
mani fol d al so ‘can be used to control the flow of the particles 22 ‘gﬁl faeen
t he mani f ol deargiog. thEomelilSFtBI amed! a3 e Spaciifs Oﬁmdl"ﬂéﬂ?} %@Sg&eﬂ%g Wp saato! '

each of the mani Ids d 20 to

t he next andmfarli‘ﬁi rgﬁ%“ %aa{e E{B az}pgﬂghﬁ‘énsf]igp?&rx g'fPﬁﬁsESS %glde ﬁﬁlﬂtlgss%rmre :
conplicated arr armeﬁaﬂt:ﬁcycxff mmalaq)e@mnﬂéldmmmgdxtebemﬂm of the pR0Ickna?2 lsant ween
patterns can Hhave uses for controllln t he f) ow of %ﬁé cl es

sequence of P& Persd lo ditet |ty papticles 72 i@ ambdesyed Pl Eed #14S ™ Zzll%ﬁ/ﬁf‘aé]ﬁﬁ%OOS
PCT/ US02/ 181gg, Mafk ¥ich gAtsHS’wé m& %ﬂ@ea YnanBS1d¥8) birddfind SR BRAGE 1@ paficlel pEinG dual

traps 24 al ong the, manifold In a pattern, can have useful

appl i cat i onstvor Waehtumoinl newgsq, rsaﬁsp@ﬁf@er@fwlﬂﬁée BEdtp cpEbimAWOtRRmEOEH feWEy of
t he shaped mani f ol 20! t e i$0 be
‘used to dirett® ?'}*’reqﬁ'&‘%’t‘% 323'2? G b%QEe ﬁmdggscﬁésggleg%%?&cgffer Sg??%“r{%} The.

exanpl e  shovédimpe &e@&r@hmmﬁe‘lm@mmmmm as nmg@hth@meihn@lqgue:am | ow
of the particles 22:into two.. Wen run ;in reverse, such a pattern coul d.
- be used to céﬁ%ﬁ’%@e‘w\’ﬁd(’@mﬁore) flows into one. Al t hough this lay not be

as efficient, becauSKahiE sReWit LCFRS A 3Bhom eitewdyl 19ihdvick lmixing R the parieles-

~others fromthe same flow once t he .mani fol ds 20 ner the met hodol%ga/ can'
still be used2 ﬁmmmmedg@wsmlauww@s@%mmﬁw&*ﬂdé 2068 2JREHB 160t

to induce m xl Qg o%ft f’flf% d%"’?‘%‘ts i lttﬁ§ pys?e?nsflﬁaﬁﬂecaoémésg@@orfﬂ Gihe nﬂﬁif‘éld_@}%@ﬁﬂh@

shows that the ttern .need not di sj oi nt
patterns in tiiking segsﬁxerrﬁuclncrbsmtgsacan bossal HoexchaigingHbe pariicles 24 betpger Het he

m Xi ng regl ons.. .Such crossings can be, usef | | es
22 between' tHdally;disipet flqws. E'rgr Tt FPINET "Ef%%é‘?%gfé% E ﬁ%@uvmfg @go@w%hﬁ
i ntersect i ng pidd€ ccpigyl Ratfsi0l idgodided ® pfobabilistioelementinpd epticabprrifelsids The

i ntroduces a probabilistic element jnto opt er| tal si.s articles
22 are given Pa“@ﬁﬁ)f'céfe(ﬂ“’edll%@Pﬂqecﬂfégut%“oﬂl? QQ/E‘T“'C B WOESF&S% W?H

direction the individual particles 22 choose to follow is determined by random thermal forces at the

hand-off from one pattern to the next in a seqﬁence. Hence, the crossings shown in FIG.
6B can Jead to a certain degree of mixing. .
| A pattern of closed form of the ianifolds 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 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

7
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it ' -
t he individual particles 22 choose to follow is deternined by random ,
- thermal forces at the hand-@af from one pattern to tr.next in a sequence.
- Hence,- the crQgsipggshown in FIG 6B can lead to a cert apprasafiefyen 2005
.. mxing. A pattern of closed formof the manifolds 20, such.as the exanple
shown in FIGS.~ 7A and 759 can transport the particles 22 into or out of-a

regi on. Wet FR@PI ﬂ‘h‘lé figlek ¢ nWIﬁbérfEEfétﬁ o faraied Py el GrERcigRpndEooRh t he

d whi npl
Pais usetul St S BRY AGS Fble B HGHRE o e gl bl Rifn ORIl Bpd
craciiitate ! eRtaedilikddy SR RRIPAGCY M. Ol HRGP s X BréaRP 168 dhen

particles 22. Such pat'terns need not be circ nor need they be
~ confined to hhd spitiemrey againspnifiewibren smaliw-pditivken SWbitathe farcerducofo igeeus drag

mani fol ds 20.in three-di mension erns .can, be

Tareral i ntd ShoUBRTRE o 85 SRR tonRn IR S AlpE 8 & el RN B, |
i-t shoul d beam@tv@ﬂldtﬂ%ﬁﬁmﬁmﬂ@ﬁmﬁddﬁﬁhdﬂﬁésoﬁmh@mﬂ cal trappl ng and ot her
external forces can have useful applications.” For exanpl e, npeti t.i

k bet ween opti cal ir‘B‘i)E’f‘?F@alafﬁEPed% Wé?‘*eé}}ﬂaé‘r‘h%PPt‘F@r%%@“ﬁéﬂFﬂ %% EhysR PP%BHQE‘FI y
useful -in f r%‘gﬁz’ﬁl@ P% s 939 iHe P e fc'lé:ifﬁemgzgarfsﬁd?mi% @E j%etﬂé{als%r\vﬂleﬁm@@nuch

exanpl e, to consider the particles™ 2 rained in a flow of
sur r oundi ng fab demtrlbﬁalmqurhe Hothe temctrslsfozz i$ sre@tpraﬂlglpﬁlptoedcabyradies‘t@w dr ag

in the 1080557, 1 02/ 617 PCT/ U J187¢1 20 I | (?)
'with a force e@tgl?\ﬁtﬁ‘gte ﬁ\eﬁgamgirp?r? S'mblmglyg %%B?Iﬁl Stéh]g%?gm; or gﬁ icfé 2e]!r“e of
radius a in ahd J:mrdalcﬁeldﬂlsncth:sidbmzledi exdriygle shoag ic GeG S8 Q)lﬂ&ltgtpelcﬁ' ug:lpaﬁmld:m g =

~a and increases |inear] th the rei Iesra Alar C
feels a great™®¥efge éﬁgg ‘I‘?é’ledolgfcg )}h‘*&d‘aﬁsk%"e‘bb}f P‘S\ﬁ/" % :'r%fll Cer

- .particle. Widx@mpleQndwi GEF’H €8, taOfinét §&gbn§ girigghord ﬁn&ﬁﬂe@éﬂ@ﬁ’ﬂhﬁg @an @lsecond

external force, others such as those due to electric or gnetic fields

al so woul d pdrftislntd ar istess serpivinfbwpceddychs puempldicd fan |ﬂ1le %eﬁ@dda@fté%é?
force is Weal;ﬂ% ﬁrgtta;ﬁret{cﬁq%oqpttﬂe%&regfaﬁgdo‘ﬁg& by Bfifedl Rbis@s8! 'ai{@ Ean%ecoﬁéctédh €The

optical trap e particle eing transported by optical

. peristal si s wetdndnmvtéclar6 s mase sleenghy duivenhlsr gie rexesfionl dield) ind P@S@éﬁh@ﬂﬂaﬁhe
~force is greater than the,optical,aradient force.

then opt i cal Pt SfigS pEekER bAREONERK & RESTaPbri BoRP SR P70, | |
the external fiel drhelmot)dpes oﬁrﬁabmﬁelrés eﬁam)dszelns]mmplerenfﬂoﬁimem showa in ¥p@. of

the particle 22 is . nmore strongly acted to the optic tra524t nit
“is driven by % RE Etipgvrhet eft{‘fglrl’g.%‘f‘ { T g PRl BT el ﬁy He &r wong tf’%
particle 60 i S dfadgicRTeNeRth e ChBosiigBR spial Jlﬁﬂb\.ﬁloﬁ,eﬂféﬂgih_, and other characteristics

of the optical traps 24 in such a patiern makes fractionation of particles possible, with the

selectivity determined by the particles’ differing physical characteristics.

The optical fractionation technique has a pumber of significant 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 fractionation 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
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paiirt'i'cl e 62 or is less strongly influenced by the external field than the
second particle 62. Theg rst particle 60 is theraore transported by '

optical peristalsis and 8h be collected. The secOMd partighgsflasch 296 .

strongly dri v®9®B)%He external field and passes through thé pattern of
the traps 24, perhaps being diverted to a certain extent fromits initial. -
course. The theofléwpesd @britipe tpaspoitiige hedO tabanbgls gy FREvelkasing EApsithent .
shown in FIG .8 .are distinguished either by their affinity for. the optical
traps 24, byP’EeW@P%lYf&@%fﬂ??Hs‘e to the external field, or both. Choosing the -
. spatial distri butfanx. sk endbiimeanshowh e FIG.EbiEHEs en ksingkesfracibnative sage bral

traps 24 in such a pattern nmakes fractionati.on of particles ssi bl ith |
“the sel ect i Wicldingatseeanil siage Bf/ontival fssripagipesihe frerna) }[‘Wf ‘%fﬁ‘i}%%p'g'ﬁlpar%‘:ﬁs 2! .
characteristics, . The 0Pt Gakird oA ol | OR £RCHINEALSHRRS $0 RURKEETY, Qblects
signj ficant gg?/“ ?ttggé%%n -éﬁéﬁ%{egggwgg{dbccqrs %F%ng_ a%he . direction of the
appl i ed fi el gaitibleebfiisryphte exd moveSshdne &l the tightc divertiag, i nebepliestinggpuiclest he

sel ected fraction |aterally. This neans. that:. optical _f t ' n
_operate cont ih&s0¥ ype égt h‘é‘? S‘Fﬂ’é‘ﬁs Ogﬁg’cﬁ(gia%?‘?’ gat e%glp P%?%’e%@ﬂ%%thgg{l (lﬁgal
fractionati oRykgkicfsopcibRl0ghedind:ampRt bf tl tiapaps twith hiroitoliy , 1o idivegaprtistes :
adapted readily to different fractionation probl z‘ém;. For .exarr&]et? ‘em#"érinpl e .
stages of optReétheiseeant LPREOI2YAY &M BeCHHB B0 shpwna (IS 5568 heBrEUsSTng the
sane net hod %aqraﬁl?@ﬁgﬁ 9&%%@;&5}11 rf@rlﬂ%%l?ha%&iﬁgﬁlets@pa%‘oh%@ﬁxean BRI fiicGibhse84 and

fraction of an mul ti conponent sanple then wi |l separate t he
"sanple into 8sachidefugh e wongapeenf Factivonierirepicsopledias spaeepRlly pepataly diy

conponents laterally away from.8 | 8 ' VG O -
pT! oo 161 901 o RrEied Aren palSE? e Snel PRGPRRIR 20" PG
reservoirs Usii@gbd @elRiigeEso it moel yagdeand ibantorpbiees temsfaping fsrajorAtadent

shown in FIG 9 builds _on a single fractionation stage by including a
second st age RtiestiPLeolleqti®let i onati on. The external force driving the

particles 22 . througliti@dr f@veNoptial Biriseeise dotevyespditively icydingpthtdugh
| abeled 80 in, FIG 9, selects particles of first type 84 and npves. gﬁggm
to the right,sedianes of trapping PRty Eb% PEERICRPIGEEAPhIC YRS FFPrSEIEhY e‘{’%e

86." .. The segoifeSiRGf af art ra%ﬁ}} Qé}l@fai ﬁﬁbleﬂ'léi‘llﬂa%bﬁd TPt dae) Shmputeh-al@edsed e
e 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 phasc; modulation
onto the wavefront of an input laser beam 100, In principle, such a system can implement
ény séquence of trapping patterns, and thus any variant of optical peristalsis. In practiée,
however, the spﬁtial light modulator 102 has physical limitations such as. spatial resolution
which limit the Vcomplexity of the patterns Wﬁich they encode. Alse, such spatial light
modulators 102 tend to be costly.
" In the embodiment shown in FIG. 10, optical peristalsis can be peffqrmed 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 patiern of phasé shifts
', | onto 'the,wavefront of the beam iOO, 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

9
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.
_intense or nore cl osely spaced exanples of the traps 24 with the ability to,
divert particles, 22, of th second type 86 away fr(ﬁt he external force.

e lpefrfusopib{3Fh 2005

- As .shown, thi %VOSB%% _stage ttern 82 transports to
further enhand| ng e separation between the. fractions 84.and 86.

Although the two stages of fractionation are -presented as concg %I I y-
separat e, t hégcuses sathobiishe 1apas|berran i @ inies 2 separatgyPrCAl e it SR 908 O Eﬂthl‘

trap mani fol dg, a0 Hl $1PEACERTHCAN Tienfhe HiftG: 988 Sefilels?Rebplid i | Hdemer e

stages and t& 1 n porate erring fractionated particles Tor -

collection. Asjechequssdar vaileabowioptimegihg flrmimtiol & pasmﬂumhbwereébeﬁmﬁmél y
cycling throygh a sequéenc f_ trappjn attern o] I C

systens repr 6588t & '?cﬁ’é‘ﬁﬁf g;ﬂlﬁl Pa‘p'ldr‘? % % mi@e%nd ia“ﬁ%”}ﬁ% p?‘usflll?&g%aﬁggal

i npl ement at i %'ﬂcodleé‘b# e S1LOAED cadies Qrﬂé‘#ﬁ"tteﬁd&rﬂ%s@;ﬁﬁ 115 Redpadr. I(mhhg meelighat or

102 creates the configuration of |aser beans 104 needed to nggerrent a
‘given patter ni exfquenst jof Aiptieal sEstalsia pajteran dp dbig Iﬂmehé‘@@%@m esponding

modul ati on io t?r}:ﬁp‘%ﬁgﬁeé{?&% Ohe s ﬁf?sms%%t&? an bl?ea'?gcgvgl% ured) uprsbﬁ'@iré’l ﬁ’

" 'such a systerﬁ sequence rappi ng p erns, and't
any vari ant q%p@wntscaagen@armteaiemaﬁon d)ﬂ‘bp}ntat-l(pbnnﬂsls o wesiter pmb@rbmgtpémval m

- light nodul ator 102 has ph Limta h t
e T % BB B Rl P SRt e SRR A

spatial i ghtaqapmdylsghior send @4alifBE2000nkE opas triin diieriviRe signlao o tm&rmu Fighon in -

FIG' 10, optical peristalsis can be performed with the dynam

" hol ographi ¢ oPhis s¥stent glegran be Asedqo implemant apHeAl parisRIES P FN%‘\“«: \W‘W a] S§q‘éeﬁ‘('ﬁm

An input |as sl S reflected off the surface of the-
~ conputer- addr@stgg’gﬁg]g%%?

each emanat i n'&? CeHt e ace the SLM 102.
Lenses 108 angnpidiilerfit apticalaetistaifis phefaebly asara }hm::phigmputzd ttap@ystesh Fangble of

point 112 at the center_ of the erture of : gh | ns

- 112. This obj BroiSciiag Féﬁﬁl?“hi@zl“@lcié’gﬁg!ﬁe e%’f‘i“bﬁ?tﬁé}gal S‘E&@%&%ﬁi@ 4

~ March 2005 fogusg Ris@fn B@Enﬂl@ﬁ&ﬁedhgazﬂ&hlﬂéaﬂyﬂi/@lufg epgh ateueptiof ghast r ap
10 for clarity. A dichroic mrror

114, only one of ich is shown in FI
116 reflects pateswsi tagmplemghita pertespending sequence of holographic optical trapping patterns.

One particularly useful embodiment appears in FIG. 12. As shown in FIG. 12, the phase
patterns needed to implement a partlcular 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 the aligned
.diffractive optical elements 304, 306 and 308 zﬁl 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

10
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‘objective lens 112 while allowing imaging illum nation to pass through,
thereby permitting imugq@to be forned of the. pa@lcles being trapped. L
Updating .t he %Eﬁ%ﬁg pﬁdul ation encoded by the SLM 102 caus?§wl}‘guﬁ,@#§4{9‘a@@%ﬁ N .
of the traps 4 fc?' ppear.. Cycling through a sequence of , optical
peristalsis patterns in this manner inplenents the corresponding optical =
peri st al si s: Fifi.dGeos iniBeceflesdvet dptisaldyain énseguenche Thisalorhps goieaip! eRPICeMar e,
[t represent ar gener AlihiR! SRR 90 Al &R0 BRlhal drcdidicaRAl her

enbodi nent s - ‘e dynafi C ographic optical trap system

uses a transahgeN4T8AE 400 MPttAdd indsldiapsied tmiatol mbjedt iogh pattewsl of deaptiZ®dO i n

an optical train otherwi'se simlar to that in Fig. 10. This systemalso .
- can be used Py istahghy ¥AEHEC-opt i cal peristalsis by cycling through a sequence -
of trapping pat teﬁt?@é 1eiERIVE TR Hah s QR 1FRARE obBdaR kiRindntsl 086 LO GlbriR@E@SAA! | | Y
require the generality - -and reconfigurability offered by a dynamc -
hol ogr aphi ¢ &gatuire sikestdonin te yiet diffactionstimitdcan havpicesnptislly ApLBOYSIRRSHEPUERS si s

preferably uses .a hol ographic optical tr S . - Qf Ieet A0 a
Lol 1) sequentdRato SRERRAG SEH PRk apdt RGP porlhe B t]
- form  opti capatiperigtt treddaiatrs aSuddeslémpite paNbe grddycedenivh maralchyaply eid dgnot,.

t hrough a sequence of' phase patterns to inplenent. a orres ondiﬁ‘?chsag"geldenée R
of 'hol ogr aphfeaUsp @i CHIPUEF RAPER- pRpd 879080 CORBUGTRY PiSBh AP U EE e
enbodi ment appegiafoihd did %i_sﬂiZt)r Ak SO \Wi¥riabrive! GptichR cleinBs Phas ehispdnber s
needed to inp erren% a particular optical peristalsis process are encoded in
“the surface implineftatish " isefidse caeneral dhdrf thast based oy icempuieradptssted sepnal 3gW ang

308. These el enept s - 304, 306, and 308 are mounted on the face of a prism
300, and each™i's"rotated into place by a notor 302. Reversing the notor's

‘rotation rever sesBedaeses enjyencmalb nupiet exf nprecabeilatdsu diffrastive diptiead t ¢lementy are
optical peristalsis..Rqgtating.the prism 30 tth th ri.ent ach
o The patt ars b imaermp et LaPlA s dghaplsghate uR fleo TAE L AEL o
created by t hgndd @n®eh aflbfpréaE iicU—e Oiriexahple! draeddns fidMmo A0S pansiwBio cal |
create optical traps 114. Stepping the_ notor 302 thro%ﬁg?scach o%r h?r;e 0
patterns in detiuedce AUigBmenetlsVehqUiafhe RUSTICE AT Spaiors Byl causg; Yipration ang 1,
- three patter fl%aa&@%u?f REBE QS hashdric 48345, @eiuRfiom BF BS=R dquin¥iients iang ifiproved

sequence of fixed reflective ditTfractive optical elenents 304, 306 and 308
on the face comgagtgssiti ng pri sm 300 can have ot her uses in hol ographic

optical trap met Q0h6S quaSihy T - yigSh¥@a Gl BiGE obie pBidaas
‘el enments 404, 40’6%%%?2%@%%% héeﬂo%ltggg@ on thae er_i'ph.erby~o a disk
312 and rot attecbei miperhdneedbemtti0equiveders ofvililm toope 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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1080557. 1 WD 02/098617 PCT/ US02/18132 4 March 2005 FIG 13, or into a.
. reflective optical train in ’quence. “This al.so has p ntial applications
~beyond. opti calyg Rfsskstal sis. "Tn FIG 13, for exanpl e, €ach bl Masch 2605
diffractive optical elenents 4041 406, 408,, and 410 is rqtated into the

E optical -traiin to project one pattern of the-optical peristalsis sequence.
Static ,ref | Geempediment ofr Bl dit s Sie veanifplds PG of inpladeshentical raps erfetOy D RPIBE

fabricat ed vid fuciiEbies: 802! éatihg%gpére;& it SHe"hdrolds 90 il Tbda 0GR Y @

essential ly continuous phase encoding, and “thus can inplenent’ a w der

- variety of nowadeboljedt@t ebimilady FHINglSpshbwe thesndnifalds 2aief optral {ragls trapping an

nodul ators. Suc I nt.s can oduced ch nore cheapl y,and do: not, . *
require a, C%@?{F‘%ﬁ%f@%%&r _ ei’%ﬁ%%-ﬂ?mﬁgﬂg& ﬁ@ﬁ)ﬂ_eﬁ b%’t?%ﬂs_eér%%nfem
can be changgUiragy aﬁcﬂlé}:ﬂ@\ﬁﬂ% b rédidns Budardliis kuRbqidnf birReds ¥BdORL stfeidh the
elenments. In this sense, this inplenentation, is |ess general ..than that '

‘based on conPtit®@B2addr essed spatial |ight npdulators. Because only a small

nunmber of “precal cgll gt g di flragkiV ' tSanifdl 157s [V T =To o)

i mpl emrent opticalﬁgﬁgrﬁ tléal} |e£1§g1§f\?vi fegﬁeg%% g‘%ﬁfﬁg‘%i%g?a f"ﬁ%@ @Fgagglg'an %Oused.
The benefi t spplitatipoghit aan dpplesimble topetfode 2 seoes exanipdlaieriftalsis chpamafiorsnwitbyvi ng

parts which gan .dri.ft out of_ alignnent and wear ouyt. the absence of tors
P e onuce Gt ias e, fhdes Bernibs, B e i Rine S atrilie eriafy o0
reduction i Nep@whs, GRibdl pRARALS calthel MRIONEhoPO D EGINPERY. intdENROdeg of a
“high-quality phase hol ograng on filmnedia will allow optical peristalsis
to be.inpl enBREEEORE s Feldf \agruiar dprpducdile phseryatine pA seqapd sgauence fBenogld-Repeed

cycling threyghed argedsaRel fudk aditd bAGkNE. TR £ MirdSbQIRRAY Sin implehBAdaas ed
~inplenentations of holographic optical traps wll have appli-cations beyond

. optical peri seakslastestopBased| onpibe iouteemhs of that 8, edditienal optiseliperisglsispiparireétses

and ot her MRIES 18! icBiNo3%ued! B 4h 421 iRk 3 itMEGbh 2f GodsBPlent AR Be
physi cal separation between the traps inan optical - peristalsis pattern.
- Simlarly, mptenicahedstekebysepodheinmush oDk, computibed bislsn dom theaicdagripdic
- mani pul ated usi.ng optical per.jstalsis. | ar ge ohj ect .trapped on..a "bed of
a0 ot captcd b byefin . Silak kR Qe iEngt obis) beRERE abfilns 1B o
- of nails. Ratefcopbamed@ftb aisi@leproghmg et isNGbER@énes colldsepatite paticles
optical peristalsis pattern can establish a large field of traps suitable
for i mmmobi | i AMAgG™R PTappEe GhTIBG tTlaRte ReipePnd fubpeguense, Fuld (SHEPSESE g Htern

particular location, a third subsequence could mix fwo separate streams of particles into a
- single flow, a fourth subsequence could concentrate a plurality of particles into a particle
rcgioﬁ, 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
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- sequence an |

wi 't h smal | displ acenments, as described above, then will displace the entire
object. Potential appli !i ons include translati n.an extended sanple into -
r

“a region.whergghnganR un : ( :
or controllably deform ng the object. For exanple, in 11 1080557.1 WO

02/ 098617 PCT/1US01/18132 4 March 2005 the..enbodi ment of FIG 14. th
mani f ol ds 261051‘1@%%1}11%@&“@&9%185 a4 léld’éﬂb&ﬁﬁ‘%%&ﬁﬁi %35“"5%1 Péé*?%%ﬁﬁ
obj ect 80. %éﬁ&k'ﬂ%ﬂﬁ&ﬁdﬁﬁh@%%ﬁ&{%ﬁ& tohgeidpid. bR lopScal Qeméthibis teffem. tin otbemt e
the extended o je,t.80.aSLniIarIé, FI G 15 shows the manifolds 20 of. '
optical 'trapeds rrawpieﬂb’?tgqlmEW@ﬂ st descondreng dhighpaiernsgs derprpinisis gpticalo
is. nmore strongly tr ed. hy. 4 ' , Y bRfichB ese

rogi ons. out varTs v CRBE RS B e ol PRE. BRI WAAGRSS
Each opti cal depgiminsstialiai s ssegtende padifionsmhaome zppbei fecubpianatd awieve ibsonme.
applications, itgcanﬁbe‘deéingble to er%$rnha zerieS'of opti cal ‘ .
peristal si s Bsadedregisvitners tanjust 4 mere PEPARIHY of SY6°EE- ner haps dependi ng on
the outcone of .t RgnRy feReliel EnfReihls WTShe hREntiRAXANPIheen GoWncal deetibed,al si s
.can be used to nmove a living cell into the center of a microscope's Eield
of view for wibbeodersithitwsepabed iatthesrt that waioyh ghangeiad deodiprapons ¢ gace,

engaged to rgtat he .celd 1nto. iLe t atl bk Glaims
PUBE doRfuf tom M iffBR A0 QoS! Spelfes SOODA BoPe i
test, additi proaidedndreinaferperi stal'si s sequences  can be sel ected to -collect. -
the cell or dispose of it. Each of .these sequences can be precal cul ated,
~ thereby. renoving nmuch of ‘the conputational burden fromthe hol ographic
optical trap system: -Simlarly, different subsequences of optical ,
~peristalsis operations could be incorporated into a single program
wherein a first subsequence coul d separate particles into two or nore
distinct flows, a second subsequence coul d disperse particles froma
particular location, a third subsequence could m x two separate streans of
particles into a single flow, a fourth subsequence could concentrate a
plurality of.particles into a particle region, and particles can be
"nmoved" frompattern to pattern in a variety of other ways as well. A
vari ety of conbinations of subsequences such as those described herein
could be incorporated into a single program and these subsequences could
be used sequentially and/or sinultaneously as needed using a variety of
types of optical gradients as described herein. Because very few -
diffractive optical elenments are required to'inplement any one of
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| _
t He sequences, only nodest el aboration of the proposed inplenentations .

. woul d be needed to select afing a collection of avail{@ e sequences for

- such nul tistage, PRgEGLI ons. AUditionally, it is also possi bicagisasibfdsch Beed
the present invention w thout the use of optical traps as.conventionally
understood to require specific optical gradient conditions to hold a
particle. FolLék le, a plurality of deterministic optical gradients can
‘be established and incorporated into a plurality of manifolds and patterns
as general |y desgrihgsh ghederihbaperRRt tetalen dRhE610E 66 V%Eita@ tgips dbaptisng
~~operate to "hold".or.restrain, but 12 a it 1080557.1 02/ 098617 . -

PCT/ US02/ 1818® steps BEir ch 2005 . hot . necessarily forman optical trap, for
i ndi vidual partic]es.. r i -position for a sufficient period.of
time in sequence ?r8V181en _e@%@.O%ga(néwol h’it"cal peristalsis effect~ In other
‘words, repeat edl ydivithd thagednhofdasghlighitisd a pheaiy df addittbntlibesrds pfdesee tight; of

determnistic optical .gradients w.ll ve, . i ndi vj dual rticles along a '
desi gnat ed pat h. 'WES‘%&‘FC"Q“‘ Lbriams oF Haggglgh[j@teégahlgsﬁia&@?lm gfgéﬁgﬁnﬁpﬁ’gt t he
condi tions that apg.fip fi8d s@bfl, A fHi RRktmt BichaRiz@MRuking of meaﬁerét; resul t

.- Wth.nore than just a nmere probability of success. ile preferre

enbodi ment s cpacehmanifvldn eadrmaniiold dopwRisioh svieash AEE esiseltip Spm e bealpof pe
Qﬁris{, Qgcoﬁé Lanh rﬁﬁ}d ]?(a?uc:fng Y SRR AR R ﬂ%‘ﬁ]fofds cations
p g fromthe broa

~clear to those s jrhltkvei:% )
- can be made Wt Ut departirn nventiomrinits er aspects as .

set forth in colgrisih@eath papernuredeghritat by aafahifold ol S1ch ©8 05 Sihel pANSITB2ABIO08617
"PCT/ US01/ 18132 4 Narch. 2005 CLAIMS 1.. A.net hod. of .transferri rticle-
bet ween mani f ol ds sefueRyislly glg\m‘?"}“ﬁﬁg?d %Wﬁ‘r“?é‘?%ﬁmh Pﬁglegg%eﬁgs ug*nrgq%er@e\# gPtFlg. :
~abeam.of | asafgef lighitat intcdvald dbsR@népa ahede eftinzaRRing bf @b previvhopatep wreaptutey . of
addi ti onal beans of laser light; : focusing the addit] cigal bean&s of 1 aser
light to est &P iiapsfer tBF DRHele qudqrneétﬁﬂfelg”o f.lqeéaﬁbdgacent manifold, wherein the capture

and transfer of the particle causes the particle to travel from the one manifold on the one

'pattcrn 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 nianifold,é_ 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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providing first, second, and third patterns including a plurality of
sequentially spaced mani ds, each manifold conpr{@ ng at | east one ‘
optical trap §pnkdle be of laser light with the firstpcppeeAdfacares ...
third patterns arranged such that the manifolds conprising each pattern

are separated by a manifold of each of  the other patterns; andﬁéé%g{entral Ly
i I Tuni nati ng- andTbmnﬁlihgéloéﬁ‘iﬂﬁg‘*eﬁﬁthef(?f)nl?ﬁ@n@@?tg@? 95 aRpEYipgyin Fer

| aser |ight by tﬁ Oﬁﬁ&h RRRIEN H&Bn?ﬁ efnttﬁ ﬁa&ﬁthrtwfra%@ eRheBfhh R of

previ ous patte rans e particle fromone manifold to

the a adj acesth ofaté andems umimgrtm treatak ef ]a&pthghteﬂtersahﬂjdlmcmtﬁfeﬂt leg$t spme opfiet i cl e

h I f. h .
The next ad e ?rﬁt%.ef%ﬁr%vfﬁrrc R e s AP

. Wwherein the m&@r@ﬁ@fd each of the patterns are ali gned substantially
paral l el to each- other, and wherein the particle travels along a

substantlally Ilnear trajectory normal to the manifolds of the each of the-’
patterns. The e I MRS Sipfled B84 BRALEOIAR Whooashme! the
. patterns |nc ‘ude a ra |d3£fc%$'ﬂ(:63\r”\i]}gfure ﬁjg %Ptvﬁerggf?n the particle travels .

- along a traj é@&cﬁd&ryofslﬂhﬁttasnmeaﬂfw phoisis dsthey Ireved nmmahe ofe Pkt orte BFRL. each

of the manifolds The rrethgof claim1l1, wherein a plurality of '
particles ar Bped] 3f@43?‘§8”§ﬁ’?]g’% each of the manifolds. 5. The nethod of
claim4, wherein the each of the manifolds are- concentrr caIIy arranged SO, -
as to concentrate t he Iuralrty of particles in artic

" di sperse t he8. pl uFhgimeiodsf claimd, &h%mé%WfF1?16H%r AHASE Flsrl*%% 'g‘ﬁ I
1080557. 1 0 Yo/ Q98 ﬁpz@d‘oh ﬂagéeyﬁ%%ﬁél%ééﬁ opﬁcaﬁ‘/ﬁfﬁﬁr'bn?c;@@of@he TRBIIIE, E@dj of -

claim4, further conprising the step of applying an external field to .
~each. of thewhtueinahé mpvermenpaf th: phrigle fmﬁetrhepne mprifodbgubhaexd immedigely naf i on:

and ext | ngui saent ofeiPAGSQS o bhGRAIIRAAR S P kie beans of laser i ght

alters the diff orreo 1part|cles relative to the
direction that the parti cl es woul d have taken solely in the presence of
the external 9_T el 'glie méthed of claim 4, wherein the particle is part of a mass that is larger than the
physical separatioxi between the individual optical traps on each manifold, and wherein the
rrtovement of the particle frorn 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 metliuni.

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

‘_ dividing the beam of laser light into a plurahty 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 Jocated
adjacent to manifolds of othcr 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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7. " The method. of claim 6, wherein the applied field operates so as to

- not alter the direction of- | east sone of the. parl.:l es as they travel

- fromthe one ggnifald to the next, inmmediately adjacent mpet/ ol Magch 005
met hod of claim A{ erein the particle is part of a mass-that is |arger

than the physical separation between the individual.optical traps .on each

of the nani fibt pluraliynef pavicdesewhereindhapsyitiehavelstiramn e meaifold onong PRk Wone

-manifold to th{e next, i e iately adjacent manifold results- in a physical

def or mat i on B IHSCHIVIOK: “The  net hod of cl ai m 4, wherein the particle is

. part of a mass that is larger than the physical separation between the

i ndi vi dual optical traps on each nmanifold, nd erein the, movepent of the

particle frohdondhaaitiodof dagmheVhiagp ﬂferﬁlr%rgﬂ‘ﬁto P‘S’Img]a? goaise AR 81 o '

results in ircal; t f. the mass. 10. The nethod of claim1,

wher ei n thea%diwfﬁzdlglg%?ﬁiﬂgg?ﬂgart of a biological medium 11. A.nethod of '

mani pul ating a plurality of particles using a beamof |aser |ight,

beam of 1aser | o of i) Py RadEaiyRl B ilch @ Toge Pt B B daf

" focusi ng t hesapaidiidd Bytabentba mdivitual @sieal tlapgbit edch of deatpnifelds, ang wheweis thy of
optical traps; providing a plurality. of inferwoven.pattern ch . )
“conpri sing afmoreeat obthe PRESIeETOS ‘33858?1'%%?‘#@?%%?@@“53? ‘cﬂf rofaglggtof 8i5e

- opti cal trappMaﬁiQ&f?%rtﬁ‘?@iﬁs of laser light and |ocated adjacent to
“mani'fol ds of “othér patterns; sequentially illumnating and exti ngui shing

each pattern using the beans of light at intervals close enough after the
exti ngui shi ng, of e ' t AP H & Arak td GHRr han e ph9deR57. 1
R 02/098617Q%U/%%&%§{é§a§&%h@%?@%gﬁ%&%{ A gt of atger es,_ph\aher ein
~the parti cl e sépamvieh setiveamhe indvidiabbmlicalnraps en paehtod the manifolde, andevhereinifhgcent -
“mani fold. 12. The nethod of.claim11 erein.t.he lj 6 eS
conpri se at I“@é{?f’e"é‘)% f)aé’gtpia’btﬁfecﬁfmés #B P}gg]féréﬁmr}?}%gfeﬁ%kﬂﬁg.ph%‘?gg?ﬁcéttgﬁ%%jogfo
claim 11, whekegiiktafitpef phiicrbi ty of particles is larger than the physical
separation between the individual optical traps on each of the manifolds,

. and wherein t he movement of the particle across each of .the manifolds
- results in ajphysigal;fod 8 Ligih Of, whBRir 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 light, the
| additional beams of laser light éstablishing a plurality of optical traps; ' '
first, second, and third patterns including a plurality of sequentiallj spaced”
manifolds, each of the manifolds cbmprising 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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pI!'uraI ity.of particles. 14. The net hod of claim 11, gwherein the pl ural i ty
of particles is larger tr. t he physical separati bet ween t he indi vi dual

- optical trapswenpessiv of the manifolds, and wherein the novamsadbiackaeds - - :

particle across each of the manrfol ds results in a physical deformati on of

t he pIuraIrty of part L %@gﬁg
the manifol ds ar é"AMY Bor 3 %en a rﬁ"m %quar gﬂgﬁ]s@hggaaﬁaﬁmﬁ lﬁ the
wher ei n the pfiphedtishigrvafs’ cmé Enmgaaﬁerrtaa/edtm@tlm af-ths pntasmampatmtd {;aptukﬂs aadir

trajectory normal to.the each of the nifolds. 16. T d.of claimi1l,
- wherein the Bawskror PIHEe MM o15 Iaentotﬁ‘éﬁtrémét %%F‘?E“%‘I‘fhl%c ﬁ’?‘i/‘é( FF8 Beand

wher & n the plyirabid Yakfer Bta{hte'pﬁttﬁﬁ craﬁs@é/@tts pﬂlltﬁﬁgo #aldi HBrHeLYe AURirdep 1 al |y -
towards the cénter of curvature of each nanif . 17. An apparatus for .

~ mani pul ati ngte fpstqnamrnttwﬂnmeﬁammfoldeﬁﬁlﬂ(ﬁ@mprpﬁ@mg a beam of .l aser |ight
divided into a plurality of additional beans of |aser light, the :

addi ti.onal ‘beans of | aser.. I'ight establishing a plurality of optical traps;
first, seconds.. anthe dpphitaths paﬂhﬁi iR, wheedintie partialepi$ parabf 4 pluclitysefgpasicles lat y

spaced manrfol ds, ‘each of ‘the manifol ds co ng an opti cal f or med.
. from the beaislaigfr tharsde Physicahseparapen botyeen th HE'E! Hid‘ Ig%nﬁ’&altt%pfﬂnﬁaék‘togﬁ’ﬁ
arranged suc fﬁaam% s, R witBRid Bt ddvShentacdie B:iml:l@@rorr[)&%'bﬁé RSnR@ (sEPaERt ed by
a mani fol d of each’of the other patterns; and r F 1080557/ r WO

02/ 0986] 7 0 RENALISIR/ 28BS munifeld cesul0i03 phrsienl drferr@atweqwﬁ etilypplity of particles..

il lum natr ng and extingui shing each. pattern using the beams of |ight at
intervals' close endugh after the extinguishing of the previous pattern
capt ures and 19t r amisd yparan’ gb alaim ¢V ew}ieramtheqxamcteampﬁtmloﬁa plurdlieofipaxticleadijabcent

. mani fold, and wherein th pture and traps particle:c sesthe
particle to t‘?@(ﬂ@fﬁ‘ﬁ? @chagﬁ?a%‘ﬂ? e o ”@hvéé)“la} ?Ig "gtptg i |hc??t e next
mani fol d of tdi@af&amnﬂa&h%ﬁ:tmme Jqﬁ:.vemg&iﬂef ﬂt@p@c&@telfﬁax@ﬁxecdnammﬁald tovhemettn t he

panicle .is part of Iuralltfy particles that _
lmmedlately adjacent manifold results in a physical rotatlon of the plurallty of particles.

20.  The apparatus of claim 17 , wherein the direction of the particlé as it travels from the
one manifold to the next irmhediately 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 frem 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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. on each of the nmanifolds, -wherein the novenent o he particle from
- the one mani f vlak2wessthe next - i nedi atel y adj acent mani f ol dearasufyfEFMH2G05
-physi cal deformation of the plurality of particles. . 19.. The apparatus of

iéi- | arger than the physi cal ﬁ)ar ation between the ind* dual opti cal -tﬁaps.

claym 17, shotel nniooRat 6l nl & AOIiPh bR i Bl PARIAC] SRR

is larger than t si.cal” separdtion ween Vi _

on each of t bevatamnarfdowbereinahopantide ehveld dengnwgesory siistahtidlypewdrdscthe from
the one manifold %o the next i '(ili ately adjacent nanifold results in a

- physi cal r ot SE¥%9 STTY?W?#%F%P?%% particles. 20. The. apparatus of
claim 17, wherein the direction of the particle as it travels fromthe one
mani fold to the next imediately adjacent manifold is altered by the

appl i cat.i on 8%. anThesspparafigiof tlaan i, twherdie theaplirality of manifoldtvee appgedsush thof

i s it tra the one

i ol d o ke e RARELR Bk IRBE ol ik Palfi bl e, T

appl i cati on oérticlaninexitdeasatwd grehd of partibles.parti cl €. 22. The apparatus of

. claim17, wherein the particle conprises a portion of a biological ' medium

23. The. apparatus of claim 17, wherein the manifolds of each of the -

patterns are2g| i ‘Qﬂﬁihppﬁﬁﬁﬁtc@@Iahﬁh?,)ﬁwl&%éiﬁ‘h’ieeﬂlurﬁﬁ’? QAR e aﬁ‘iﬂﬂfc\"ﬁfcﬁ @ap th

particle travels along a substantially linear trajectory normal to the

mani f ol ds_of terfequeaid thapination and PxtiggbiBg of eanh parrd 9@BliRes REY 18132 4 .

"-_'»Ma,r'éh 2005 Zfigrtizﬂ%?in@%ﬁ@l%%% fof@h{iﬁicﬁl.”’ wherein the mani fol ds of each
a

R pattern include a radi us~of" cur ure, and wherein the particle travel s
along a trajectory substantially towards the center of curvature of each

| ifold. 25.-Th t lai m 17 rein the plurality. of manjfolds -
e Lt angoa e A RARSA RarSleriie 3 Aty of BT e Sl uRles B gePmi ooy

each patt ernopsiqahgratieits] fenfistpald dgpsof: particles into :at |east two
- groups of particles., 26. The paratus of claim 17, wherein the plurality
of nanifolds are BOVYMEALAM 16ttt he sequential illunination and

extingui shing of %§§n$&Eu@s@ﬁ1@@ st st Quility it defeymlstic BRtfch Fddished; Nt O @
. single group of particles. _ ‘ :
R ' 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 paiterns arréﬁged such that the manifolds comprising
each pattern are separated by a m‘anifolé of each bf the other patterns; and '
~ sequentially illuminating and extinguishing each of 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, wherein 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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27: A nmethod of transferring a plurality of particles between manifolds of -
determ nistic optical dients, conprising the ps of. providing a beam * :
~of laser light; fggygi ng®he |aser. light to establTsh a p|w1§(h§()§/gs%gmh 2005 ...
det er mi ni st i C“BB%') H gradients; providing first, second, and third
patterns including a plurality of sequentially spaced nmanifolds, *%ach N
mani f ol d cor®®i siThgmethol efckimdHB Whsrdie i PFAMY efRaricles s larast fiag die Vgt
with the first, second, - i : : t i folds.
Corpri sing  CREHORLENERR thoadluhd Bk Rl el ApefgR bR Tand WL L or
patterns; ange meeaent bBéacl pirtitia atiost danigofadmenifaldsgesuith imgplyaicl of t he
patterns using'the laser *light at jntervals close enough after the
exti ngui shi r@%ma‘t“}i’e‘)f&@’e@i’ﬁ%@ ?faﬁafté’keﬁ' to capture and transfer individual.
particles fromone manifold to the, adjacent manifold, wherein the capture
and itransfer of each particle causes each particle to travel fromthe one ~
mani f ol d on 3@ he Thaeppeasineefitiain A7hvbereitthepipratio maaHPlloRrg 2gAREEH SV '

ttern. 28..Th t hod-.of .cl ai m.27, . in.the. nl it icles i
Parger ™ nan i St Dl Gl B b e f  elbal el sl ole PlraRTdr) f €9 19

- gradi ents onpeaak itb at kastraigfabslst pamdeswher.ei n - the noverment of the .
particle across each'of the manifolds results in a physical rotation of the -
plurality of particles. 18 1080557.1 PCT/US02/18132 March 2005 WO

02/0) 8617 2933 Thﬁerﬁﬁﬁﬁ}@lqs 6f clshPd v éreinhieplatalityt dfandnifolia bietayranfedpact el es -

is larger than the physical separation between the individual optécal '
 gradi ents ontheactuensial Hllvaninatian p ersinguphing 4f €A pRiteFamEEG L the RIVTYEY 8hch
“particle acrgss .each: of. ! . results in a physical deformation- of

the plurali t?arﬁ‘lﬂe %&t%%?%ggmgggk&ﬁggéséppar atus of claim27, wherein the.
~plurality of manifolds are arranged such that the 'sequenti al ' -

“illum nati ti i Shi. f t.es, iyt rf
part il s i o i THonePo o oo e B Bl flor AL Bran B dallesli' Y, 21

27, wherei n tohgarfiiesRlthdypravti fimnitfealnd sanif@d ar the nge dmeediaictytrdjacent anifold,
sequential illumnation and ext tfrl]lﬂu' shi ?!g of each pattern conbines the
plurality of is rediby|tesanpHEason © ey iBp of particles. ‘

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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32. The nethod of claim27, wherein the direction of at |east a portion of
the plurality of particles as they travel fromthe one nanifold to the
next immediately adjacent manifold is altered by the applicati of Macuia005
‘external field. 33. The nethod of claim 32, wherein the direction of at

| east a portion of the plurality of particles as they travel fromthe one
mani fold to the next imediately adjacent manifold 1is not altered by the
appl i cation of adS.ext drmethod pEirahsfe@dng Thartinkst bmpdprifingthaistep23f: wher ei n at

| east one of the plurality of .determ pjstic,optical gradients conprise an
optical trap. 19 108@?7?%“%%&5%%?8{;%’5%@@ ansferring a particle,
conprising the steps efrmif @\Wighalg &f hdditéna eramelofllaReNight Gt tHeofif ng a
plurality of additional beams of laser light fromthe first beam of |aser
| i ght; establishbergn ahlagptlicbtl trap for at |east two of the additional

beams of ol aser 11N cofaRla UchiPRl 64 o PR BSRUARE bl dagfe one

of the additional beans o ser °l'1g providing a nmani f ol ds
over a tine sequeneadightaabh edid optical plap medociayedokitimaginkt @f fahpaddifiag] at
least one opti Cﬁé trap.with each of the plurality of manifolds spaced
apart in the ti e%’%ﬂ%&?ﬁ@é,lg@hd sequentially illuminating and extingui shing
over the tine sequenc L i C nd
transfer of the parti fogﬁj?fri%%qjl%lﬁgﬁoépﬁh{éﬁﬂgﬁﬂﬁpﬁgﬁeg& g{rll%?ﬁ’e%g::g ff’[ﬁ%

mani f ol ds, wher ephirdlife of aydnifoddsagranprisimgnatf keastafet dpgicplatrap tith camhsdsthe he

particle to be transported t he rality of manifolds. 36. The nethod
gs dlefi ned in cl 8&@%%0%\5’5?@/1ﬂ5 %%‘:‘EA %Jﬁmﬁlhéﬁepﬁl Fé‘i’qufﬁ}ceéfm mani f ol ds
~conprises a line of opdqueially’ AREninadihg P RBIHANIRS ofaT ihBefink NseGhabn 36

wherein the plurality of manifolds conprise a plurality of lines of
“optical traps, e&edh ofthemeanifoldss crpblipgtthe eapture pd traselgn ef theaparticladramw at ed
and deacti vated I r rt..of: th apticle 38, The
nmet hod as defi n’egﬂ? %E‘?Féaﬁlr%gggﬁgﬁgrag?%e{ ﬁgQ%oﬁlra{éﬂ i ft’ H) erf_:lnnehé3 e fire atid
' transfer of the particle 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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.optical traps are aligned substantially parallel. 39. The nethod as defi ned
in claim37 wherein the plurality of lines of optical traps includes
curved lines, each line having a radius of curvature. 40. The nefMaick3005
defined in claim35 wherein the plurality of manifolds conprise interwoven

patterns. 20 4 Maich 20Qpubhl. ofpdFRS Bhtid® HeAS -S&gf&%ﬁgﬁlgﬁﬁ %n;a%t@:lei S

for mani pulating matter, conprising the steps of prov eam of
| aser |ight; forceemprisingthersédpsofz of additional beanms of |aser light from
the first beamof |aser Ch'lﬁghth t%stablf:lshi ng.an optical trap for at |east
two of the additional PEYXHRE BTt PEUROT [45HIENs t h each said optical trap

associ ated with a singhmigne ghraliieof adaliibhdNRbmReAMBs@f1idht$fm I htst a-ad
providing a plurality of manifolds of the optical traps wth each of the
mani f ol ds spaces bagapf lasardightsi me and space to enable forning lines of

optical traps at diff spat | cations for Lpul,at i t he tter
intime and space. 42° Sﬁlﬁgﬁﬁgt%o@t%? 115%% iﬁ)ﬁeag'i'?aﬁt @\roan%ﬁﬁfﬁaﬁgpaﬁ?%@@mtter
conprises at | e&str fipkt eithacachsakicbptival fapPREsdigbeSviging. singl@inp Wfalpk e

mass. 43. The net hod as[‘ defined in claima4l wherein the plurality of
“manifolds are u@edtprpl beamyed lates ighbepdi cal material . 44. The method as

defined in claimi43 Bdife b i : d ' : Vi ' gi cal
cell to at |east onewgfH a ]g%srb‘ﬁggﬁt? oogg{liﬂ%fr??%ndﬂ?F%ﬁ%??%snwg%%gﬁlget hod
as defined in cl aiamfdBlswhareespart becrrtame prd spacorn emabld foamingdafes ofwpticd he
bi ol ogi cal material. 46...A method. of manipul ati.ng a biol ogical material,
conprising the st@ps glﬁfebfinﬁ?/isﬂ?t%q%caflf)?% Orb‘é‘%ﬁ’glﬁmil%% Mpfteri g aping a -
plurality of addigpdcenal beans of laser light fromthe first beam of |aser
i ght; and

42.  The method as 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

21



establishing determnistic optical gradient conditions for each of the
addi tional beanms of laser |ight for manipul ating biol ogical material ¥
establishing a plurality of manifolds over tinme and space with eaAMaret <@
- 21 4 March. 2005 manifolds activated and then sequenti aIIy extl ngui shed

over tinme and spagRifoRSaRlilAig LA BN étﬁltallﬂ%xﬁjmgl}x%}ﬁ % I« mg@;s“a'

~47. The nmethod as defined in claim46 ere| ol ds
conprise a pl urablll&tw'mgthelmmpulaﬁomqﬁﬂlcbiolmgnaxbmatet&l The rret hod as defi ned
in claim46 wherein each of the manifolds have an associated radius of
curvature for the lines of optical traps. 49. The nethod as defined in

- cl ai m 46 wher ei n4vhe FhohR@idkiads dBELed hlﬂl:lalrﬁqw&e?ﬁﬁ tl‘i’c ﬁlﬁa}ehigs@ \A;]Hfanff&ds

bi ol ogi cal particles. 50. The nethod as .defined in claim4 erein the
particles are sepdppiiwd plhmlity of lisles ohpptiopl wépsdi f f erent particles. 22

48. The method as defined in claim 46 wherein each of the manifolds have

an associated radius of curvature for the lines of optical traps.

. 49.  The method as defined in claim 46 wherein the b1ologlcal material

compnses a collection of biological partlcles

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

into a plurality of different particles.
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